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TORSIONAL NONRESONANT Z-AXIS
MICROMACHINED GYROSCOPE WITH
NON-RESONANT ACTUATION TO MEASURE
THE ANGULAR ROTATION OF AN OBJECT

RELATED APPLICATIONS

The present application is related to U.S. Provisional
Patent Application, Ser. No. 60/602,237, filed on Aug. 16,
2004, which is incorporated herein by reference and to which
priority is claimed pursuant to 35 USC 119.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to the field of inertial micromachined
transducers for measurement of angular rotation rate of an
object.

2. Description of the Prior Art

Micromachined gyroscopes have a wide application range,
including high performance navigation and guidance sys-
tems, automotive safety systems like yaw and tilt control,
roll-over protection and next generation airbag and antilock
brake systems, and also consumer electronics applications
like image stabilization in video cameras, virtual reality prod-
ucts, and pointing devices. Also, orders of magnitude reduc-
tion in production cost is achieved by surface micromachin-
ing.

Many emerging angular-rate measurement applications
dictate orders of magnitude reduction in size, weight, cost,
and power consumption of existing high-end gyroscope tech-
nologies, including spinning wheel, laser-ring and fiber-optic
devices. Thus, miniaturization of vibratory gyroscopes with
micromachining technologies is expected to become an
attractive solution to current inertial sensing market needs, as
well as open new market opportunities with an even wider
application range. Innovative micro-fabrication processes
and gyroscope designs suggest drastic improvement in per-
formance and functionality of micromachined gyroscopes in
the near future. Due to their robustness against shock and
vibration, potentially increased reliability, and their compat-
ibility to mass-production; solid-state sensors are projected to
become a crucial part of automotive industry, military equip-
ment and consumer electronics.

Batch-fabrication of micro machined gyroscopes in VLSI
compatible surface-micromachining technologies constitutes
the key factor in low-cost production and commercialization.
The first integrated commercial MEMS gyroscopes produced
by Analog Devices have been fabricated utilizing surface
micromachining technology. However, the limited thickness
of structural layers attained in current surface-micromachin-
ing processes results in very small sensing capacitances and
higher actuation voltages, restricting the performance of the
gyroscope. Various devices have been proposed in the litera-
ture that employ out-of-plane actuation and detection, with
large capacitive electrode plates. However, highly nonlinear
and unstable nature of parallel-plate actuation limits the
actuation amplitude of the gyroscope.

The conventional micromachined rate gyroscopes operate
on the vibratory principle of a two-degrees-of-freedom
(2-DOF) system with a single proof-mass suspended by sus-
pension beams anchored to the substrate. The proof-mass is
sustained in resonance in the drive direction, and in the pres-
ence of an angular rotation, the Coriolis force proportional to
the input angular rate is induced in the orthogonal direction
(sense direction). To achieve high sensitivity, the drive and the
sense resonant frequencies are typically designed and tuned
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to match, and the device is controlled to operate at or near the
peak of the response curve. To enhance the sensitivity further,
the device is packaged in high vacuum, minimizing energy
dissipation due to viscous effects of air surrounding the
mechanical structure. Extensive research has been focused on
design of symmetric suspensions and resonator systems for
mode-matching and minimizing temperature dependence.
However, especially for lightly-damped devices, the require-
ment for mode-matching is well beyond fabrication toler-
ances; and none of the symmetric designs can provide the
required degree of mode-matching without feedback control.

Clark, Micromachined z-Axis Vibratory Gyroscope, U.S.
Pat. No. 5,992,233 (1999) shows a gyro with a single mass,
driven in-plane (x-axis), and sensed in-plane (y-axis) in order
to respond to z-axis angular rate. Thus, surface-micro
machined implementations use very thin actuation and detec-
tion electrode fingers, resulting in very small sense capaci-
tances, and requiring very large actuation voltages. Also, the
device is 1-DOF (degree of freedom) resonant in the drive-
mode, and is 1-DOF resonant in the sense-mode. Both the
drive and the sense bandwidths are extremely narrow, requir-
ing extremely precise mode-matching. The device that we
disclose provides a flat operation region in the drive-mode,
and is inherently robust against parameter fluctuations. Also,
very large actuation and detection areas are possible with the
torsional scheme, providing very large detection capacitance,
and low actuation voltages.

