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Abstract: The MicroElectroMechanical Systems (MEMS) field is proceeding at a rapid rate in designing
and developing new ever smaller, ever higher performance sensor and actuator devices in silicon. These
devices need to be assembled along with more conventional small devices into complete systems. Cur-
rently there are no automation systems capable of meeting the exacting requirements of handling these
small and often fragile (until encapsulated) MEMS devices. This paper describes the latest results of our
ongoing research on sensorless MEMS manipulator arrays. We use CMOS VLS technology to construct
automatic handling devices that scale with the technology curves of CMOS VLS, and may offer a solu-
tion to the micro assembly problem. The Intelligent Motion Surface (IMS), itself a MEMS device, has
been designed to meet this challenge. This paper also introduces the CILIA software, a high-level pro-
grammable simulation software available to the research community via the WMA. The CILIA software
decouples the design of applications requiring the use of manipulator arrays from the actual devices
used to implement them, therefore offering a level of abstraction for the application designer, who can
implement a set of motion plans independent of the MEMS device actually being used. Also, the CILIA

software can be used to simulate both macro and micro manipulator array devices.

1. Introduction.

Microelectronics combined with micro-
mechanics has enormous promise for delivering
new functionality to future military and indus-
trial products. These new microsystems will
have sufficient novelty and computational power
to allow many present-day bulky products to be
miniaturized. These products span communica-
tions, portable devices, high precision equip-
ment and medical monitoring among others.
Many products with new functionality involve
micro-mechanical devices as sensors and other
active components.

The MicroElectroMechanical Systems
(MEMS) field is proceeding at a rapid rate in
designing and developing new, ever smaller,
ever higher performance sensor and actuator
devices in silicon. These devices need to be in-
corporated into packages (such as MCMs) and
the packages into systems to be of use to the end
user. The conventional die and package size has
increased over the years but the new interest in

portable devices is causing the issue of package
size to be reconsidered: portable applications
demand smaller packages designed to match the
needs of small portable systems incorporating
both small silicon chips and small MEMS de-
vices. Currently there are no automation sys-
tems capable of meeting the exact requirements
of handling these small and often fragile (until
encapsulated) MEMS devices. The field is being
termed meso-scale robotics to reflect its inter-
mediate position between normal centimeter and
micron sized devices.

In this paper, we describe the latest
results of our ongoing research on sensorless
MEMS manipulator arrays for the meso-scale
automation problem. We use VLS| technology
to construct automatic handling devices that
scale with the technology curves of CMOS
VLS|, and may offer a solution to the micro
assembly problem. Our current chip designed in
the MOSIS 2.0 micron scalable CMOS process
was able to actualy carry a part placed on its
surface.
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The Intelligent Motion Surface (IMS)
was originaly introduced in [1], [2]. The IMS
approach inverts the usual robotics device in
that it puts all of the smarts in the feeder (the
IMS) and reduces the conventional robot to a
necessary, extremely fast, high accuracy, but
relatively low dexterity device operating in con-
junction with, but separated from, the IMS itself.

The use of micro manipulator arrays as
programmable MEMS devices give the basis for
a new class of precision positioning devices and
precision feeding devices. The primary reference
to moving parts on a surface is the patent appli-
cation of Babinski from IBM [9], who managed
to control semiconductor wafers on a surface
pierced with appropriately designed holes
through which air was pumped. Konishi and
Fujita [6] also designed an air flow based con-
veyance micro motion device. Fujita el.al. [5]
transported parts on a one dimensional array of
polyamide “fingers’. Other possible imple-
mentations of arrays of micro manipulators are
also described in [4], [8]. Although several mi-
cro manipulator devices have been proposed, all
but our current chip design presented in this
paper, lack the ahility to integrate both CMOS
(for the control circuitry) and MEMS structures
on the same chip (which is fundamental to im-
plement the programmability property of an
IMS).

