




Greetings from the General Chairman 

It is my pleasure to welcome you to the 2002 Solid-State Sensor, Actuator and Microsystems Workshop, or as we 
often call it, The Hilton Head Workshop. This is the tenth in a biannual series of regional workshops, held since 
1984 on Hilton-Head Island, and dedicated to a scientific exchange of ideas in the areas of micro and nanofabricated 
devices and systems. This workshop is scheduled to be on alternate years from the International Conference on 
Solid-State Sensors, Actuators, and Microsystems (Transducers Conference). While the biannual Transducers 
Conference is a large, international, multi-session meeting, the Hilton Head Workshop is designed to be highly 
interactive and smaller. Consequently, this regional workshop restricts attendance to residents of the Americas in 
order to keep the size manageable. The overall organization of the workshop is modeled somewhat after the Gordon 
Conference, leaving plenty of time for extensive Q&A, free time in the afternoons for interaction amongst the 
participants, and a significant number of evening events. This structure has helped to promote a highly collegial and 
collaborative group of researchers in this region. In addition, the meeting has often served as an important venue for 
new researchers (graduate students, young professionals) to immerse themselves in the field. 

The technical program was planned beginning in the Fall of 2001 with the selection of our four invited speakers. 
Following this, the Technical Program Committee met in early January to select the contributed oral and poster 
presentations. As in the past, this was a highly competitive process, with well less than 50% of the submissions 
ultimately being selected for the program. 

Perhaps the most significant change for this year has been an increased attention to late news submissions. The 
program has 4 oral presentation slots for late news, and these submissions, as well as the late news posters are being 
included in the technical digest of the meeting for the first time this year. We hope these changes will give 
researchers the chance to feature their latest work in a quality format. 

I would like to thank all the individuals and organizations that have contributed to this workshop. The Technical 
Program Chair, Bob Sulouff, did an outstanding job of organizing the program committee, steering the committee 
in the selection of papers, and organizing the technical program. The Technical Program Committee members 
generously donated both their time and their organization’s travel funds to participate in the paper selection meeting 
and review the more than 200 abstracts. Chip Spangler helped organize the corporate sponsorship and student travel 
support. The Transducers Research Foundation (TRF) and DARPA are both contributing to the student travel 
support. The rest of the organizing committee included Tom Kenny (Technical Program), Mark Allen (Local 
Arrangements), and Joe Giachino (Finances). Finally, professional management of the conference was provided by 
Katharine Cline and the team at Preferred Meeting Management, Inc (PMMI). 

I’d like to say thanks to all the authors and participants for making the Hilton Head Workshop such a special event. 

Martin A. Schmidt 
General Chairman 
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Program and Table of Contents

Sunday, June 2 
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iolon, Inc. 

9:25 am Low Voltage MEMS Analog Micromirror Arrays with Hidden Vertical 11 
Comb-Drive Actuators
D. Hah1, S. Huang1, H. Nguyen1, H. Chang1, J.-C. Tsai1, M.C. Wu1,
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M.A. Shannon, G.V. Moore, J. Ganley, C. Miesse, C. Rice, E.G. Seebauer,
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11:55 am to 1:30 pm Lunch

1:30 - 5:00 pm Contributed Posters (see listing of contributed posters)
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Session 3 
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J.L. Lund, C.V. Jahnes, H. Deligianni, L.P. Buchwalter, J.M. Cotte,
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M. Paranjape1, J. Garra1, S. Brida1, T. Schneider2, R. White2, and
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Microfluidic Assays 
C.-H. Lee and A. Lal 
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Through-Wafer Interconnects
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L.N. Cattafesta1, B.V. Sankar1, and M. Sheplak1

1University of Florida and 2Stanford University
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Late News Papers Oral 
Session Chair - Gary Fedder 

2:30 pm GaAs-Based Waveguide MOEMS 108
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and C.T. Sullivan1

1Sandia National Laboratories and 2Air Force Institute of Technology 

2:45 pm MEMS-Based Flow Controller for Flow Cytometry 110 
E. Cabuz, J. Schwichtenberg, B. DeMers, E. Satren, A. Padmanabhan,
and C. Cabuz
Honeywell International

6:00 to 8:00 pm Open Poster
Session Chair - John Gilbert 

8:00 to 10:00 pm Rump Session

Thursday, June 6 

7:30 to 8:15 am Breakfast

Session 8 
Session Chair - Harold Craighead 

8:15 am Invited Speaker 
Capillary Array Electrophoresis Bioprocessors 112
R.A. Mathies1, E.T. Lagally1, T. Kamei1, W.H. Grover1, C.N. Liu1,
J.R. Scherer1, and R.A. Street2

1University of California at Berkeley and 2Palo Alto Research Center 

9:00 am Electrochemical Microsensors for DNA Mutation Detection 118
X. Yang1, C. Shi1, R.E. Holmlin1, S.O. Kelley1, M.G. Hill1, D.M. Crothers2,
and J.K. Barton3

1GeneOhm Sciences, Inc., 2Yale University,
and 3California Institute of Technology

9:25 am Improvement of DNA Microarray Biochips using Microfluidic 122 
Mixing Technique
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B. Sanchez, P. Singhal, and S. Dai
Motorola Inc. 