To achieve the maximum possible gain, the existing gyro-
scopes are designed to operate in the peak area of the response
curve by matching drive and sense resonant frequencies.
Single mass gyroscopes are very sensitive to variations in
system parameters that effect resonant frequencies. The
bandwidth is extremely narrow, especially for low damping
conditions, and the gain is affected drastically by damping
changes. Generally, very sophisticated control electronics is
used to provide operation in the region of the resonance peak.
Also, surface-micromachined implementations of in-plane
vibrating devices use very thin actuation and detection elec-
trode fingers, resulting in very small sense capacitances, and
requiring very large actuation voltages.

The limited thickness of structural layers attained in cur-
rent surface-micromachining processes results in very small
sensing capacitances and higher actuation voltages, restrict-
ing the performance of the surface-micro machined gyro-
scopes.

What is needed is some type of design and method of
operation which avoids these defects of the prior art.

BRIEF SUMMARY OF THE INVENTION

The illustrated embodiment is a surface-micromachined
torsional gyroscope design utilizing dynamical amplification
of rotational oscillations to achieve large oscillation ampli-
tudes about the drive axis without resonance; thus addressing
the issues of electrostatic instability while providing large
sense capacitance. The approach employs a three-mass struc-
ture with two gimbals and a sensing plate. Large oscillation
amplitudes in the passive gimbal, which contains the sensing
plate, are achieved by amplitying the small oscillation ampli-
tude of the driven gimbal (active gimbal). Thus, the actuation
range of the parallel-plate actuators attached to the active
gimbal is narrow, minimizing the nonlinear force profile and
instability. The proposed non-resonant micromachined gyro-
scope design concept also addresses one of the major MEMS
gyroscope design challenges, which is the mode-matching
requirement.
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The illustrated embodiment of the invention provides large
detection capacitance which leads to improved performance
and low actuation voltages, which leads to reduced drive-
signal interference and lower noise; and improved robustness
against parameter fluctuations. The illustrated embodiment
eliminates the mode-matching requirement by utilizing
dynamic amplification of rotational oscillations instead of
resonance in the drive direction. Thus, the design overcomes
the small actuation and sensing capacitance limitation of
surface-micromachined  gyroscopes, while achieving
improved excitation stability and robustness against fabrica-
tion imperfections and fluctuations in operation conditions.

Restated in other terms, the gimbal-type torsional z-axis
micromachined gyroscope with a non-resonant actuation
scheme measures angular rate of an object with respect to the
axis normal to the substrate plane (the z-axis). The design
concept is based on employing a 2 degrees-of-freedom
(2-DOF) drive-mode oscillator comprised of a sensing plate
suspended inside two gimbals. By utilizing dynamic ampli-
fication of torsional oscillations in the drive-mode instead of
resonance, large oscillation amplitudes of the sensing ele-
ment is achieved with small actuation amplitudes, providing
improved linearity and stability despite parallel-plate actua-
tion. The device operates at resonance in the sense direction
for improved sensitivity, while the drive direction amplitude
is inherently constant within the same frequency band. Thus,
the necessity to match drive and sense resonance modes is
eliminated, leading to improved robustness against structural
and thermal parameter fluctuations. The preliminary experi-
mental results demonstrate the basic operational principles
and verify the feasibility of the design concept.

While the apparatus and method has or will be described
for the sake of grammatical fluidity with functional explana-
tions, it is to be expressly understood that the claims, unless
expressly formulated under 35 USC 112, are not to be con-
strued as necessarily limited in any way by the construction of
“means” or “steps” limitations, but are to be accorded the full
scope of the meaning and equivalents of the definition pro-
vided by the claims under the judicial doctrine of equivalents,
and in the case where the claims are expressly formulated
under 35 USC 112 are to be accorded full statutory equiva-
lents under 35 USC 112. The invention can be better visual-
ized by turning now to the following drawings wherein like
elements are referenced by like numerals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of the torsional micromachined gyro-
scope with non-resonant drive of the illustrated embodiment
of the invention.

