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A TORSIONAL NONRESONANT Z-AXIS MICROMACHINED GYROSCOPE
WITH NON-RESONANT ACTUATION TO MEASURE THE ANGULAR

ROTATION OF AN OBJECT
Related Applications
[001] The present application is related to U.S. Provisional Patent
Application, serial 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

Field of the Invention

[002] The invention relates to the field of inertial micromachined

transducers for measurement of angular rotation rate of an object.
Description of the Prior Art

[003] Micromachined gyroscopes have a wide application range,
including high performance navigation and guidance systems, 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
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image stabilization in video cameras, virtual reality products, and pointing
devices. Also, orders of magnitude reduction in production cost is achieved by
surface micromachining.

[004] Many emerging angular-rate measurement applications dictate
orders of magnitude reduction in size, weight, cost, and power consumption of
existing high-end gyroscope technologies, 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 performance and functionality
of micromachined gyroscopes in the near future. Due to their robustness against
shock and vibration, potentially increased reliability, and their compatibility to
mass-production; solid-state sensors are projected to become a crucial part of
automotive industry, military equipment and consumer electronics.

[005] ~ 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-micromachining processes results in very small
sensing capacitances and higher actuation voltages, restricting the performance

of the gyroscope. Various devices have been proposed in the literature that
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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.

[006] 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 suspension beams anchored to the substrate. The
proof—mass is sustained in resonance in the drive direction, and in the presence
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 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 viscéus 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 requirement for mode-matching is well beyond fabrication
tolerances; and none of the symmetric designs can provide the required degree
of mode-matching without feedback control.

[008] Clark, Micromachined z-Axis Vibratory Gyroscope, US Patent
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 detection electrode

[C
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fingers, resulting in' very small sense capacitances, 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, requiring 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.

[009] To achieve the maximum possible gain, the existing gyroscopes
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 electrode fingers, resulting in very srﬁall
sense capacitances, and requiring very large actuation voltages.

[010] The limited thicknéss of structural layers éttained in current surface-
micromachining processes results in very small sensing capacitances and higher
actuation voltages, restricting the performance of the surface-micro machined
gyroscopes.

[011] What is needed is some type of design and method of operatibn
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Brief Summary of the Invention

[012] The illustrated embodiment is a surface-micromachined torsional
gyroscope design utilizing dynamical amplification of rotational oscillations to
achieve large oscillation amplitudes about the drive axis without resonance; thus
addressing the issues of electrostatic instability while providing large sense
capacitance. The approach employs a three-mass structure with two gimbals and
a sensing plate. Large oscillation amplitudes in the passive gimbal, which
contains the sensing plate, are achieved by amplifying the small oscillation
amplitude 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
gyroscope design concept also addresses one of the major MEMS gyroscope
design challenges, which is the mode-matching requirement.

[013] 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
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surface-micromachined gyroscopes, while achieving improved excitation stability
and robustness against fabrication imperfections and fluctuations in operation
conditions.

[014] 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 amplification of torsional oscillations in the
drive-mode instead of resonance, large oscillation amplitudes of the sensing
element is achieved with small actuation amplitudes, providing improved linearity
and stability despite parallel-plate actuation. The device operates at resonance in
the sense directioﬁ 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
experimental results demonstrate the basic operational principles and verify the
feasibility of the design concept.

[015] While the apparatus and method has or will be described for the
sake of grammatical fluidity with functional explanations, it is to be expressly
understood that the claims, unless expressly formulated under 35 USC 112, are
not to be construed as necessarily limited in any way by the construction of

“means” or “steps” limitations, but are to be accorded the full scope of the
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meaning and equivalents of the definition provided 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 equivalents under
35 USC 112. The invention can be better visualized by turning now to the

following drawings wherein like elements are referenced by like.numerals.
Brief Description of the Drawings

[016] Fig. 1 is a schematic of the torsional micromachined gyroscope with
non-resonant drive of the illustrated embodiment of the invention.

[017] Fig. 2 is a scanning electron microscope (SEM) miérograph of
fabricated example of the torsional micromachined gyroscope of the invention.
[018] 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.

