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(57) ABSTRACT

A vibratory rate z-axis gyroscope is characterized by drive-
mode and sense-mode quality factors and rate sensitivity and
is fabricated with at least two decoupled vibratory tines, a
levered drive-mode mechanism coupled between the tines to
structurally force anti-phase drive-mode motion of the tines at
a predetermined drive frequency, to eliminate spurious fre-
quency modes of the anti-phase drive-mode motion of the
tines lower than the predetermined drive frequency and to
provide synchronization of drive- and sense-mode motion of
the tines, and a sense-mode mechanism coupled between the
tines arranged and configured to provide a linearly coupled,
dynamically balanced anti-phase sense-mode motion of the
tines to minimize substrate energy dissipation and to enhance
the sense-mode quality factor and rate sensitivity.

26 Claims, 19 Drawing Sheets
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1
MICROMACHINED TUNING FORK
GYROSCOPES WITH ULTRA-HIGH

SENSITIVITY AND SHOCK REJECTION

RELATED APPLICATIONS

The present application is related to U.S. Provisional
Patent Application, Ser. No. 61/186,731, filed on Jun. 12,
2009, which is incorporated herein by reference and to which
priority is claimed pursuant to 35 USC 119.

GOVERNMENT RIGHTS

This invention was made with Government support under
Grant No. CMS0409923, awarded by the National Science
Foundation. The Government has certain rights in this inven-
tion.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to the field of vibratory z-axis gyro-
scopes with at least two coupled masses operating in anti-
phase motion.

2. Description of the Prior Art

Conventional tuning fork designs with linear anti-phase
drive-modes present several major drawbacks: presence of
the parasitic low-frequency structural mode of in-phase
vibration, limitation of the maximal achievable sense-mode
quality factor by approximately half of the drive-mode qual-
ity factor due to substrate energy dissipation caused by the
torque imbalance, and difficulty of maintaining mode
matched condition over the practical temperature ranges.

The operation of micromachined vibratory gyroscopes is
based on a transfer of energy between two modes of vibration
caused by the Coriolis effect. When the drive- and sense-
mode resonant frequencies are equal, or mode-matched, the
sensor output is increased proportionally to the sense-mode
quality factor. Anti-phase driven tuning fork architectures are
often used due to their ability to reject common mode accel-
eration inputs.

Conventional tuning fork designs with linear anti-phase
drive-modes present several major drawbacks: presence of
the parasitic low-frequency structural mode of in-phase
vibrations, limitation of the maximal achievable sense-mode
quality factor by approximately half of the drive-mode qual-
ity factor due to substrate energy dissipation caused by the
torque imbalance, and difficulty of maintaining mode-
matched condition over the practical temperature ranges.

BRIEF SUMMARY OF THE INVENTION

The illustrated embodiment of the invention introduces a
family of new dual mass and quadruple mass tuning fork
architectures addressing the limitations of the conventional
designs.

The dual mass gyroscope architecture of the illustrated
embodiment has structurally forced anti-phase drive-mode
and linearly coupled, dynamically balanced anti-phase sense-
mode. The design utilizes two symmetrically decoupled tines
with drive- and sense-mode synchronization mechanisms,
and prioritizes the sense mode quality factor. The levered
drive-mode mechanism structurally forces the anti-phase
drive-mode motion and eliminates the lower frequency spu-
rious modes. The linearly coupled, dynamically balanced
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2

anti-phase sense-mode design minimizes substrate energy
dissipation leading to enhancement of the quality factor and
rate sensitivity.

The quadruple mass gyroscope architecture of the illus-
trated embodiment builds upon the dual mass design by cou-
pling together two dual mass devices to achieve completely
symmetric, mode-matched mechanical structure with ultra-
high quality factor in both the drive- and sense-mode. The
quadruple mass design of the rate sensor element preserves
the ultra-high sensitivity of the dual mass design. At the same
time, the quadruple mass design provides complete mechani-
cal rejection of external vibrations and shocks along both
drive and sense axes and improved robustness to fabrication
imperfections and temperature induced frequency drifts.

