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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

20

25

30

35

40

45

50

55

60

65

2

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
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device 10 has a single resonance peak in the sense mode. To
define the operation frequency band of the system, sense
direction resonance frequency of the sensing plate 16 is
designed to coincide with the flat region of the drive oscillator
as graphically depicted in FIG. 3a. This allows operation at
resonance in the sense direction for improved sensitivity,
while the drive direction amplitude is inherently constant in
the same frequency band, in spite of parameter variations or
perturbations.

Thus, the illustrated embodiment eliminates the mode-
matching requirement by utilizing dynamic amplification of
rotational oscillations instead of resonance in drive direction
X, leading to reduced sensitivity to structural and thermal
parameter fluctuations and damping variations, while attain-
ing sufficient performance with resonance in the sense-mode.

An example of the torsional gyroscope has been fabricated
using a standard surface-micromachining, which example is
shown in the photograph of FIG. 2. The design objectives
have been verified experimentally as discussed below. The
basic operational principles of the design concept have also
been experimentally demonstrated with linear prototype
gyroscopes, including the flat driving frequency band within
where the drive-mode amplitude varies insignificantly, and
mechanical amplification of active mass oscillation by the
sensing element.

Consider first the Coriolis response of system 10. The
design concept operates at the sense-direction resonance fre-
quency of the 1-DOF sensing plate 16, in order to attain the
maximum possible oscillation amplitudes in response to the
induced Coriolis torque. The frequency response of the
2-DOF drive direction oscillator has two resonant peaks and
aflat region between the peaks as shown in FIG. 3a. When the
active gimbal 12 is excited in the flat frequency band, ampli-
tudes of the drive-direction oscillations are insensitive to
parameter variations due to any possible fluctuation in opera-
tion conditions of the system 10. Moreover, the maximum
dynamic amplification of active gimbal 12 oscillations by the
passive gimbal 14 occurs in this flat operation region, at the
antiresonance frequency. Thus, in order to operate the sense-
direction resonator at resonance, while the 2-DOF drive
direction oscillators operates in the flat-region frequency
bands, the flat region of the drive-oscillator has to be designed
to overlap with the sense-direction resonance peak as shown
in FIG. 3a. This can be achieved by matching the drive direc-
tion anti-resonance frequency with the sense direction reso-
nance frequency, as will be explained below. However, in
contrast to the conventional gyroscopes, the flat region with
significantly wider bandwidth can be easily overlapped with
the resonance peak without feedback control with sufficient
precision in spite of fabrication imperfections and variations
in operation conditions as depicted graphically in FIG. 35.

By utilizing dynamical amplification in the 2-DOF drive-
oscillator instead of resonance, increased bandwidth and
reduced sensitivity to structural and thermal parameter fluc-
tuations and damping changes can be achieved, while sense-
direction resonance provides high sensitivity of the device.
Consequently, the design concept allows the building of
z-axis gyroscopes utilizing surface-micromachining technol-
ogy with large sense capacitances, while resulting in
improved robustness and long-term stability over the operat-
ing time of the device. Thus, the approach of the invention is
relaxes control requirements and tight fabrication and pack-
aging tolerances.

Consider now the dynamics of the gyroscopic system 10.
The dynamics of each rotary proof-mass 12, 14, 16 in the
torsional gyroscope system 10 is best understood by attaching
non-inertial coordinate frames to the center-of-mass of each
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proof-mass 12, 14, 16 and the substrate 28 as diagrammati-
cally depicted in F1G. 4. The angular momentum equation for
eachmass 12, 14,16 will be expressed in the coordinate frame
associated with that mass 12, 14, 16 respectively. This allows
the inertia matrix of each mass 12, 14, 16 to be expressed in a
diagonal and time-invariant form. The absolute angular
velocity of each mass 12, 14, 16 in the coordinate frame of
that mass 12, 14, 16 will be obtained using the appropriate
transformations. Thus, the dynamics of each mass reduces to