[019] 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.

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

[021] Fig. 5 is a SEM micrograph of the torsional suspension beams in
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the illustrated embodiment of the gyroscope.

[Q22] Fig. 6 is a cross-sectional depiction of the torsional electrostatic
parallel-plate actuation electrodes functionally attached to the active gimbal.

[023] Fig. 7 is a graph of the amplitude response in ym as a function of
driving frequency of the complete torsional gyroscope system. A 5% mismatch
between the sense-mode resonance frequency (w,) and the drive-mode anti-
resonance frequency (wPy) results in only 2.5% error in the response amplitude.
[024] Fig. 8a is a scan of the sense-mode dynamic response
measurements using Laser Doppler vibrometry (LDV) in the scanning mpde.
[025] Fig. 8b is a scan of the drive-mode dynamic response
measurements using the LDV in the scanning mode.

[026] Fig. 9 is an image of scanning mode LDV measurement at the anti-
resonance frequency, demonstrating dynamic amplification of the active gimbal
oscillations by the passive gimbal. The passive gimbal was observed to achieve
over 1.7 times larger oscillation amplitudes than the driven active gimbal.

[027] The invention and its various embodiments can now be better
understood by turning to the following detailed description of the preferred
embodiments which are presented 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 embodiments described below.
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Detailed Description of the Preferred Embodiments

[028] 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 élong z-axis is applied. Active gimbal 12 is coupled to substrate 28
though opposing anchors 24 lying along the x direction and held above substrate
28 by a pair of opposing suspension 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
stispension beams 26 lying along the y direction.

[029] 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
oscillator 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
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to oscillate about the sense axis, y, forms the 1-DOF torsional resonator in the
sense direction, y.

[030] 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 resonator in the sense
direction y, the frequency response of the 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.

[031] Thus, the illustrated embodiment eliminates the mode-matching
requirement by utilizing dynamic amplification of rotational oscillations instead of |
resbnance in dri\}e direction x, leading to reduced sensitivity to structural and
thermal parameter fluctuations and damping variations, while attaining sufficient
performance with resonance in the sense-mode.

[032] 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

10
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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.

[033] Consider first the Coriolis response of system 10. The design
concept operates at the sense-direction resonance frequency 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 a flat region between the
peaks as shown in Fig. 3a. When the active gimbal 12 is excited in the flat
frequency band, amplitudes of the drive-direction oscillations are insensitive to
parameter variations due to aﬁy possible fluctuation in operation 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 direction anti-resonance frequency with the
sense direction resonance 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

11
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in operation conditions as depicted graphically in Fig. 3b.

[034] By utilizing dynamical amplification in the 2-DOF drive-oscillator
instead of resonance, increased bandwidth and reduced sensitivity to structural
and thermal parameter fluctuations 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 technology with large sense capacitances, while resulting in
improved robustness and long-term stability over the operating time of the
device. Thus, the approach of the invention is relaxes control requirements and
tight fabrication and packaging tolerances.

[035] 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 understébd by attaching non-inertial coordiﬁate frames to the center-
of-mass of each proof-mass 12, 14, 16 and the substrate 28 as diagrammatically
depicted in Fig. 4. The angular momentum equation for each mass 12, 14, 16 will
be expressed in the coordinate frame associated with that mass12, 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

ML - 3 — i -
Isws + U: S (Ist) = Tse + Tsd
- - - -
I,d, +df x (T,08) = Tpe + Tpu
ne o oy . .
[036] 1,0, + @8 % (L.85) = Toe + Toa + My

12
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[037] where ls,l,, and |, 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 associated body attached frames. Similarly, ws,
wp, and w, 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 se, Tpe, Tae 8Nd Tsdy Tpds Tad A€ the
elastic and damping vector torques acting on the associated mass, whereas Mq

is the driving electrostatic vector torque applied to the active gimbal 12.