Our IMS itself is built from an array of
simple manipulators, each one capable of mov-
ing in one single direction. Different areas of the
IMS are programmed to provide force and ve-
locity vectors to coerce the carried part into
performing the correct motions desired from the
application viewpoint. That is, an appropriately
chosen sequence of fields in the IMS (where in
each field all the micro manipulators are coordi-
nated to cause motion in a given direction), can
produce desirable motions in the carried part.
The fields may have arbitrary shape in the plane
or may be null, i.e. have no field, or even have
retracted robots. Suitable partitioning of the en-
tire plane can cause the whole surface to behave
in manners interesting for automation applica-
tions.

As an example, if we partition the
plane into two regions, so that the left half
moves parts to the right and the right part moves
parts to the left, then a part placed anywhere on
the surface in any orientation will be forced to
move towards the centerline of the surface
where it will align itself with the fields. The part

will move until the forces impressed by the sur-
face equalize in magnitude and are collinear. If
collinearity is impossible, then the part will os-
cillate in a pattern defined by Newton's laws,
friction and the magnitude and real shape of the
IMS fields. Many field configurations have been
explored, including fields for rotation, recogni-
tion, selection based on a part’s shape, feeding
one at a time, elementary mechanical logic in-
cluding latching and pipelining, and the assem-
bly of two parts into a sub-assembly [3].

This paper also introduces the CILIA
software, a high-level programmable simulator
that decouples the design of applications re-
quiring the use of manipulator arrays from the
actual devices used to implement them, and thus
is a tool for the wide community of researchers
in this sub-field of automation. The CILIA soft-
ware offers a tool for the application designer,
who can implement a set of motion plans inde-
pendent of the MEMS device actually being
used.

A demonstration-level software was
also developed in [1], [2], showing the potential
capabilities of the IMS to perform both simple
(trandlating an object) and complex (sorting
parts) motion plans. However, the CILIA soft-
ware is far more advanced and robust, providing
capabilities impossible to be achieved using the
prototype software, such as being able to run on
either standalone or client/server mode.

For movies of a real chip and simula-
tions of an IMS prototype, see the project Web
page at http://www.isi.edu/mass.

2. TheIMSHardware.
2.1. The First Generation IM S Prototypes.

The first generation IMS prototypes
were made using magnetic flaps. The elemen-
tary micro manipulator is shown in Figure 1.
This is a 400 micron permalloy coated flap
made in Caltech as a collaborative effort with
Prof. Tai of Caltech and Prof. Ho of UCLA.
Please, refer to [3] for a comprehensive descrip-
tion of this prototype.

During the testing phase, this micro ma-
nipulator was able to lift 7 MOSIS chips, and is
thus suitable for carrying silicon devices. The
elementary device when used in synchronism
with nearby robots allows the smooth flow of
parts placed on the surface. For movies of a real



chip and simulations of this first generation IMS
prototype, see http://www.isi.edu/mass.

However, a viable IMS implementation
requires both CMOS and MEMS structures in-
tegrated on the same chip. The permalloy-coated
flap approach used on the first generation of
prototypes produces acceptable forces, but be-
cause of the particular micromachining process,
we cannot integrate the all-important CMOS
structures required to control each single cell of
the array of micro manipulators of the IMS from
auser defined motion plan. This observation led
us to develop the second generation of IMS
prototypes based currently on a MOSIS scalable
CMOS VLSl process using the two layers of
metal followed by a XeF2 release etchant.

Figure 1. Single cell of permaloy magnetic
actuator.

2.2. The Second Generation | M S Prototypes.

We have attempted to simplify the re-
quirements of the elementary micro manipula-
tors to the highest possible degree. The motiva-
tion was that extracting forces from MEMS ac-
tuators is a very difficult problem, and getting
useful forces from motion off the surface (out of
the plane) is extremely difficult.

In our research, therefore, we have
sought to develop agorithms and software from
which we could achieve complex motion be-
havior at the IMS level from the collective ac-
tion of individual micro manipulators, each ca-
pable of only a smple, one degree-of-freedom
motion.