The ultra-high resolution tuning fork gyroscope architec-
tures of the illustrated embodiment provide a path to silicon
MEMS based gyrocompassing and inertial navigation sys-
tems.

This disclosure is directed to a family of dual mass and
quadruple mass tuning fork architectures addressing the limi-
tations of the conventional designs. In the dual mass design,
the spurious in-phase drive-mode is shifted above the opera-
tional frequency to improve the response characteristics.
Unlike conventional tuning fork gyroscopes, the disclosed
architecture prioritizes the quality factor of the sense-mode
by mechanical design, where the linearly coupled anti-phase
sense-mode is balanced in both the linear momentum as well
as moment of reaction forces (torque) in order to minimize
dissipation of energy through the substrate and enable ultra-
high mechanical sensitivity to the input angular rate.

The second illustrated embodiment directed to a quadruple
mass design builds upon the dual mass architecture by cou-
pling together two dual mass devices to achieve completely
symmetric, mode-matched mechanical structure with ultra-
high quality factor in both the drive- and the sense-mode. The
quadruple mass design of the sensor element preserves the
ultra-high sensitivity of the dual mass design. At the same
time, the quadruple mass design provides complete mechani-
cal rejection of external vibrations and shocks along both
drive and sense axes, and improved robustness to fabrication
imperfections and temperature induced frequency drifts.

The illustrated embodiments realize several features or
aspects, such as a MEMS vibratory rate, z-axis tuning fork
gyroscope with two coupled masses, which has: 1) both the
drive- and the sense-modes of the gyroscope are mechani-
cally coupled, anti-phase operated systems; 2) an anti-phase
operated drive-mode which is linear momentum balanced,
reducing dissipation of energy due to substrate vibrations; 3)
an anti-phase sense-mode balanced in both linear momentum
and angular torque (i.e., completely dynamically balanced),
eliminating dissipation of energy due to linear and angular
vibrations of the substrate; 4) a mechanical design of the dual
mass gyroscope which enables high drive-mode quality fac-
tors, reducing electrical power dissipation and electrical noise
from the parasitic feed-through signals. The ultra-high sense-
mode quality factor enables ultra-high angular rate sensitivity
and resolution.

The illustrated embodiments further include a mechanical
structure of the dual mass gyroscope as indicated above and
discussed in the disclosure below which includes the follow-
ing components: 1) two identical tines, each consisting of an
anchored outer frame, two drive-mode and two sense-mode
shuttles, and a proof mass. The symmetry of the tines
improves robustness of drive- and sense-mode frequency
matching to fabrication imperfections and temperature
induced shifts of resonant frequencies. Alternatively, frame
decoupled, or isotropically suspended proof masses can be



US 8,322,213 B2

3

used. 2) Lever mechanisms for synchronization of the drive-
mode motion formed by the two tines forced into anti-paral-
lel, anti-phase vibrations. The mechanisms allow angular dis-
placement of the coupling levers with respect to the anchored
pivot. Rigidity of the coupling levers to the in-phase displace-
ment eliminates any lower-frequency modes of vibration and
shifts the in-phase drive-mode above the operational fre-
quency of the device. 3) Coupling flexures for the linear
anti-phase sense-mode motion formed by the two tines mov-
ing in anti-phase to each other in response to the anti-phase
Coriolis input. Unlike conventional tuning fork gyroscopes,
the disclosed architecture prioritizes the quality factor of the
sense-mode by mechanical design, where the linearly
coupled anti-phase sense-mode is balanced in both the linear
momentum as well as torque in order to minimize the dissi-
pation of energy through the substrate.