[038] If we denote the drive direction deflection angle of the active gimbal
12 by 6,, 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
Q, as shown in Fig. 4; the homogeneous rotation matrices from the substrate 28
to active gimbal 12(Rsus- >s), from active gimbal 12 to passive gimbal 14 (Rs-.. >p);

and from passive gimbal 14 to the sensing plate 16 (R,-.>s), respectively, become

1 0 0
[039] R, =0 cosf, -—sing,
0 sind, cosd,
1 0 0
[040] R__, =0 cos 6,-6,) -sin(6,-6,)

K sin(@,-6,) cos(,— 8,)

[ cos¢ 0 sing
[041] R_,= 0 10
| —sing 0 cos¢

13
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[042] 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 9, 0
=] d | +Rpss| 0|+ RposRompRsupsa | 0
[043] L0 0 L O, |
[044] 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 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)

I3+ Do+ (I + (92 — 2)(I2 = I)]g = (I + I3 = I2)0,0% + 130,00, + (L5 — I)d%6,0,
(124 I3)8, - (DB D)0, o+ (KD (1D = IP 4 I3~ I3)Q2)0, = K20, — (I3 + I3 — I$)960, — 13S0,

190, + D20, + K20, = K2(8, — 0,) + M,
[045]

[046] where %, I°, and I°; denote the moments of inertia of the sensing
plate 16; Iy, IP,, and I°; are the moments of inertia of the bassive gimba 14l; Py,
/2, and [, are the moments of inertia of the active gimbal 12; D%y, Dy, 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 thé sensing plate 16 to the passive gimbal 14, K’ is the toréional
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

14
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connecting the active gimbal 12 to the substrate 28.
[047] With the assumptions that the angular rate input is constant, i.e. Q;
= (, and the oscillation angles are small, the rotational equations of motion can

be further simplified, yielding:

L3¢+ Dsp+ Ko = (I3 + I8 — 12)0,,
(Ir + I2)8, + (D? + D2)8, + K28, = K78,
g . s o o KP(H — G- M
[048] J:l:()a 4 D:IOG I_K-J,'Oa '[&‘a:(gﬂ 911) 1 \[d

[049] It should be noticed in the sense-direction dynamics that, the term,

(Iz" +1, -1, )ép(t)Qz 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.

[050] Consider now cross-axis sensitivity. The response of the sensing
plate 16 to the angular input rates (Q, and Q,) orthogonal to the sensitive axis (z-
axis) can be modeled similarly, using the derived homogeneous transformation
matrices, R, s Ra o and Rap 2 and expressing the total absolute

angular velocity of the sensing plate as

07 (4, Sl |
. Q;)xy = (’b + R:p—)s O + Rp—)SRO.—-)]JR$ub-—)(L g-?‘?/
[051] L O] L 0 ] L 0 ]
(0] [ 6, ] Qs ]
w:,wy = (/) + -Rp—)s 0 + Rp—)sRa—)pRsub—> n Qy
[052] L0 L 0] L0
[053] With the derived total absolute angular velocity in the presence of

15



WO 2006/026151 PCT/US2005/029105

cross-axis inputs w’sxy and the assumption that the input rates are constant (Qy =

Q, = 0); the equation of motion of the sensing plate about the sense-axis

becomes:

I@Z,my + &j:,»uj X (stﬁ;my) = T -+ 7:;(1
[054] I3+ D3+ [I - (02 + 20,0 + Q2) (I3 ~ INd = (I3 — 12)(8p0,0 + 0,82:82)
[055] For small oscillation angles and small magnitudes of the cross-axis

inputs Oy and Q, the equation of motion reduces to:

IS+ D3d -+ K¢ = (I3 ~ I3) (200,82 ~ 0,0,52,)

yr

[056]

[057] When the excitation terms on the right side of this equation are

compared to the excitation component (I;‘ +1—1; )ép (1)Q, due to Q, it is seen

that the additional factors @ and 8, in these terms make them orders of
magnitude (over 10™ times) smaller than the Coriolis excitation. Thus, the cross-
axis sensitivity of the ideal system is negligible, provided that the sensor is
alignéd perfectly within the sensor package. |

[058] It is assuring to refer now to a MEMS implementation of the design
concept. First, the suépension 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
amplification in the drive mode, along with an approach for determining optimal
system parémeters to maximize sensor performance. Finally, the sensitivity and

robustness analyses of the system are presented.