The individual micro manipulators can
be arranged in groups of four, each moving
along one cardinal direction. This group of mi-
cro manipulators together with its associated
CMOS control circuitry unit is defined in this
paper as a MOXEL (motion control navigation
cell). A schematic model of a MOXEL is shown
in Figure 2.

The MOXEL can be replicated over the
entire chip surface in typical VLS| fashion.
Each micro manipulator of the MOXEL has a
different motion direction selectable by the
CMOS control unit in the cell. This control unit
is capable of producing the desired motion di-
rection from X-Y coordinates addressing within
the cell array. The IMS can be covered with
identical cells addressed the same way as in
memory cells. A finite state machine (see Figure
3) controls the memory loading and the direc-
tion and phase (gait) in each cell to provide the
programmed force field.
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Figure 2. MOXEL with CMOS decoder and
four unit robots, each capable of simple move-
mentsin just one cardinal direction.
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Figure 3: Simple finite-state machine used to
coordinate the micro manipulators movement.

Our current chip designed in the MO-
SIS 2.0 micron scalable CMOS process is based
on a simple Lorentz force actuation (see Figure
4) of the cantilevered structures.

Figure 4: Principle of Lorentz force.

The Lorentz force actuation for each manipula-
tor is given by:

F=BilL 1)

where:
B = magnetic field being applied;
i = current being applied;
L = length of the tip of the actuator;

Figure 5 shows an SEM picture of our
current experimental prototype fabricated. The
individual micro manipulators showed a large
amount of residual stress which curved the

structures upwards. The devices were tested us-
ing thermal actuation as well as Lorentz forces.

4.2 PHOTO- 4544

Figure 5: SEM picture of the experimental Lor-
entz force chip. The pairs of actuators ranging
from top-left to bottom-right form a bi-
directional conveyor belt. The CMOS control
unit can be partially seen on the left side of the
picture. Each actuator is 200 by 100 microns.

Our current chip actually managed to
lift and carry a part on its conveyor belt, but due
to the conveyor belt’s limited width, the part
was falling to one of its side after some steps.
Better chips have been submitted to the MOSIS
fabrication service.

3. The CILIA Software Tool.

CILIA is a high-level programmable
simulation software that decouples the design of
applications requiring the use of manipulator
arrays from the actual devices used to imple-
ment them. Therefore, it offers a level of ab-
straction for the application designer, who can
implement a set of motion plans independent of
the MEMS device actually being used. The
CILIA software consists of:

A Force Field Editor to construct force
fields of general shapes,

An Object Editor to construct objects of
general complexity;

A built-in library of geometric Boolean op-
erations used by both editors;

Unlimited Undo/Redo functionality;

Flexible Save/lLoad operations: the user can
save force fields only, objects only, or a
complete configuration including both;



A Simulation Engine that implements a
rigid body dynamics model to simulate the
motion plans involving the interaction of
the objects placed on the IMS surface with
the force fields defined. The graphical out-
put of the simulation is shown on CILIA’s
Main Window (see Figure 6);

An impulse-based collision model;

User modifiable Simulation Parameters,
including: static/dynamic friction coeffi-
cients, coefficient of restitution, simulation
time step, among others;

The CILIA software can be executed in
two different modes. standalone or client/server.
The standalone mode was implemented for the
SUN platform running the Sun OS operating
system. It corresponds to the situation where the
entire program is executed on a single machine.
The client/server is used over the network. The
server program was also implemented for the
SUN OS platform, whereas the client program
has two versions. a Motif version for the SUN
OS platform (machine dependent, used mainly
for development and testing purposes) and a
Java applet version (machine independent, ac-
cessible from within any Java enabled Web
browser). The Java applet has the same func-
tionality of the Motif version, but because of the
Java language security requirements, some of its
functionalities have had to be disabled. For in-
stance, save/load capahilities are disabled in the
client Java applet.