The illustrated embodiments further include a MEMS
vibratory rate, z-axis tuning fork gyroscope with four coupled
masses, preserving and expanding the structural advantages
of'the dual mass gyroscope, which includes: 1) both the drive-
and the sense-modes of the gyroscope are mechanically
coupled, anti-phase operated systems; 2) both the drive- and
the sense-modes of the gyroscope are completely dynami-
cally balanced (i.e., have zero net linear momentum and
torque), eliminating dissipation of energy due to linear and
angular vibrations of the substrate; 3) mechanical design of
the quadruple mass gyroscope enables ultra-high drive- and
sense-mode quality factors, reducing electrical power dissi-
pation and electrical noise from the parasitic feed-through
signals. The ultra-high sense-mode quality factor enables
ultra-high angular rate sensitivity and resolution; 4) the drive-
and sense-modes are matched by design due to the complete
symmetry of the quadruple mass architecture. Due to the
rigidity of the lever mechanisms, the low frequency in-phase
modes are eliminated from both the drive- and the sense-
modes enabling complete mechanical rejection of external
shocks and vibrations.

The illustrated embodiments further include a mechanical
structure of the quadruple mass gyroscope as indicated above
which includes: 1) four identical tines, each including of an
anchored outer frame, two drive-mode and two sense-mode
shuttles, and a proof mass. The symmetry of the tines
improves robustness of drive- and sense-mode frequency
matching to fabrication imperfections and temperature
induced shifts of resonant frequencies. Alternatively, frame
decoupled, or isotropically suspended proof masses can be
used. 2) Four linear coupling flexures, and a pair of lever
mechanisms for synchronization of the frequency matched,
dynamically balanced, anti-phase drive- and sense-mode
motion.

The illustrated embodiments further include an electro-
static actuation and capacitive detection scheme based on: 1)
each shuttle being equipped with capacitive electrodes form-
ing capacitors together with their anchored counterparts. The
capacitors can be of lateral-comb, parallel-plate, or any other
type. 2) Capacitors on the shuttles can be used for electro-
static actuation, capacitive detection, and active control (for
instance, drive-mode amplitude stabilization, sense-mode
force-rebalance or quadrature suppression control) of the
proof masses in x and y directions.

The illustrated embodiments further include: 1) two difter-
ent physical implementations (microfabrication layouts) of
the dual mass tuning fork gyroscope concept. 2) A specific
physical implementation (microfabrication layout) of the
quadruple mass tuning fork gyroscope concept as described
below. 3) The ultra-high quality factor quadruple mass tuning
fork gyroscope can be operated in free vibrations regime
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(without a continuous excitation), relaxing the energy level
control requirements of conventional vibratory gyroscopes.
4) The free vibrations regime of the ultra-high quality factor,
mode-matched quadruple tuning fork gyroscope can be used
to achieve unconstrained rate measurement bandwidth
beyond the capabilities of conventional gyroscopes with
forced drive-mode motion. 5) The quadruple mass tuning fork
gyroscope can be also operated as an angle integrating gyro-
scope (producing a measurement of rotation angle directly).

In summary, it can thus be appreciated that the illustrated
embodiments include a vibratory rate z-axis gyroscope char-
acterized by drive-mode and sense-mode quality factors and
rate sensitivity including at least two decoupled vibratory
tines, a levered drive-mode mechanism coupled between the
tines to structurally force anti-phase drive-mode motion of
the tines at a predetermined drive frequency, to eliminate
spurious frequency modes of the anti-phase drive-mode
motion of the tines lower than the predetermined drive fre-
quency and to provide synchronization of drive- and sense-
mode motion of the tines, and a sense-mode mechanism
coupled between the tines arranged and configured to provide
a linearly coupled, dynamically balanced anti-phase sense-
mode motion of the tines to minimize substrate energy dissi-
pation and to enhance the sense-mode quality factor and rate
sensitivity.

The sense-mode mechanism includes a mechanism
arranged and configured to have a dynamic operation of the
tines which is balanced in both linear momentum and angular
torque to reduce dissipation of energy due to linear and angu-
lar substrate vibrations.

The levered drive-mode mechanism includes a mechanism
which is arranged and configured to have a dynamic operation
of'the tines which is characterized by balanced linear momen-
tum between the two tines to reduce dissipation of energy due
to substrate vibrations.