16
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[059] 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 of length L% anchored to the substrate 28,
aligned with the drive axis x, so that the gimbal 12 oscillates oﬁly about the drive
axis x. The passive gimbal 14 is also attached to the active gimbal 12 with two
tprsibnal beams 30 of length Ly aligned with the drive axis x, forming the 2-DOF
drive-direction oscillator. Finally, the sensing plate 16 is connected to the passive
gimbal 14 using two torsional beams 26 of length L°y 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.

[060] Assuming each torsional beam 22, 26 and 30 is straight with a
uniform cross-sec;pion, 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

[061] 1 5G+o)
L
[062] 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 rectangular beam cross-section with a thickness of ¢ and
a width of w. The cross-sectional coefficient S can be expressed for the same

rectangular cross-section as

17
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3 4
[063] S:[i) w18 ga6ffy L
2) 23 w 12w

[064] Assuming the same thickness t and width w for each beam, the

torsional stiffness values in the equations of motion of the ideal gyroscdpe

dynamical system model can be calculated as follows:

[065] ke =561/
L,
[066] Kf:2SG+GJ
L
[067] K;:ZSG+0J
L,
[068] For the illustrated embodiment shown in Fig. 2, the suspension

beams 22, 26, 30 lengths are L3, = LP, = L%, = 30um, with the width of 2um and a
structural thickness of 2um; resulting in the stiffness values of K% = KPx = K, ==
1.04 x 10™® kg m%/s>.

[069] Consider now a finite element analysis of the system 10. In order
to verify the validity of the assumptions in the theoretical analysis, the operational
modes and the other resonance modes of the system were simulated using

Finite Element Analysis (FEA) package MSC Nastran/Patran.

[070] The geometry of the system 10 was optimized to match the drive-

| mode resonant frequency of the isolated passive mass-spring system

w? =K /(I +I*) with the sense mode resonance frequency of the sensing

plate ,=4/K, /I, _as will be explained below. Theoretical analysis of the device
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geometry, which is presented in detail in Fig. 2, and a structural thickness of 2um
vields Ky = K, = = 1.04 x 107 kg m?/s?, (17 +I?) = 4.97 X 10" kg m%/s” and, I°
= 4.94 x 107 kg m?/s? resulting in w”y = 7.285kHz and w, = 7.263kHz.

[071] 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 Vi = Vpc + vacsin(wdt) to electrode 32 on one side of the gimbal 12,
and Vz = Ve - Vacsin{wdt) to electrode 34 on the opposing side as shown in the
diagram of Fig. 6, a balanced actuation scheme is imposed.

[072] The net moment My 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 (az — a1)
and length L placed by a distance of a from the center-line, the net actuation

moment My, which is a function of the deflection angle 65, can be expressed as:

] _ 02 a2 02 0 VR Ldx a2 ey VELd
My= M, — M, = wdFy — wdFy = [ w—p ot G “/ P
¢ ! : /u.l v /u,l v /a,l 1‘2(/71—:1:'150,77,6)@)2 Jal L2(h + wtanf,)?
[073]
[074] where h is the elevation of the structure from the substrate, and &, =

8.85 X 107 F /m is the permittivity of air. Assuming small angles of actuation,

which are achieved due to dynamic amplification of oscillations as will be
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explained below, the net electrostatic moment reduces to the expression used in

the simulations of the dynamic system:

, ol 1 1 ho—asb,\ - .o
My = =2 - =L
ST <1 Tmp, ey, TS 0.1(9,) Vi
gol 1 1 ChA el | g
262 <1 e, 14 e, L R
[075]
[076] For the illustrated embodiment in Fig. 2, the drive mode electrodes

18 underneath the active gimbal 12 are 380um x 60um resulting in a total of
0.252uN force per each electrode with a 1V actuation voltage. The total moment
applied by each electrode 18 at the deflection of 8, = 0 is 5.29x1 07"®Nm.