- - - = =
S s =
Lo S+ o XL o )= T+ Ty

- - N
2. 2 Py=
L® P+ 0 Px(L,w P )=T 4 T,y

- = - = =
Lo 5+ 0 X0 )T o+ TotM,

where I, I, and 1, denote the diagonal and time-invariant
inertia matrices of the sensing plate 16, passive gimbal 14,
and active gimbal 12, respectively, with respect to the asso-
ciated body attached frames. Similarly, w,, ®,, and o, denote
the absolute angular velocity vectors of the sensing plate 16,
passive gimbal 14, and active gimbal 12, respectively,
expressed in the associated body frames. The external torques
Teer Tpey Tpe and Ty, T, T, are the elastic and damping
vector torques acting on the associated mass, whereas M, is
the driving electrostatic vector torque applied to the active

gimbal 12.

If we denote the drive direction deflection angle of the
active gimbal 12 by 0, the drive direction deflection angle of
the passive gimbal by 6,, the sense direction deflection angle
of the sensing plate by ¢ (with respect to the substrate), and
the absolute angular velocity of the substrate about the z-axis
by €, as shown in FIG. 4; the homogeneous rotation matrices
from the substrate 28 to active gimbal 12(R,,,_,,), from
active gimbal 12 to passive gimbal 14 (R,_,,), and from
passive gimbal 14 to the sensing plate 16 (R, _..,), respectively,
become

1 0 0
Rowbpoa = \0 cosf, —sinb, ]

0 sinf, cosb,
1 0 0
Rosp = 0 cos(@, —6;) —sin(@, —6,)
0 sin(@p —6;) cos(@, —6;)
cosp 0 sing
Ry = 0 1 0
—sing 0 cos¢p

Using the obtained transformations, the total absolute
angular velocity of the sensing plate can be expressed in the
non-inertial sensing plate coordinate frame as

0 0, 0
Gy =| ¢ [+ Roos| O |+ RpssRaospReibra| O
0 0 Q,

The absolute angular velocities of the active gimbal 12 and
passive gimbal 14 are obtained similarly, in the associated
non-inertial body frame. Substitution of the angular velocity
vectors into the derived angular momentum equations yields
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the dynamics of the sensing plate 16 about the sense axis
(y-axis), and the active and passive gimbal dynamics about
the drive axis (x-axis)
L:¢+D g+ [Ify’+(922—?p2)5(1;2 ~LOM=(L+L-L7)
0,Q.+41,50, @ +(1"~1,))9°0,92,

UZHLB D F+D,)
s kS 2 — s s kS
9p+[KXP+(IyP—IZP+Iy -15)Q, ]61,,4(;”6(,—(1Z +I —Iy )
Q,-1°¢R,

1.90,4+D,%0 +K,%0,=K.? 0,-6,)+M,;

where I°, I, and I, denote the moments of inertia of the
sensing plate 16; I, ¥  and 1%, are the moments of inertia of
the passive gimba 14/; 1%,, 1%, and 1%, are the moments of
inertia of the active gimbal 12; D°,, D?,, and D are the
drive-direction damping ratios, and D’ is the sense-direction
damping ratio of the sensing plate 16; K°, is the torsional
stiffness of the suspension beam 26 connecting the sensing
plate 16 to the passive gimbal 14, K?_ is the torsional stiffness
of the suspension beam 30 connecting the passive gimbal 14
to the active gimbal 12, and K is the torsional stiffness of the
suspension beam 22 connecting the active gimbal 12 to the
substrate 28.

With the assumptions that the angular rate input is constant,
i.e. ©2,=0, and the oscillation angles are small, the rotational
equations of motion can be further simplified, yielding:

Li+D o+K S o=(1 +1,*~1.5)8,92.
(LP+L5) ép+ (DP+D.")8,+K.P=K.70,

1.90,4+D,%0 +K,%0,=K.? 0,-6,)+M,;

It should be noticed in the sense-direction dynamics that,
the term, (I°,+I°,-T1°,)8,()Q, is the Coriolis torque that
excites the sensing plate about the sense axis, with ¢ being the
detected deflection angle about the sense axis for angular rate
measurement.