The levered drive-mode mechanism is arranged and con-
figured to have a degree of balanced linear momentum
between the two tines sufficient to result in a drive-mode
quality factor equal or greater than 0.3 million to reduce
electrical power dissipation and electrical noise from the
parasitic feed-through signals.

The sense-mode mechanism is arranged and configured to
have a degree of balanced anti-phase sense-mode motion of
the tines sufficient to result in a sense-mode quality factor
equal or greater than 0.6 million, mechanical sensitivity equal
or greater than 2 nm/(deg/h) of sense-mode displacement, and
rate sensitivity equal or better than 0.01 deg/h.

The gyroscope can be fabricated using conventional silicon
MEMS technologies. The gyroscope can be used for inertial
navigation, guidance, and non-magnetic gyrocompassing.

The two decoupled vibratory tines are identical and sym-
metrically oriented relative to each other, each tine including
an anchored outer frame, a proof mass and two drive-mode
shuttles and two sense-mode shuttles resiliently coupled
between the proof mass and the frame.

The two decoupled vibratory tines each comprise an
anchored outer frame, an isotropically suspended proof mass
and two drive-mode shuttles and two sense-mode shuttles
resiliently coupled between the proof mass and the frame.

The levered drive-mode mechanism includes two anchored
pivots and two rigid coupling levers pivoted on corresponding
ones of the two anchored pivots, the two rigid coupling levers
coupled between the two tines to allow angular displacement
of the coupling lever with respect to the anchored pivot,
rigidity of the coupling levers reducing any in-phase motion
of'the tines at any lower-frequency modes of vibration below
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the predetermined drive frequency, and reducing any shifts
in-phase drive-mode motion above the predetermined drive
frequency.

The sense-mode mechanism includes sense-mode cou-
pling flexures coupled between the tines to allow linear anti-
phase sense-mode motion of the two tines moving in anti-
phase to each other in response to anti-phase Coriolis force.

In another embodiment the gyroscope further includes at
least four decoupled vibratory tines, where the levered drive-
mode mechanism is coupled between the at least four tines in
apairwise fashion to structurally force anti-phase drive-mode
motion of the at least four tines at a predetermined drive
frequency, to eliminate spurious frequency modes of the anti-
phase drive-mode motion of the at least four tines lower than
the predetermined drive frequency and to provide synchroni-
zation of drive- and sense-mode motion of the at least four
tines; and where the sense-mode mechanism is coupled
between the at least four tines in a pairwise fashion arranged
and configured to provide a linearly coupled, dynamically
balanced anti-phase sense-mode motion of the at least four
tines to minimize substrate energy dissipation and to enhance
the sense-mode quality factor and rate sensitivity.

The sense-mode mechanism includes a mechanism
arranged and configured to have a dynamic operation of the at
least four tines which is balanced in both linear momentum
and angular torque to reduce dissipation of energy due to
linear and angular substrate vibrations.

The levered drive-mode mechanism includes a mechanism
which is arranged and configured to have a dynamic operation
of the at least four tines which is characterized by balanced
linear momentum between the at least four tines to reduce
dissipation of energy due to substrate vibrations.

The levered drive-mode mechanism is arranged and con-
figured to have a degree of balanced linear momentum
between the at least four tines sufficient to result in a drive-
mode quality factor equal or greater than 0.5 million in
vacuum to reduce electrical power dissipation and electrical
noise from the parasitic feed-through signals.

The sense-mode mechanism is arranged and configured to
have a degree of balanced anti-phase sense-mode motion of
the at least four tines sufficient to result in a sense-mode
quality factor equal or greater than 0.5 million in vacuum and
rate sensitivity equal or greater than 0.01 deg/h.

The at least four decoupled vibratory tines are identical and
symmetrically oriented relative to each other, each tine
including an anchored outer frame, a proof mass and two
drive-mode shuttles and two sense-mode shuttles resiliently
coupled between the proof mass and the frame.

The at least four decoupled vibratory tines each comprise
an anchored outer frame, an isotropically suspended proof
mass and two drive-mode shuttles and two sense-mode
shuttles resiliently coupled between the proof mass and the
frame.