[077] Consider the optimization of system parameters. Since the
foremost mechanical factor determining the performance of the gyroscope
system 10 is the a-ngular 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 variations, 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 requirements.

[078] For a given input rotation rate Q, in order to maximize the Coriolis

torque (Iz“ +I;—Ij )ép ()Q, that excites the sensing plate 16 about the sense

axis y, the oscillation amplitude of the passive gimbal 14 about the drive axis x

20



WO 2006/026151 PCT/US2005/029105

should be maximized. In the drive mode, the gyroscope 10 is simply a 2-DOF
torsional system. The sinusoidal electrostatic drive moment My 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
mechanically 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:

180, + D%, + K20, = KP(8, — 0,) + My

079] (17 + I8, + (D? + D20, + K78, = 70,

[080] where I, I°,, and I°;, are the moments of inertia of the sensing

plate 16; PPy, IP,, and I,, are the moments of inertia of the passive gimbal 14; I,
Iy, and I°;, are the moments of inertia of the active gihbal 12; D5, D"y, 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.

[081] When the driving frequency warve is matched with the resonant
frequency of the .isolated passive mass-spring system w’y i.e. Warive = Wx =

P
(I(,Kx ) passlve gimbal 14 and the sensing plate 16 move to exactly cancel

s
x X

out the driving moment My applied to the active gimbal 12, and maximum
dynamic amplification is achieved at this anti-resonance frequency. Thus, if the

drive direction anti-resonance frequency w’y and the sense direction resonance

21



WO 2006/026151 PCT/US2005/029105

@)

drive mode is achieved, the Coriolis torque drives the sensing plate 16 into

frequency wy = are designed to match, maximum dynamic amplification in

resonance, and the drive-mode oscillator is excited in the flat frequency band.

The optimal design condition can be summarized as follows:

K s
' (IT,L"I“I:) T II; = Wdrive

[083] In contrast to the conventional gyroscopes, where two sharp

[082]

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.

[084] 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-direction resonance frequency of 7.457 kHz as obtained from the
finite element analysis simulations, the effective sense direction response
amplitude of the sensing capacitors 20 to a 7%sec input angular rate was found
to be 1.6 x 10° um. It is assumed that the gyroscope 10 is vacuum packaged so
that the pressure within the encapsulated cavity is equal to 100 miliTorrs (13.3
Pa), and that the passive gimbal 14 oscillates in the whole 2um gap. The

response of a torsional gyroscope with a resonant drive-mode and the same
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geometry to the same input is 0.53 x 10" um, since the stable drive-mode
actuation range is limited to 0.66 x 10 um. 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 200um x 130um
(nominal capacitance of 11.51pF); 1%sec input angular rate results in a total
Qapaoitance change of 29.2fF, which is considerably larger compared to in-plane
surface-micromachined gyroscope designs.

[085] 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%
mismaich in the sénse-mode resonance frequency of the sensing plate 16 (wy)
and the drive-mode anti-resonance frequency (w’y) 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
amplification provides improved robustness against structural and thermal
parameter fluctuations.

[086] The response of the fabricated gyroscopes 10 have been
characterized electrostatically under vacuum, and optically using a Sensofar PLy

Confocal Imaging Profiler and Polytec Scanning Laser Doppler Vibrometer under
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atmospheric pressure. 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
Signal 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 30m VAC
were used under 40mTorr vacuum. For sense-mode resonance frequency
detection, 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”y), a separate test structure that consists of the
passive gimbal 14 - sensing plate 16 assembly was used, with the one-sided
actuation scheme,A and the same actuation voltages.

[087] 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 difference between an internal reference and the measurement beam,

which is focused on the target and scattered back to the interferometer.

[088] Dynamic response of the system 10 in the drive and sense modes
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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
(wy = 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
frpm the drive-mode as depicted in the scan of Fig. 8a, in agreement with the
intended design and finite element analysis simulations. Dynamic excitation of
the active gimbal 12 about the drive-axis at frequencies away from the anti-
resonance frequencies verified that the active gimbal 12 oscillates independent
from the passive gimbal-sensing plate assembly as shown in the scan of Fig. 8b,
constituting the active mass of the 2-DOF oscillator.