Consider now cross-axis sensitivity. The response of the
sensing plate 16 to the angular input rates (€2, and Q)
orthogonal to the sensitive axis (z-axis) can be modeled simi-
larly, using the derived homogeneous transformation matri-
ces, R, , R, ,,and R and expressing the total absolute

p s tha po sub a

angular velocity of the sensing plate as

0 2, Q
Bry =| & [+ Roms| 0 |+ RposRomp Reusa| Oy
0 0 0
0 2, Q
Wawy =| @ |+ Rposs| 0 |+ RporsRasp Reubora|
0 0 0

With the derived total absolute angular velocity in the
presence of cross-axis inputs »’, ., and the assumption that
the input rates are constant (€2,=€2,=0); the equation of
motion of the sensing plate about the sense-axis becomes:

LE 40, x0T Ty
LG+D, 54+ (K, +(8,7+2
8,421 -L)0=( -1°)(0,8,2,+0,2,02,)

Pty P

For small oscillation angles and small magnitudes of the
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L0+D, 0+ 5 0=(1°~1,)(208,92,-6,9,2.)

i

8

When the excitation terms on the right side of this equation
are compared to the excitation component (I“+L°-17)
Op(t)QZ due to €2, it is seen that the additional factors ¢ and 6,
in these terms make them orders of magnitude (over 107>
times) smaller than the Coriolis excitation. Thus, the cross-
axis sensitivity of the ideal system is negligible, provided that
the sensor is aligned perfectly within the sensor package.

It is assuring to refer now to a MEMS implementation of
the design concept. First, the suspension system design for
the torsional system is investigated with the derivation of the
stiffness values. The capacitive sensing and actuation details
is followed by the discussion of achieving dynamic amplifi-
cation in the drive mode, along with an approach for deter-
mining optimal system parameters to maximize sensor per-
formance. Finally, the sensitivity and robustness analyses of
the system are presented.

The suspension system of the device that supports the
gimbals 12, 14, and the sensing plate 16 is composed of thin
polysilicon beams with rectangular cross-section functioning
as torsional bars. The active gimbal 12 is supported by two
torsional beams 22 oflength [.“, anchored to the substrate 28,
aligned with the drive axis X, so that the gimbal 12 oscillates
only about the drive axis x. The passive gimbal 14 is also
attached to the active gimbal 12 with two torsional beams 30
oflength[ 7 aligned with the drive axis X, forming the 2-DOF
drive-direction oscillator. Finally, the sensing plate 16 is con-
nected to the passive gimbal 14 using two torsional beams 26
of length L, lying along the sense axis y, allowing it to
oscillate about the sense axis y independent from the gimbals
12, 14 as shown in the enlargement of FIG. 5.

Assuming each torsional beam 22, 26 and 30 is straight
with a uniform cross-section, and the structural material is
homogeneous and isotropic; the torsional stiffness of each
beam 22, 26 and 30 with a length of L can be modeled as

SG+od
L

where G=E/[2(1-v)] is the shear modulus with the elastic
modulus E and Poisson’s ratio v; o is the residual stress; and
J=(wt+tw>)/12 is the polar moment of inertia of the rectan-
gular beam cross-section with a thickness of t and a width of
w. The cross-sectional coefficient S can be expressed for the
same rectangular cross-section as

Assuming the same thickness t and width w for each beam,
the torsional stiffness values in the equations of motion of the
ideal gyroscope dynamical system model can be calculated as
follows:

SG+ o
Ko = -~
LX

SG+ ol
K? = .
J2

. . SG+ol

K=

LS
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For the illustrated embodiment shown in FIG. 2, the sus-
pension beams 22, 26, 30 lengths are L.* =17 =.° =30 pum,
with the width of 2 um and a structural thickness of 2 pm;
resulting in the stiffhess values of Kax:KPx:KSyZZI 04x107
18 kg m?/s?.

Consider now a finite element analysis of the system 10. In
order to verify the validity of the assumptions in the theoreti-
cal analysis, the operational modes and the other resonance
modes of the system were simulated using Finite Element
Analysis (FEA) package MSC Nastran/Patran.