9:50 am An Immunoassay Platform based on CMOS Hall Sensors 126
T. Aytur1, P.R. Beatty1, M. Anwar2, B. Boser1, and T. Ishikawa3

1University of California at Berkeley,
2Massachusetts Institute of Technology, and 3Sharp Corporation, JAPAN

10:15 to 10:40 am Break
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Session 9 
Session Chair - David Arch 

10:40 am A Micromachined Hydrogel-Gated Smart Flow Controller 130
Y. Gu, A. Baldi, B. Ziaie, and R.A. Siegel
University of Minnesota

11:05 am EWOD Driving of Droplet on NxM Grid using Single-Layer Electrode 134 
Patterns
S.-K. Fan, P.-P. de Guzman, and C.-J. Kim 
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11:30 am A Microbubble-Powered Bioparticle Actuator 138
R.A. Braff1, A.L. Gerhardt1, M.A. Schmidt1, M.L. Gray1, and M. Toner2

1Massachusetts Institute of Technology and 2Massachusetts General Hospital 

11:55 am  Closing Remarks
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G. Han, J.C. Bird, K. Johan, A. Westin, and K.S. Breuer
Brown University
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ABSTRACT

A closed-loop hybrid accelerometer subsystem consisting of
an all-silicon µg capacitive microaccelerometer and a CMOS
interface circuit is presented. Microaccelerometer sensitivities are
1.3pF/g and 6pF/g for 2x1mm2 and 4x1mm2 doubly-supported
bridge structures, and 20pF/g for a cantilever-supported structure,
respectively. The calculated mechanical noise floor for the
2x1mm2 bridge device is 0.39µg/√Hz in atmosphere. The circuit
has a 95dB dynamic range, a low offset of 370µV and can resolve
better than 75aF. The complete module operates from a single 5V
supply and has a measured sensitivity of 430mV/g with a noise
floor of 15µg/√Hz in open-loop. The subsystem is operated in
closed-loop and can resolve better than 100µg/√Hz for signal
frequencies up to 15 Hz, and better than 2µg/√Hz for signal
frequencies higher than 15Hz.

INTRODUCTION

Accelerometer systems with micro-g resolution and high
precision are needed in navigation/guidance, microgravity
measurements, tilt control, platform stabilization, and position
sensing [1]. The sensor should have high sensitivity, low
temperature sensitivity, and good long-term stability. In order to
obtain a large dynamic range and reduce sensitivity to variations in
accelerometer mechanical characteristics (mass size, spring
constant), closed-loop operation based on force feedback is
required. In addition, a digital output is desired in many
applications. Our group has previously reported a high-
performance silicon microaccelerometer [2], and its open-loop
operation using a switched-capacitor readout circuit [3]. In this
paper, we report the closed-loop operation of the accelerometer
system as a second-order sigma-delta modulator using only a single
5V supply.

THE ACCELEROMETER SYSTEM

To increase accelerometer sensitivity, a large proof mass,
compliant suspensions, and large capacitance sensitivity are
needed. When operated in open-loop, such an accelerometer will
have a limited dynamic range and bandwidth. To increase the
dynamic range, the accelerometer can be operated in closed-loop
by applying an electrostatically-generated force feedback signal
that maintains the proof mass in null position. Recently, Σ-∆
modulation control loops have been used in microaccelerometers to
achieve force-rebalancing and obtain a direct digital output [3, 4].
A 2nd-order Σ-∆ modulator, with two integrators, one mechanical
and one electrical, not only provides a digital output, but also
relaxes the accuracy requirements on the analog circuits.

The general form of a Σ-∆ modulator is shown in Figure 1.
The Σ-∆ loop has a low pass transfer function represented by H(s).

This low pass characteristic moves most of the quantization noise
to higher frequencies out of the input signal band. The high
frequency shaped noise is removed from the converted signal by
the low pass digital filter following the Σ-∆ modulator loop. In an
electromechanical Σ-∆ modulator, H(s) is realized by the low pass
transfer function of the sensor. The oversampling ratio in
electromechanical modulators is typically very large. Hence
sufficiently low quantization noise is achievable with a one-bit
digital-to-analog converter (DAC) and quantizer; therefore, the
DAC block and the nonlinearity errors of the quantizer are reduced.

H(s) Quantizer Latch

fs

DAC

+
-

Analog
Input

Decimator & 
Digital Filter

Digital
Output

Figure 1: General oversampling sigma-delta data converter.

The electrostatic force-feedback for the accelerometer is
provided by the high frequency pulse-width modulated (PWM)
digital output stream of the electromechanical Σ-∆ modulator.
Therefore the closed-loop accelerometer has all the advantages of
an oversampled Σ-∆ data converter as well as direct digital output,
very wide dynamic range, extended linearity, less stringent
precision requirements of the circuit blocks, and larger bandwidth.
All these advantages are achieved in an oversampled Σ-∆
modulator by trading-off resolution in the time domain with
resolution of the various circuits. The relatively small bandwidth
(1kHz), high precision (µg’s) and wide dynamic range (18-19b)
requirements of our application, make this trade-off very
rewarding.