CILIA is now available for the entire
research community. The reader is invited to
visit our Web page at http://www.isi.edu/mass
and use CILIA the fullest. We plan to release
improved versions on a timely basis, based on
both our own research developments and user
feedback comments and suggestions.
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Figure 6: Screen dump of the standalone ver-
sion of the simulator software. Simultaneously:
(upper-left) A rotating static force field; (upper-
right) A centering static force field; (down-left)
A part being aligned in the center with two
static force fields; (down-right) The assembly of
two parts into a sub-assembly, with careful
choice of the static force field configuration and
field strength.

3.1. Implementation Details.

Basically, the machine dependent ver-
sion of the CILIA software is written in the C
language and runs to about 100,000 lines of
code at this stage. The GUI was implemented in
two flavors: using Motif (machine dependent
version), and using the Java AWT library (ma-
chine independent version). We had to re-write
the entire GUI in Java for the machine inde-
pendent version. The core functionality was kept
on the server program.

CILIA implements its client/server us-
ing the thin client model. This model assumes
the client machine to be simple and with ailmost
none resources (easy maintainability). On the
other hand, the model assumes a powerful host
running the server program and a fast network
connection. This model is most suitable for
Intranets.



3.2. Basic Functionality.

CILIA comes with a system library that
implements several complex geometric ma-
nipulation tasks. On both standalone and cli-
ent/server version, CILIA includes both
Force/Velocity Field editor and the Object edi-
tor. The user is able to draw, group, ungroup,
cut, copy, paste, intersect, add, subtract, half
plane cut, rotate, translate, change force field
strength, classify the fields according to their
priority levels, change priority levels, change the
display status (making the force field windows
visible or invisible to the user), save, load and
edit, among the default set of editing function-
ality that is provided. All geometric Boolean
operations implemented can handle general
polygons with an unlimited number of holes
inside.

CILIA aso provides other more ad-
vanced features, such as unlimited undo/redo for
both Field and Object editors, functions to
change the simulation sampling time, functions
to change the estimate of both static and dy-
namic friction coefficients of the IMS chip sur-
face, and functions to change the density of the
parts being simulated in order to allow the de-
sign of parts with the same size and shape but
made of different materials. Multiple parts can
be tested at the same time, and force field win-
dows can be dynamically created, modified or
destroyed in order to achieve complex tasks,
such as moving a part among several moving
obstacles. The latter will be a very common
situation in the real IMS assembly line, where
we want to optimally minimize the power con-
sumption and at the same time maximize the use
of the IMS surface by as many parts as possible
(or needed).

The CILIA’s simulator engine imple-
ments the simulation dynamics using a motion
model based on rigid body and fluid dynamics
[10], [12], [13]. The current model implements
a macro-motion description that does not con-
sider the micro manipulator arms motion details
individually. That is, the simulations presented
in this paper assume that the dimensions of the
objects being manipulated are orders of magni-
tude greater than the dimensions of each micro
manipulator.

The simulation of the dynamic interac-
tion among rigid bodies being moved by the
IMS takes into account various physical charac-
teristics such as elasticity, friction, mass and

moment of inertia. Collisions among objects
moving on the surface are modeled using im-
pulse-based techniques [11].

4, Conclusion.

In this paper we described the latest
results on our ongoing research work on the
development and implementation of an IMS.
Our current chip actually managed to lift and
carry a part on its conveyor belt, but due to the
conveyor belt’s limited width, the part was fal-
ling to one of its side after some steps.

This paper aso introduced the CILIA
software, a high-level programmable simulation
software that offers a level of abstraction for the
applications designer, who can now implement a
set of motion plans independent of the MEMS
device actually being used. CILIA is available to
the research community via our Web page
http://www.isi.edu/mass. The CILIA software
can be used to simulate and design both micro
and macro manipulator array devices, from an
application viewpoint.

The first experimental results of the
current chip are encouraging, and more tests
concerning the reliability and endurance of the
chips must be performed. These tests will appear
in future publications.
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