[089] MostA prominently, dynamic amplification of the active gimbal 12
oscillations by the passive gimbal 14 was successfully demonstrated. At the
drive-mode anti-resonance frequency, 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 transiates
into attaining over 2.4 times larger drive-mode deflection angles at the sensing
plate 16 than the active gimbal 12.

[090] In conclusion, the design concept of a gimbal-type torsional
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
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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 minimizaﬁon of the nonlinear force profile and
minimization of instability due to parallel-plate actuation of the active gimbal 12,
vyhile eliminating 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 capacitance limitation of conventional surface-micromachined
gyroscopes, while achieving improved excitation stability and robustness against
fabrication imperfections and fluctuations in operation conditions. Thus, the
claimed approach‘leads to reduced cost and reduced complexity in fabrication
and packaging of MEMS-based multi-axis inertial sensors.

[091] The claimed torsional z-axis surface-micromachined gyroscope 10
with non-resonant actuation differs from all conventional 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 oscillations in the
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[092]

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 parallelf
plate actuation.

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

damping changes.

(4) in providing a flat operation region between two resonance
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
reéidual 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
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invention. 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 invention as defined by the fo{IoWing invention and its various
embodiments.

[093] 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 invention as defined by the following claims. For example,
notwithstanding the fact that the elements of a claim are set forth below in a
certain combination, it must be expressly understood 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 éllowing for a claimed combination 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.

[094] The words used in this specification to describe the invention 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 its use in a claim must be
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understood as being generic to all possible meanings supported by the
specification and by the word itself.

[095] 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 performing substantially the same function in substantially the same way o
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 elements 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 combinations and even initially claimed as such, it is to be
expressly understood that one or more elements from a claimed combination can
in some .cases be excised from the combination and that the claimed
combination may be directed to a subcombination or variation of a
subcombination.

[096] 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 equivalently within the scope of the claims. Therefofe,
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.

[097] The claims are thus to be understood to include what is specifically

illustrated énd described above, what is conceptionally equivalent, what can be
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obviously substituted and also what essentially incorporates the essential idea of

the invention.
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We claim:

1. A MEMS-based inertial torsional z-axis surface-micromachined gyroscope
with non-resonant actuation to measure the angular rotation of an object comprising:

a substrate;

a torsional 2-DOF drive-mode oscillator coupled to the substrate and comprised
of one active gimbal and one passive gimbal to achieve large oscillation amplitudes 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 active gimbal are achieved, while substantially eliminating any mode-matching
requirement by obtain‘ing a flat operational frequency band in the drive-mode; and

a sensing plate coupled to the torsional 2-DOF drive-mode oscillator.

2. . The gyroscope of claim 1 where the torsional 2-DOF drive-mode oscillator

includes drive electrodes and where the sensing plate includes sensing electrodes.

3. The gyroscope of claim 2 where the drive electrodes comprise a plurality
of electrostatic electrodes and where the sensing plate includes a plurality of parallel

plate sensing electrodes.

4. The gyroscope of claim 1 where the active gimbal, passive gimbal and
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sensing plate lie in a common plane when at rest and are arranged and configured with
respect to each other to allow out-of-plane actuation electrodes and out-of-plane

sensing electrodes with large actuation electrode areas and large detection electrode

areas.

5. The gyroscope of claim 1 where the 2 DOF drive- mode oscillator is driven
by parallel-plate actuation and where the 2 DOF drive- mode oscillator dynamically
amplifies torsional oscillations in the drive-mode instead of using matched resonance to
achieve large drive-mode oscillation amplitudes of the sensing plate with small actuation
amplitL.Jdes of the drive electrodes to provide linearity and stability despite parallel-plate

actuation of the 2 DOF drive-direction oscillator.

6. The gyroscope of claim 1 where the 2 DOF drive-mode oscillator is
arranged and configured to have a wide bandwidth in the drive mode; so that the mode-
matching requirement between the 2 DOF drive-mode oscillator and the sensing plate is
relaxed to reduce sensitivity to structural and thermal parameter fluctuations and

damping changes introduced in the MEMs fabrication of the gyroscope.