The levered drive-mode mechanism includes at least four
anchored pivots and at least four rigid coupling levers pivoted
on corresponding ones of the at least four anchored pivots,
each of the at least four rigid Coupling levers coupled
between a different pair of two corresponding adjacent tines
of'the at least four tines to allow angular displacement of the
at least four coupling levers with respect to the corresponding
one of the at least four anchored pivots, rigidity of the at least
four coupling levers reducing any in-phase motion of the
corresponding tines to which they are coupled at any lower-
frequency modes of vibration below the predetermined drive
frequency, and reducing any shifts in-phase drive-mode
motion above the predetermined drive frequency.
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The sense-mode mechanism includes at least four sense-
mode coupling flexures coupled between corresponding ones
of'the at least four tines to allow linear anti-phase sense-mode
motion of the at least four tines moving in anti-phase to each
other in response to anti-phase Coriolis force.

The at least four levered drive-mode mechanisms is oper-
able in a free vibrations regime without a continuous excita-
tion to relax the energy level control requirements and to
achieve unconstrained rate measurement bandwidth as com-
pared to conventional gyroscopes with forced drive-mode
motion or operable as an angle integrating gyroscope to pro-
duce a direct measurement of rotation angle.

The illustrated embodiments also include within their
scope a gyroscope including a frame having with capacitive
frame electrodes, a proof mass, and a plurality of shuttles
coupled between the frame and proof mass, where each
shuttle has capacitive shuttle electrodes forming capacitors
together with the frame electrodes, the capacitors on the
shuttles used for electrostatic actuation, capacitive detection,
and active control of the proof mass.

The illustrated embodiments of the invention further
include a method of operating a vibratory rate z-axis gyro-
scope characterized by drive-mode and sense-mode quality
factors and rate sensitivity including the steps of driving at
least two decoupled vibratory tines in anti-phase motion at a
predetermined drive frequency, structurally forcing the at
least two decoupled vibratory tines in anti-phase motion by a
levered drive-mode mechanism coupled etween the tines to
eliminate spurious frequency modes of the anti-phase drive-
mode motion of the tines lower than the predetermined drive
frequency and to provide synchronization of drive- and sense-
mode motion of the tines, and sensing dynamically balanced
linearly coupled anti-phase sense-mode motion of the tines to
minimize substrate energy dissipation and to enhance the
sense-mode quality factor and rate sensitivity.

The step of sensing dynamically balanced linearly coupled
anti-phase sense-mode motion of the tines includes the step of
balancing both linear momentum and angular torque of the
tines against each other to reduce dissipation of energy due to
linear and angular substrate vibrations.

The step of driving at least two decoupled vibratory tines in
anti-phase motion includes the step of balancing linear
momentum between the two tines against each other to reduce
dissipation of energy due to substrate vibrations.

The step of structurally forcing the at least two decoupled
vibratory tines in anti-phase motion by a levered drive-mode
mechanism includes the steps of reducing any in-phase
motion of the tines at any lower-frequency modes of vibration
below the predetermined drive frequency, and reducing any
shifts in-phase drive-mode motion above the predetermined
drive frequency by rigidly coupling together the two tines by
a rigid coupling lever, but allowing angular displacement of
the rigid coupling lever coupled between the two tines with
respect to an anchored pivot.

The step of sensing dynamically balanced linearly coupled
anti-phase sense-mode motion of the tines includes the step of
allowing linear anti-phase sense-mode motion of the two
tines moving in anti-phase to each other in response to anti-
phase Coriolis force by means of sense-mode coupling flex-
ures coupled between the tines.

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-
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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

FIGS. 1a and 15 are schematic diagrams of the disclosed
dual and quadruple mass gyroscopes. FIG. 1a illustrates the
dual mass gyroscope architecture with levered anti-phase
drive-mode and linearly coupled anti-phase sense-mode for
maximization of sense-mode Q-factor. FIG. 15 illustrates a
quadruple mass, ultra-high Q, symmetric gyroscope architec-
ture with levered anti-phase drive- and sense-modes for easy
mode-matching and mechanical common mode rejection.