The geometry of the system 10 was optimized to match the
drive-mode resonant frequency of the isolated passive mass-
spring system o, F=/K #/(I.“+1.°) with the sense mode reso-
nance frequency of the sensing plate w,= /K /1 * as will be
explained below. Theoretical analysis of the device geometry,
which is presented in detail in FIG. 2, and a structural thick-
ness of 2 pm yields K1‘7)C:Ksy::l.04><10"18 kg m?/s?, LA+
15)= 4.97x10718 kg m?/s? and, Isy:4.94><10"18 kg m>/s>
resulting in w” =7.285 kHz and ,=7.263 kHz.

Consider now the electrostatic actuation of the system 10.
The active gimbal 12 is excited about the drive axis x by the
electrodes 18 symmetrically placed underneath the edges of
active gimbal 12. Applying a voltage of V,=V,+V . sin
(o, t) to electrode 32 on one side of the gimbal 12, and
V.=V pe=v ¢ 5in(w 1) to electrode 34 on the opposing side as
shown in the diagram of FIG. 6, a balanced actuation scheme
is imposed.

The net moment M, that drives the active gimbal 12 is the
sum the positive and negative resultant moments applied by
electrode 32 and electrode 34, respectively. These moments
can be expressed by integrating the moments generated by the
infinite number of infinitesimally small capacitors of width
dx, located by a distance of x from the center of rotation as
diagrammed in FIG. 6. Neglecting the fringing field effects,
with symmetric electrodes of width (a,-a,) and length L
placed by a distance of a from the center-line, the net actua-
tion moment M, which is a function of the deflection angle
0, can be expressed as:

2 2
Md:Ml—MZ:fg xdFl—fg xd Fy
al al

faZ eoVELdx faZ eoVELdx
= X - X
1 2(h— xtan,)? 1 2(h + xtanf,)?

where h is the elevation of the structure from the substrate,
and €,—8.85x107'2 F/m is the permittivity of air. Assuming
small angles of actuation, which are achieved due to dynamic
amplification of oscillations as will be explained below, the
net electrostatic moment reduces to the expression used in the
simulations of the dynamic system:

sol 1 1 h—ab, | ,
dzz_egl_ﬂg_l_ﬂg +lnh—a100 Vi -
he ne
SoL[ 1 1 + h+a200] 2
— - n
262 a a h+ab,|*?
all+—0, 1+—86, 1Ya
+ 7 la + 7 o

For the illustrated embodiment in FIG. 2, the drive mode
electrodes 18 underneath the active gimbal 12 are 380 pmx60
um resulting in a total of 0.252 pN force per each electrode
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with a 1V actuation voltage. The total moment applied by
each electrode 18 at the deflection of 6 ,=0 is 5.29x107'* Nm.

Consider the optimization of system parameters. Since the
foremost mechanical factor determining the performance of
the gyroscope system 10 is the angular deflection ¢ of the
sensing plate 16 about the sense axis y due to the input
rotation, the parameters of the dynamical system should be
optimized to maximize ¢. However, the optimal compromise
between amplitude of the response and bandwidth should be
obtained to maintain robustness against parameters varia-
tions, while the response amplitude is sufficient for required
sensitivity. The trade-offs between gain of the response (for
higher sensitivity) and the system bandwidth (for increased
robustness) will be typically guided by application require-
ments.

For a given input rotation rate ©_, in order to maximize the
Coriolis torque (I*+1,°-1,”)8,(t)€2, that excites the sensing
plate 16 about the sense axis y, the oscillation amplitude of the
passive gimbal 14 about the drive axis x should be maxi-
mized. In the drive mode, the gyroscope 10 is simply a 2-DOF
torsional system. The sinusoidal electrostatic drive moment
M, is applied to the active gimbal 12. The combination of the
passive gimbal 14 and the sensing plate 16 comprise the
vibration absorber of the 2-DOF oscillator, which mechani-
cally amplifies the oscillations of the active gimbal 12.
Approximating the 2-DOF oscillator by a lumped mass-
spring-damper model, the equations of motion about the drive
axis x can be expressed as:

L79,4D,70 4K,70,=K 2 (0,-0,)+M,

(LP+L7)0,+(D.F+D,")8,+K.F6,=K.70,

where I°,, I, and I°,, are the moments of inertia of the
sensing plate 16; ¥, ¥, and ¥, are the moments of inertia of
the passive gimbal 14; 17 , I , and 17, are the moments of
inertia of the active gimbal 12; D°,, D?,, and D“ are the
drive-direction damping ratios; K#_ is the torsional stiffness
of the suspension beam 30 connecting the passive gimbal 14
to the active gimbal 12, and K“_ is the torsional stiffness of the
suspension beam 22 connecting the active gimbal 12 to the
substrate 28.