The accelerometer system consists of the sensor and the
interface chip. The sensor structure utilizes the whole wafer
thickness to attain a large proof mass with integrated polysilicon
electrodes above/below it [2]. These electrodes are stiffened by
embedding vertical stiffeners in them to allow force rebalancing of
the proof mass. Damping holes are formed in the electrodes to
obtain a desired damping coefficient for stable operation. Figure 2
shows the device SEM with a 2x1mm2 proof mass.

In force-rebalanced accelerometers with a large proof mass, a
further challenge is maintaining low-voltage operation since the
required feedback force has to be large enough to bring the proof
mass to null position. In the system reported here, this is
accomplished by using a single 5V supply, and by limiting the
movement of the proof mass using bushings formed between the
electrodes and proof mass as illustrated in Figure 3.

The electrostatic feedback force is a linear function of the
output voltage and is linearized by applying differential force on
top and bottom electrodes. Assuming that the proof mass

0-9640024-4-2/hh2002/$20©2002TRF
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displacement is negligible in closed-loop operation, if the circuit
applies V0+V/2 on the top and V0-V/2 on the bottom electrodes, the
differential electrostatic force can be expressed as:

VV
d

A
FFF bottometopediffe 02

0ε
≈−= −−− Eq. 1

where A is the electrode area and d is the gap distance between the
electrode and the proof mass. It can be shown that the full-scale
feedback acceleration is:






×××= VV

d

A

T

T

m
a f

fs 02
01

8.9

1 ε
Eq. 2

where Tf /T is the ratio of feedback duration over the full readout
cycle, and m is the proof mass. For m=2.2mg,Tf/T=3/8, A=1.4mm2

(effective electrode area after taking the damping holes into
account), d=1.5µm and V=2V0=5volts, the maximum feedback
acceleration is 1.2g. In other words, this system can force-
rebalance such a large proof mass by a single 5V supply.

Figure 2. SEM of a device with 2mm x 1mm proof mass.

Figure 3: Cross sectional view of the accelerometer showing the
electrodes, proof mass and bushings.

The microaccelerometer is interfaced with capacitive readout
circuitry to detect the capacitance change and to operate the sensor
in open-loop or force-rebalance the proof mass in closed-loop.
Figure 4 shows the block diagram of the interface circuit [5]. Two
fixed reference capacitors are used to form a balanced full-bridge
with the sensor capacitive half-bridge, and the sensor top and
bottom electrodes are used as the input nodes to the chip front-end.
A switched-capacitor readout circuit is utilized to sense the
capacitance change. This is because of the large parasitic
capacitance associated with the hybrid packaging approach, and
because of the large zero-acceleration sense capacitance associated
with the accelerometer.

In addition to the switched-capacitor readout circuit, the
interface chip incorporates two other important circuits. First, the
start-up circuit pulls the proof mass to null position halfway
between the two electrodes. At start-up, the proof mass is touching

the bushings on the bottom electrodes, and hence the gap distance
is approximately 2.4µm. Because of the larger gap and in order to
ensure that sufficient electrostatic force is available to bring the
mass into null position, a start-up circuit is designed and used.
This circuit stops the readout clock and applies a constant feedback
voltage of 5 volts on the suitable electrode. The 5V electrostatic
signal can overcome the gravitational force of about 1.5g from the
proof mass. The design of the start-up circuit has to be such that
the proof mass does not oscillate.

Figure 4: Block diagram of the interface sigma-delta chip.

Second, a digital feedback loop and digital compensation
block are incorporated to provide a PWM signal to the proof mass
and electrodes for force feedback operation. The digital
compensation block implements a lead compensator to ensure the
loop stability of the system, which degrades as the Q of the
accelerometer increases. Electromechanical simulations have been
performed to verify the stability of the system with an
accelerometer Q of up to eight. Since the Q of the accelerometer
implemented in our system is less than 1, the lead compensation
circuit is usually not needed in normal operation. This lead
compensator is realized by pulse-width modulating the feedback
bit, which works quite effectively with the continuous time
mechanical low pass transfer function. This approach provides
better linearity without any need to implement the digital
compensator in the forward signal path.

TEST SETUP & RESULTS

Figure 5 shows the z-axis hybrid subsystem with the sensor
and the circuit assembled onto a PC board and mounted inside a
standard DIP package. The sensor and the interface circuit are
packaged close to each other to minimize parasitics. The hybrid
system can operate in both open-loop and closed-loop.

Figure 5: Hybrid packaged accelerometer and the interface chip
in a standard 24-pin IC package.

Poly
Electrode

2x1mm2

Proof Mass
Suspension

Beams
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Mechanical Computing 215 
Membrane 376
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Micro Injection Molding 206 
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Microchemical Probe 189 
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Micro-Electroporation Chip 198 
Microfabricated Chemical  
  Analyzers 112 
Microfabricated Valves 112 
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Microfluidic Flowmeter 321 
Microfluidic Separator 321 
Microfluidic System 73 
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Micromirror 11 
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