FIGS. 2a-2¢ illustrate the dual mass tuning fork gyroscope
principles of operation using finite element modeling (FEM).
FIG. 2a is a diagram showing the levered anti-phase drive-
mode. FIG. 25 is a diagram showing the in-phase drive-mode
parasitic resonance shifted to a higher frequency. FIG. 2cis a
diagram showing the linearly coupled anti-phase sense-
mode.

FIGS. 3a and 3b are diagrams which illustrate the qua-
druple mass tuning fork gyroscope principles of operation,
using finite element modeling (FEM). FIG. 3a illustrates the
drive-mode. FIG. 35 illustrates the sense-mode.

FIGS. 4a and 4b are depictions of two physical layouts of
the dual mass gyroscope concept. FIG. 4a shows the basic
layout comprising two identical tines, a lever mechanism for
synchronization of the anti-phase drive-mode motion, and
coupling flexures for the linear anti-phase sense-mode. FIG.
4b shows the extended layout containing additional springs
for precise specification of the drive-mode operational fre-
quency.

FIG. 5 is a depiction of the physical layout ofthe quadruple
mass gyroscope concept comprising four identical tines, four
linear coupling flexures, and a pair of identical lever mecha-
nisms for synchronization of the anti-phase drive- and sense-
mode motion.

FIGS. 6a and 65 are scanning electron micrographs (SEM)
of an x-y coupled quadruple tuning fork gyroscope.

FIG. 7 is an optical photograph of a packaged dual mass
gyroscope according to the illustrated embodiments of the
invention.

FIG. 8 is an optical photograph of a packaged quadruple
mass gyroscope according to the illustrated embodiments of
the invention.

FIGS. 94 and 956 are graphs of the measured frequency
responses of the drive and sense modes in air of the packaged
dual mass gyroscope of FIG. 7. FIG. 9a is the measured
frequency responses of untrimmed drive and sense modes and
FIG. 95 is the measured frequency responses of tuned drive
and sense modes with the inset graph showing the electro-
static tuning of the sense-mode frequency.

FIG. 10 is a graph of the dual mass gyroscope output as a
function of input angular rate showing the measured rate
response in air (sense-mode quality factor 65, RMS non-
linearity 2% FSO). Sensitivity improves more than 2,000
times in vacuum.

FIG. 11 is a graph of the measured frequency response of
the levered anti-phase drive-mode in air (Q=60), and in
vacuum (Q=67,000).

FIG. 12 is a graph of the measured frequency response of
the momentum and torque balanced linear anti-phase sense-
mode in air (Q=65), and in vacuum (Q=125,000).
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FIG. 13 is a graph of the measured quality factor versus
pressure for an individual, uncoupled tine. The quality factor
is limited by the energy dissipation through the substrate.
Without a coupled dual or quadruple tine system, the maximal
quality factor in vacuum is limited by 10,000.

FIG. 14 is a graph of the effects of sense-mode quality
factor on the gyroscope sensitivity.

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

This disclosure reports a family of dual mass and quadruple
mass micromachined vibratory z-axis tuning fork rate gyro-
scope architectures with ultra-high quality factors and conse-
quently, unprecedented sensitivity to the input angular rate.
Additionally, the architectures provide robustness to external
vibrations and shocks by eliminating the undesirable lower
frequency modes commonly present in conventional tuning
fork devices. The quality factor or Q factor is a dimensionless
parameter that describes how under-damped an oscillator or
resonator is, or equivalently, characterizes a resonator’s band-
width relative to its center frequency. Higher Q indicates a
lower rate of energy loss relative to the stored energy of the
oscillator; the oscillations die out more slowly. Oscillators
with high quality factors have low damping so that they ring
longer. There are two separate definitions of the quality factor
that are equivalent for high Q resonators but are different for
strongly damped oscillators. Generally Q is defined in terms
of'the ratio of the energy stored in the resonator to the energy
being lost in one cycle:

0 Maximum Energy Stored

=27
x Total Energy dissipated per cycle’

The factor of 2 is used to keep this definition of Q con-
sistent (for high values of Q) with the second definition:

o wr
Q = H = E’
where f, is the resonant frequency, Af is the bandwidth, w,.
is the angular resonant frequency, and Aw is the angular
bandwidth. The definition of Q in terms of the ratio of the
energy stored to the energy dissipated per cycle can be

rewritten as:
0 Energy Stored
B Power Loss

where o is defined to be the angular frequency ofthe circuit

(system), and the energy stored and power loss are prop-
erties of a system under consideration.

A first embodiment of the dual mass gyroscope architec-

ture has a structurally forced anti-phase drive-mode and a

linearly coupled, dynamically balanced anti-phase sense-
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mode. The design utilizes two symmetrically-decoupled tines
with drive- and sense-mode synchronization mechanisms,
and prioritizes the sense-mode quality factor. The levered
drive-mode mechanism structurally forces the anti-phase
drive-mode motion and eliminates the lower frequency spu-
rious modes. The linearly coupled, dynamically balanced
anti-phase sense-mode design minimizes substrate energy
dissipation leading to enhancement of the quality factor and
rate sensitivity.

A second embodiment includes a quadruple mass gyro-
scope architecture which builds upon the dual mass design by
coupling together two dual mass devices to achieve com-
pletely symmetric, mode-matched mechanical structure with
ultra-high quality factor in both the drive- and sense-mode.
The quadruple mass design of the rate sensor element pre-
serves the ultra-high sensitivity of the dual mass design. At
the same time, the quadruple mass design provides complete
mechanical rejection of external vibrations and shocks along
both drive and sense axes and improved robustness to fabri-
cation imperfections and temperature induced frequency
drifts.

Prototypes of the gyroscopes were designed, implemented,
and fabricated using an in-house, wafer scale silicon-on-in-
sulator (SOI) bulk micromachining process, and experimen-
tally characterized. Dual mass tuning fork gyroscope proto-
type characterized in vacuum demonstrated drive-mode
quality factor of 67,000 and sense-mode quality factor of
125,000, yielding an ultra-high mechanical scale factor of 0.4
nm/(°/h) for mode-matched operation. The quadruple mass
tuning fork gyroscopes provide quality factors on the order of
150,000-300,000 for both the drive- and the sense-modes
while enabling easy, temperature robust mode-matching due
to the complete structural symmetry. The ultra-high resolu-
tion tuning fork gyroscope architectures provide a path to
silicon MEMS based gyrocompassing and inertial navigation
systems.

Turn now and consider the dual mass design concept. The
disclosed dual mass mechanical architecture 10, shown con-
ceptually in FIG. 1a comprises two identical tines 12, 14, a
lever mechanism 16 for synchronization of the anti-phase
drive-mode motion, and coupling flexures 18 for the linear
anti-phase sense-mode. Each tine 12, 14 comprises an
anchored outer frame 20, two drive-mode shuttles 26 and two
sense-mode shuttles 22, and a proof mass 24. The drive-mode
and sense-mode shuttles 22, 26 are suspended in the x-y plane
relative to the substrate or anchors 20 by pairs of springs 30.
These flexures or springs 30 restrict the motion of the shuttles
22, 26 solely to their respective axes, namely in the depiction
of FIG. 1a to the y axis for the sense-mode shuttles 22 and to
the x axis for the drive-mode shuttles 26. Suspension ele-
ments or flexures 28 of identical geometry to flexures 30
couple the shuttles 22 and 26 to their respective proof masses
24 and 26. Flexures 28 allow their respective shuttles 22 and
26 to oscillate with respect to their corresponding proof
masses 24 in a direction perpendicular to their respective
sense or drive directions. Shuttles 22 and 26 are, however,
relatively fixed to their corresponding proof masses 24 in
their corresponding sense and drive directions. Proof masses
24 of both tines 12, 14 are suspended in the x-y plane with
equal effective stiffness. The symmetry of the tines 12, 14
improves robustness of drive- and sense-mode frequency
positioning (the two resonant frequencies are maintained
equal in the mode-matched case) to fabrication imperfections
and temperature induced shifts of resonant frequencies. The
sense direction is in the y axis, which is depicted as the
horizontal axes in FIG. 1a.
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Turn now and consider the drive-mode design. The drive-
mode of the dual mass gyroscope 10 is formed by the two
tines 12, 14 forced into anti-parallel, anti-phase motion syn-
chronized by the mechanical system that allows angular dis-
placement of the coupling levers 16 with respect to the
anchored pivot 32 as diagrammatically depicted in FIG. 2a.
U-shaped flexures 33 couple the ends of lever 16 to the cor-
responding drive-mode shuttles 26, diagrammatically
depicted in FIGS. 1a and 15, 3a, 3b and better shown in FIGS.
4a, 4b. Rigidity of the coupling levers 16 to the in-phase
displacement eliminates any lower-frequency modes of
vibration and shifts the in-phase drive-mode above the opera-
tional frequency of the device as diagrammatically depicted
in FIG. 2b. The intentional mode arrangement improves the
phase stability and guarantees common mode rejection.