When the driving frequency w,,,,. is matched with the
resonant frequency of the isolated passive mass-spring sys-
tem o, i.e.

Kf

Odrive = WY = T
P+ I

passive gimbal 14 and the sensing plate 16 move to exactly
cancel out the driving moment M, applied to the active gim-
bal 12, and maximum dynamic amplification is achieved at
this anti-resonance frequency. Thus, if the drive direction
anti-resonance frequency o”, and the sense direction reso-
nance frequency

_ K
NI

are designed to match, maximum dynamic amplification in
drive mode is achieved, the Coriolis torque drives the sensing
plate 16 into resonance, and the drive-mode oscillator is
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excited in the flat frequency band. The optimal design condi-
tion can be summarized as follows:

7
— Ky =w
=4 75 = Wrive
s
5

In contrast to the conventional gyroscopes, where two
sharp resonance peaks with very narrow bandwidth have to be
matched with a very precise and constant ratio, this design
condition can easily be met without feedback control with
sufficient precision in spite of fabrication imperfections and
operation condition variations, thanks to the flat region in the
drive-mode frequency response with significantly wider
bandwidth.

Turn now to the analysis of sensitivity and robustness. The
response of the complete electromechanical system of the
torsional gyroscope 10 was simulated by incorporating the
presented electromechanical modeling. With the sense-direc-
tion resonance frequency of 7.457 kHz as obtained from the
finite element analysis simulations, the effective sense direc-
tion response amplitude of the sensing capacitors 20 to a
1°/sec input angular rate was found to be 1.6x107> pm. It is
assumed that the gyroscope 10 is vacuum packaged so that the
pressure within the encapsulated cavity is equal to 100 mili-
Torrs (13.3 Pa), and that the passive gimbal 14 oscillates in the
whole 2 um gap. The response of a torsional gyroscope with
a resonant drive-mode and the same geometry to the same
input is 0.53x10~> um, since the stable drive-mode actuation
range is limited to 0.66x10™> pm. However, the required
actuation voltage amplitude for the anti-resonant mode is 3.9
times larger than the resonant drive-mode approach. It should
also be noticed that, in the illustrated embodiment of FIG. 2
with the sensing electrode 20 area of 200 pmx130 um (nomi-
nal capacitance of 11.51 pF); 1°/sec input angular rate results
in a total capacitance change of 29.2 fF, which is considerably
larger compared to in-plane surface-micromachined gyro-
scope designs.

In the case of a potential shift in the sense-mode resonance
frequency, e.g. due to temperature fluctuations, residual
stresses, or fabrication variations, the response amplitude is
sustained at a constant value to a great extent without active
tuning of resonance frequencies. For example, a 5% mis-
match in the sense-mode resonance frequency of the sensing
plate 16 (w,) and the drive-mode anti-resonance frequency
(0”)) results in only 2.5% error in the response amplitude as
depicted in the graph of FIG. 7. Without active compensation,
a conventional 2-DOF gyroscope can exhibit over 60% error
for the same frequency mismatch under the same operation
conditions. Thus, the increased bandwidth of the 2-DOF
drive-oscillator achieved by utilizing dynamical amplifica-
tion provides improved robustness against structural and ther-
mal parameter fluctuations.