7. The gyroscope of claim 1 where the 2 DOF drivé—mode oscillator is
arranged and configured to have a generally flat operation region between two
resonance peaks in the frequency response curves of the 2-DOF drive-mode oscillator
to ensure that the drive-mode oscillation amplitude is insensitive to parameter

fluctuations in the operation frequency band resulting in robustness to fluctuations in
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residual stresses, variations in elastic modulus from run to run in MEMs fabrication, and

also insensitivity to thermal fluctuations throughout operation time.

8. The gyroscope of claim 1 where the sensing plate is arranged and
configured to operate at resonance in a frequency band in a sense direction for optimal
sensifivity, while the 2 DOF drive-mode oscillator is arranged and configured to have a

drive direction amplitude which is inherently constant within the same frequency band.

9. A MEMS gyroscope comprising:

a three-mass structure comprised of two gimbals and a sensing plate, a
first one of the two gimbals comprising a passive gimbal which contains the sensing
plate, the passive gimbal executing large oscillation amplitudes by amplifying small
amplitude oscillations of a second one of the two gimbals comprising a driven active
gimbal; and

| parallel-plate actuators dynamically coupled to the active gimbal, the
actuation range of the parallel-plate actuators being narrow to minimize nonlinear force

profile applied fo the two gimbals and to minimize instability of the gyroscope.

10. The gyroscope of claim 9 further comprising sensing electrodes
capacitively coupled to the sensing plate, the sensing' electrodes having a large
detection capacitance to improve performance and low actuation voltages, to reduce
drive-signal interference and lower noise, and to improve robustness against parameter

fluctuations.

33



WO 2006/026151 PCT/US2005/029105

11. The gyroscope of claim 9 where the two gimbals combine to operate as a
2 DOF oscillator with a wide, flat bandwidth to eliminate any mode-matching
requirement with the sensing plate by utilizing dynamic ampilification of rotational
oscillations of the active gimbal by the passive gimbal instead by resonance matching in
the drive direction between the two gimbals and the sensing plate so that small
actuation and sensing capacitance limitation of surface-micromachined gyroscopes is
ovefoome, while achieving excitation stability and robustness against fabrication

imperfections and fluctuations in operating conditions.

12. A MEMS gyroscope comprising:

a substrate;

a pair o:f 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;

an active gimbal coupled to the pair of first torsional beams and
suspended above the substrate by the anchors and the first torsional beams;

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

a pair of second torsional beams lying along the drive axis, each second

torsional beam coupled to the active gimbal;
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a passive gimbal coupled to the pair of second torsional beams and
suspended above the substrate by the second torsional beams:

a pair of third torsional beams lying along a sense axis, each third
torsional beam coupled to the passive gimbal;

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

13. The gyroscope of claim 12 where the active gimbal has an interior space
and where the passive gimbal is disposed in the interior space of the active gimbal,
where the passive gimbal has an interior space and where the sensing plate is disposed
in the interior space of the passive gimbal, the active and passive gimbals arranged and
configured to torsionally oscillate about the drive axis as a drive-mode oscillator so that
the torsional 6scillations of the active gimbal are dynamically amplified in the oscillation

of the sensing plate.

14. The gyroscope of claim 12 where the substrate, the active gimbal, passive
gimbal and sensing plate are each generally planar and each have bilateral symmetry,
-and where the drive electrode and sensing electrode each comprise at least two
separate electrode elements which are generally planar and are symmetrically arranged

and configured with respect to the active gimbal and sensing plate respectively.
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15. The gyroscope of claim 13 where the active gimbal and passive gimbal
are formed in the shape of a rectangular frame and where the sensing plate is a

rectangular shaped plate.