Turn now and consider the sense-mode design. The sense-
mode of the gyroscope 10 is formed by the two linearly
coupled tines 12, 14 moving in anti-phase to each other in
response to the anti-phase Coriolis input as diagrammatically
depicted in FIG. 2¢. While achieving high sense-mode quality
factors is essential to improve sensitivity and precision of
vibratory gyroscopes, the quality factors of vibrating micro-
structures in vacuum are often limited by the dissipation of
energy through the substrate due to linear momentum and
torque imbalances. Unlike conventional tuning fork gyro-
scopes, the disclosed architecture prioritizes the quality factor
of the sense-mode by mechanical design, where the linearly
coupled anti-phase sense-mode is balanced in both the linear
momentum as well as torque in order to minimize the dissi-
pation of energy through the substrate.

Consider actuation and detection. The gyroscope 10 is
electrostatically driven into anti-phase motion using driving
voltages imposed across the differential lateral comb or par-
allel plate electrodes 34 best shown in FIGS. 4a, 45 and 5 on
the drive-mode shuttles 26. During rotation around the z-axis,
the Coriolis acceleration of the proof masses 24 induces lin-
ear anti-phase sense-mode vibrations which are capacitively
detected using differential parallel plate electrodes 36 on the
sense-mode shuttles 28.

Turn now to the embodiment of the quadruple mass design
concept. The quadruple mass tuning fork gyroscope design
builds upon the dual mass architecture described above to
provide a completely symmetric and dynamically balanced
device 38. The disclosed quadruple mass mechanical archi-
tecture, shown conceptually in FIG. 15, comprises four iden-
tical tines 40, four linear coupling flexures 42, and a pair of
identical lever mechanisms 44 for synchronization of the
anti-phase drive- and sense-mode motion. The four tines 40
are designed based on the symmetrically decoupled suspen-
sion structure similarly to the dual mass tuning gyroscope 10
described above. The quadruple tuning fork architecture can
be thought of as being constructed from two levered dual
mass tuning fork gyroscopes 10 coupled together with addi-
tional linear flexures 18 and lever mechanisms 16. The qua-
druple tuning fork 38 preserves and expands the structural
advantages of the levered dual mass tuning fork 10. As illus-
trated by the finite element modeling results in FIGS. 3a and
35, the complete symmetry of the quadruple mass architec-
ture is mode-matched by design. Due to the rigidity of the
lever mechanisms 44, the low frequency in-phase modes are
eliminated from both the drive- and the sense-modes enabling
complete mechanical rejection of external shocks and vibra-
tions.

Consider now an illustration of an implementation and
actual reduction to practice in a physical layout. Several dif-
ferent physical layout implementations of the disclosed dual
and quadruple mass gyroscopes 10 and 38 have been consid-