The response of the fabricated gyroscopes 10 have been
characterized electrostatically under vacuum, and optically
using a Sensofar PLp Confocal Imaging Profiler and Polytec
Scanning Laser Doppler Vibrometer under atmospheric pres-
sure. The sense-mode resonance frequency and the drive-
mode antiresonance frequency of the gyroscope 10 were
measured in a cryogenic MMR Vacuum Probe Station. The
frequency response of the system 10 was acquired using
off-chip transimpedance amplifiers connected to an HP Sig-
nal Analyzer in sine-sweep mode. Due to the large actuation
and sensing capacitances, actuation voltages as low as 0.7V to
1.8V DC bias, and 30 m VAC were used under 40 mTorr
vacuum. For sense-mode resonance frequency detection,

K?
Z+ 1)
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one-sided actuation was utilized, where one sensing electrode
20 was used for driving, and the other for detection. For
detecting the drive-mode antiresonant frequency, which is
equal to the resonant frequency of the isolated passive mass-
spring system (w?,), a separate test structure that consists of
the passive gimbal 14—sensing plate 16 assembly was used,
with the one-sided actuation scheme, and the same actuation
voltages.

In order to verify the mode-shapes of the structure at the
measured frequencies, a Polytec Scanning Laser Doppler
Vibrometer was used under atmospheric pressure for
dynamic optical profiling. Laser Doppler vibrometry (LDV)
is a non-contact vibration measurement technique using the
Doppler effect, based on the principle of the detection of the
Doppler shift of coherent laser light, that is scattered from a
small area of the test object. Laser vibrometers are typically
two-beam interferometric devices which detect the phase dif-
ference between an internal reference and the measurement
beam, which is focused on the target and scattered back to the
interferometer.

Dynamic response of the system 10 in the drive and sense
modes was characterized using the Scanning Laser Doppler
Vibrometer in scanning mode, which allows to measure the
response of a dense array of points on the whole gyroscope
structure. Dynamic excitation of the sensing plate 16 about
the sense-axis y at the experimentally measured sense-mode
resonance frequency (w,=8.725 kHz) revealed that only the
sensing plate 16 responds in the sense mode, verifying that
the 1-DOF resonator formed in the sense-mode is decoupled
from the drive-mode as depicted in the scan of FIG. 8a, in
agreement with the intended design and finite element analy-
sis simulations. Dynamic excitation of the active gimbal 12
about the drive-axis at frequencies away from the anti-reso-
nance frequencies verified that the active gimbal 12 oscillates
independent from the passive gimbal-sensing plate assembly
as shown in the scan of FIG. 84, constituting the active mass
of the 2-DOF oscillator.

Most prominently, dynamic amplification of the active
gimbal 12 oscillations by the passive gimbal 14 was success-
fully demonstrated. At the drive-mode anti-resonance fre-
quency, which was measured to be 8.687 kHz, the passive
gimbal 14 was observed to achieve over 1.7 times larger
oscillation amplitudes than the driven active gimbal 12 as
shown in FIG. 9. This translates into attaining over 2.4 times
larger drive-mode deflection angles at the sensing plate 16
than the active gimbal 12.

In conclusion, the design concept of a gimbal-type tor-
sional micromachined gyroscope 10 with non-resonant drive
mode has thus been described. The analysis of the system
dynamics and structural mechanics of the torsional system 10
are presented above, along with the preliminary experimental
results verifying the design objectives. The claimed approach
is based on forming a torsional 2-DOF drive-mode oscillator
with the use of one active gimbal 12 and one passive gimbal
14, to achieve large oscillation amplitudes in the passive
gimbal 14 by amplifying the small oscillation amplitude of
the driven gimbal 12. This allows minimization of the non-
linear force profile and minimization of instability due to
parallel-plate actuation of the active gimbal 12, while elimi-
nating the mode-matching requirement by obtaining a flat
operation frequency band in the drive-mode. With the basic
operational principles experimentally verified, the design
concept overcomes the small actuation and sensing capaci-
tance limitation of conventional surface-micromachined
gyroscopes, while achieving improved excitation stability
and robustness against fabrication imperfections and fluctua-
tions in operation conditions. Thus, the claimed approach
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leads to reduced cost and reduced complexity in fabrication
and packaging of MEMS-based multi-axis inertial sensors.

The claimed torsional z-axis surface-micromachined gyro-
scope 10 with non-resonant actuation difters from all conven-
tional micromachined gyroscopes:

(1) in allowing the use of out-of-plane actuation and out-
of-plane sensing electrodes in a z-axis micromachined
gyroscope. Thus, very large actuation and detection
areas are possible in surface micromachined devices,
unlike any in-plane operating z-axis micromachined
gyroscopes.