16. A method of operating a MEMS-based inertial torsional z-axis surface-
micromachined gyroscope with non-resonant actuation to measure the angular rotation
of an object comprising:

| driving a torsional 2-DOF drive-mode oscillator at nonresonance comprised of
an active gimbal and passive gimbal in a flat operational frequency band to amplify
small oscillation amAplitudes of a driven active gimbal, to minimize the nonlinear force
profile and minimize instability due to actuation of the active gimbal, while substantially
eliminating any mode-matching requirement; and

sensing toréidnal oscillation at resonance of a sensing plate coupled to the

torsional 2-DOF drive-mode oscillator.

17. The method of claim 16 where driving the torsional 2-DOF drive-mode
oscillator at nonresonance comprises electrostatically driving the torsional 2-DOF drive-
mode oscillator the torsional 2-DOF drive-mode oscillator and where sensing torsional

oscillation at resonance comprises sensing by means of parallel plate capacitance.

18. The method of claim 16 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 with a large actuation electrode area and where
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sensing torsional oscillation at resonance comprises sensing with out-of-plane sensing

electrodes with a large detection electrode area.

19. The method of claim 16 where driving the torsional 2-DOF drive-mode
oscillator at nonresonance comprises driving the 2 DOF drive- mode oscillator by
parallel-plate actuation and dynamically amplifying torsional oscillations in the drive-
mode instead of using matched resonance to achieve large drive-mode oscillation
amplitudes of the sensing electrodes with small actuation amplitudes of the drive
electrodés to provide linearity and stability despite parallel-plate actuation of the 2 DOF

drive-direction oscillator.

20. The method of claim 16 where driving the torsional 2-DOF drive-mode
oscillator at nonresonance in a flat operational frequency band comprises providing the
2 DOF drive-mode oscillator with a wide bandwidth in the drive mode; so that the mode-
matching requirement between the 2 DOF drive-mode oscillator and the sensing plate is
relaxéd to reduce sensitivity to structural and thermal parameter fluctuations and

damping changes introduced in the MEMs fabrication of the gyroscope.

21. The method of claim 16 where driving the torsional 2-DOF drive-mode
oscillator at nonresonance in a flat operational frequency band comprises providing a
generally flat operational region between two resonance peaks in the frequency
response curves of the 2-DOF drive-mode oscillator to ensure that the drive-mode

oscillation amplitude is insensitive to parameter fluctuations in the operation frequency
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band resulting in robustness to fluctuations in residual stresses, variations in elastic
modulus from run to run in MEMs fabrication, and also insensitivity to thermal

fluctuations throughout operation time.

22. The method of claim 16 where sensing torsional oscillation at resonance
comprises operating the sensing plate at resonance in a frequency band in a sense
direcﬁbn for optimal sensitivity, while the 2 DOF drive-mode oscillator is driven with a

drive direction amplitude which is inherently constant within the same frequency band.

23. An improvement in a method of operating a MEMS gyroscope comprising:
driving two gimbals of a three-mass structure comprised of two gimbals
and a sensing plate vyith parallel-plate actuators dynamically coupled to the active
gimbal, in which the actuation range of the parallel-plate actuators are narrow to
minimize nonlinear force profile applied to the two gimbals and to minimize instability of
the gyroscope; and
dynamically amplifying small amplitude oscillations of the driven active

gimbal to generate large oscillation amplitudes of the passive gimbal.

24, The method of claim 23 where sensing torsional oscillation at resonance
of a sensing plate comprises sensing torsional oscillation with sensing electrodes
capacitively coupled to the sensing plate with a large detection capacitance to improve
performance and low actuation voltages, to reduce drive-signal interference and lower

noise, and to improve robustness against parameter fluctuations.
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25. The method of claim 23 where driving two gimbals of a three-mass
structure comprises combining the operation of the two givmbals to function as a 2 DOF
oscillator with a wide, flat bandwidth to eliminate any mode-matching requirement with
the sensing plate by utilizing dynamic amplification of rotational oscillations of the active
gimbal by the passive gimbal instead by resonance matching in the drive direction
between the two gimbals and the sensing plate so that small actuation and sensing
capa.citance limitation of surface-micromachined gyroscopes is overcome, while
achieving excitation stability and robustness against fabrication imperfections and

fluctuations in 'operating conditions.
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