FIG. 2 is a scanning electron microscope (SEM) micro-
graph of fabricated example of the torsional micromachined
gyroscope of the invention.

FIG. 3(a) is a graph of the angular deflection amplitude in
degrees as a function of driving frequency of the 2-DOF drive
and 1-DOF sense-mode oscillators.

FIG. 3(b) is a graph of the angular deflection amplitude in
degrees as a function of driving frequency of the overall
3-DOF gyroscope system. The drive-direction oscillation
amplitude is insensitive to parameter variations and damping
fluctuations in the flat operating region, eliminating mode-
matching requirement.

FIG. 4 is a diagram of the non-inertial coordinate frames
attached to the sensing plate, passive gimbal, active gimbal,
and the substrate.

FIG. 5 is a SEM micrograph of the torsional suspension
beams in the illustrated embodiment of the gyroscope.
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FIG. 6 is a cross-sectional depiction of the torsional elec-
trostatic parallel-plate actuation electrodes functionally
attached to the active gimbal.

FIG. 7 is a graph of the amplitude response in um as a
function of driving frequency of the complete torsional gyro-
scope system. A 5% mismatch between the sense-mode reso-
nance frequency (m,) and the drive-mode anti-resonance fre-
quency (w”)) results in only 2.5% error in the response
amplitude.

FIG. 8a is a scan of the sense-mode dynamic response
measurements using Laser Doppler vibrometry (LDV) in the
scanning mode.

FIG. 8b is a scan of the drive-mode dynamic response
measurements using the LDV in the scanning mode.

FIG. 9 is an image of scanning mode LDV measurement at
the anti-resonance frequency, demonstrating dynamic ampli-
fication of the active gimbal oscillations by the passive gim-
bal. The passive gimbal was observed to achieve over 1.7
times larger oscillation amplitudes than the driven active gim-
bal.

The invention and its various embodiments can now be
better understood by turning to the following detailed
description of the preferred embodiments which are pre-
sented as illustrated examples of the invention defined in the
claims. It is expressly understood that the invention as defined
by the claims may be broader than the illustrated embodi-
ments described below.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The illustrated embodiment of torsional gyroscope system,
generally denoted by reference numeral 10, is comprised of
three interconnected rotary masses: the active gimbal 12, the
passive gimbal 14, and the sensing plate 16 as depicted in
FIG. 1. The active gimbal 12 and the passive gimbal 14 are
free to oscillate only about the drive axis x. The sensing plate
16 oscillates together with the passive gimbal 14 about the
drive axis, x, but is free to oscillate independently about the
sense axis y, which is the axis of response when a rotation
along 7z-axis is applied. Active gimbal 12 is coupled to sub-
strate 28 though opposing anchors 24 lying along the x direc-
tion and held above substrate 28 by a pair of opposing sus-
pension beams 22. Similarly, a pair of suspension beams 30
lying along the x direction connect active gimbal 12 to passive
gimbal 14. Passive gimbal 14 is connected to sensing gimbal
16 by a pair of opposing suspension beams 26 lying along the
y direction.

The active gimbal 12 is driven about the x-axis by parallel-
plate actuators 18 formed by the electrode plates underneath
active gimbal 12. The combination of the passive gimbal 14
and the sensing plate 16 comprises the vibration absorber of
the driven active gimbal 12. Thus, a torsional 2-DOF oscilla-
tor is formed in the drive direction, x. The frequency response
of'the 2-DOF drive oscillator has two resonant peaks and a flat
region between the peaks, where the response amplitude is
less sensitive to parameter variations as shown in the graph of
FIG. 3a. The sensing plate 16, which is the only mass free to
oscillate about the sense axis, y, forms the 1-DOF torsional
resonator in the sense direction, y.

In the presence of an input angular rate about the sensitive
axis normal to the substrate (namely the z-axis), only the
sensing plate 16 responds to the rotation-induced Coriolis
torque. The oscillations of the sense plate 16 about the sense
axis z are detected by the electrodes 20 placed underneath the
sense plate 16. Since the dynamical system is a 1-DOF reso-
nator in the sense direction y, the frequency response of the





