(2) in utilizing dynamic amplification of torsional oscilla-
tions in the drive-mode by employing a 2 degrees-of-
freedom (DOF) drive-direction oscillator. Utilizing
dynamic amplification instead of resonance allows to
achieve large drive-mode oscillation amplitudes of the
sensing element with small actuation amplitudes, and
thus, provides improved linearity and stability despite
parallel-plate actuation.

(3) in providing over 15 times increased bandwidth in the
drive mode; which relaxes the mode-matching require-
ment and reduces sensitivity to structural and thermal
parameter fluctuations and damping changes.

(4) in providing a flat operation region between two reso-
nance peaks in the frequency response curves of the
2-DOF drive-mode oscillator. This ensures the drive-
mode oscillation amplitude is insensitive to parameter
fluctuations in the operation frequency band. Thus the
device has improved robustness to fluctuations in
residual stresses, variations in elastic modulus from run
to run, and also thermal fluctuations throughout the
operation time.

(5) in operating at resonance in the sense direction for
improved sensitivity, while the drive direction amplitude
is inherently constant within the same frequency band.

Many alterations and modifications may be made by those
having ordinary skill in the art without departing from the
spirit and scope of the invention. Therefore, it must be under-
stood that the illustrated embodiment has been set forth only
for the purposes of example and that it should not be taken as
limiting the invention as defined by the following invention
and its various embodiments.

Therefore, it must be understood that the illustrated
embodiment has been set forth only for the purposes of
example and that it should not be taken as limiting the inven-
tion as defined by the following claims. For example, not-
withstanding the fact that the elements of a claim are set forth
below in a certain combination, it must be expressly under-
stood that the invention includes other combinations of fewer,
more or different elements, which are disclosed in above even
when not initially claimed in such combinations. A teaching
that two elements are combined in a claimed combination is
further to be understood as also allowing for a claimed com-
bination in which the two elements are not combined with
each other, but may be used alone or combined in other
combinations. The excision of any disclosed element of the
invention is explicitly contemplated as within the scope of the
invention.

The words used in this specification to describe the inven-
tion and its various embodiments are to be understood not
only in the sense of their commonly defined meanings, but to
include by special definition in this specification structure,
material or acts beyond the scope of the commonly defined
meanings. Thus if an element can be understood in the context
of'this specification as including more than one meaning, then

20

25

30

35

40

45

50

55

60

65

14

its use in a claim must be understood as being generic to all
possible meanings supported by the specification and by the
word itself.

The definitions of the words or elements of the following
claims are, therefore, defined in this specification to include
not only the combination of elements which are literally set
forth, but all equivalent structure, material or acts for per-
forming substantially the same function in substantially the
same way to obtain substantially the same result. In this sense
it is therefore contemplated that an equivalent substitution of
two or more elements may be made for any one of the ele-
ments in the claims below or that a single element may be
substituted for two or more elements in a claim. Although
elements may be described above as acting in certain combi-
nations and even initially claimed as such, it is to be expressly
understood that one or more elements from a claimed com-
bination can in some cases be excised from the combination
and that the claimed combination may be directed to a sub-
combination or variation of a subcombination.

Insubstantial changes from the claimed subject matter as
viewed by a person with ordinary skill in the art, now known
or later devised, are expressly contemplated as being equiva-
lently within the scope of the claims. Therefore, obvious
substitutions now or later known to one with ordinary skill in
the art are defined to be within the scope of the defined
elements.

The claims are thus to be understood to include what is
specifically illustrated and described above, what is concep-
tionally equivalent, what can be obviously substituted and
also what essentially incorporates the essential idea of the
invention.

We claim:

1. A MEMS-based inertial torsional z-axis surface-micro-
machined gyroscope with only 3-DOF and with non-resonant
actuation to measure the angular rotation of an object com-
prising:

a substrate;

a torsional 2-DOF drive-mode oscillator coupled to the
substrate and comprised of one driven active gimbal and
one passive gimbal to achieve large oscillation ampli-
tudes by amplifying the small oscillation amplitude of
the driven active gimbal, so that minimization of the
nonlinear force profile and minimization of instability
due to actuation of the driven active gimbal are achieved,
while substantially eliminating any mode-matching
requirement by obtaining a flat operational frequency
band in the drive-mode, the 2-DOF drive-mode oscilla-
tor having at least two resonant drive peaks with a flat-
tened frequency response therebetween; and

a sensing plate coupled to the torsional 2-DOF drive-mode
oscillator which sensing plate oscillates with a third
DOF with a sense resonance at a frequency in the flat-
tened frequency between the two resonant peaks of the
2-DOF drive oscillator.

2. The gyroscope of claim 1 further comprising actuation

and sensing electrodes and

where the active gimbal, passive gimbal and sensing plate
lie in a common plane when at rest

where the actuation and sensing electrodes comprise out-
of-plane actuation electrodes and out-of-plane sensing
electrodes.

3. AMEMS gyroscope comprising:

a substrate;

a pair of anchors lying along a drive axis, spaced from each
other and connected to the substrate;

a pair of first torsional beams lying along the drive axis,
each first torsional beam coupled to one of the anchors;
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an active gimbal coupled to the pair of first torsional beams
and suspended above the substrate by the anchors and
the first torsional beams;

adrive electrode disposed on the substrate proximate to the
active gimbal to selectively drive the active gimbal into
torsional oscillation;

apair of second torsional beams lying along the drive axis,
each second torsional beam coupled to the active gim-
bal;

16

driving a torsional 2-DOF drive-mode oscillator at non-
resonance comprised of an active gimbal and passive
gimbal in a flat operational frequency band to amplify
small oscillation amplitudes of a driven active gimbal, to
minimize the nonlinear force profile and minimize insta-
bility due to actuation of the active gimbal, while sub-
stantially eliminating any mode-matching requirement;
and

a passive gimbal coupled to the pair of second torsional 10  sensing torsional oscillation in a third DOF at a resonance
beams and suspended above the substrate by the second of a sensing plate coupled to the torsional 2-DOF drive-
torsional beams; mode oscillator, where the resonance is within the flat

a pair of third torsional beams lying along a sense axis, each operational frequency band of the 2-DOF drive oscilla-
third torsional beam coupled to the passive gimbal; tor.

a sensing plate coupled to the pair of third torsional beams 15

and suspended above the substrate by the third torsional
beams; and

a sensing electrode disposed on the substrate proximate to
the sensing plate to sense torsional oscillation of the

5. The method of claim 4 where driving the torsional
2-DOF drive-mode oscillator at nonresonance comprises
driving the torsional 2-DOF drive-mode oscillator with out-
of-plane actuation electrodes and where sensing torsional

sensing plate; 20 oscillation at resonance comprises sensing with out-of-plane
where the active and passive gimbals, and the first and sensing.
second pair of torsional beams are arranged and config- 6. The method of claim 4 where driving the torsional
&ed to comptr ize a 2 'DOE driv.i:ho scigaitor hZViFg atleast 2-DOF drive-mode oscillator at nonresonance comprises
o resonant drive peaks with a flattened frequenc . - .
response therebetweeI:)n and where the sensing plgte anﬁ 25 drltvuig the i ?OF ervlel:-model.?sgllattor .by Ilnarall.izll-glate
third pair of torsional beams are arranged and configured actuation anc cynamicatly ampiying torsioial osciiiabions
to comprise a 1-DOF sensor with a sense resonance at a m t.h N dnve-mo.de instead Of Ustne matghed resonance 1o
frequency in the flattened frequency between the two gchleve large dnYe-mode oscﬂlaFlon ampl.ltudes of the sens-
resonant peaks of the 2-DOF drive oscillator to provide ing electrodes with small actuation amplitudes of the drive
a MEMS gyroscope which has only 3-DOF. 4o €lectrodes thereby providing linearity and stability despite

4. A method of operating a 3-DOF MEMS-based inertial

parallel-plate actuation of the 2 DOF drive-direction oscilla-

torsional z-axis surface-micromachined gyroscope with non- tor.

resonant actuation to measure the angular rotation of an
object comprising: I T S



