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FIG. 1 (PRIOR ART): Linearresonator gyroscope, from web-page of HSG-IMIT 

FIG. 2: (PRIOR ART): Comb-drive tuning fork MEMS gyroscope 
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FIG. 3: (PRIOR ART): Schematic design concept of a vibrating wheel MEMS 
gyroscope 
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FIG. 4 (PRIOR ART): Poly-Si ring gyroscope, from Ayazi & Naja? reference 
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PIEZOELECTRIC TRANSDUCERS AND 
INERTIAL SENSORS USING 

PIEZOELECTRIC TRANSDUCERS 

TECHNICAL FIELD 

[0001] The present invention relates generally to inertial 
sensors, and more particularly to microelectromechanical 
inertial sensors for measuring a rotational motion, such as 
ring gyroscopes. 

BACKGROUND ART 

[0002] It is knoWn in the prior art to use inertial motion 
sensors to track the position, orientation, and velocity (linear 
or angular) of objects in the inertial reference frame, Without 
the need for external references. Inertial motion sensors gen 
erally include gyroscopes, accelerators, and other motion 
sensing devices. Gyroscopes are Well-knoWn and used for 
measuring or maintaining orientation based on the principles 
of conservation of angular momentum. Vibrating structure 
gyroscopes, due to their simplicity and loW cost, gained popu 
larity since 1980s over conventional, rotating gyroscopes. 
The physical principle of a vibrating structure gyroscope is 
very intelligible: a vibrating object tends to keep vibrating in 
the same plane as its support is rotated. In engineering litera 
ture, this type of device is also knoWn as a Coriolis vibratory 
gyro because, as the plane of oscillation is rotated, the 
response detected by a transducer of the device results from 
the Coriolis effect (as in a conventional rotating gyroscope). 
The Coriolis effect is an apparent de?ection of moving 
objects from a straight path When they are vieWed in a rotating 
frame of reference, and is caused by the Coriolis force, Which 
is considered in the equation of motion of an object in a 
rotating frame of reference and depends on the velocity of the 
moving object, and centrifugal force. By determining the 
Coriolis force, a rotation of the object can be described. Both 
the Coriolis force and the Coriolis effect are Well knoWn in the 
art. 

[0003] Some of vibrating gyroscopes utiliZe pieZoelectric 
oscillators to capture the rotational movements of objects, 
(see, e.g., Ceramic GyroTM devices by NEC-TOKIN Corpo 
ration of Japan, WWW.nec-tokin.com). In such conventional, 
bulk pieZoelectric gyroscopes, used as, for example, angular 
velocity sensors, a pieZoelectric element torsionally vibrates 
a rod, Which causes the rod to Work as a pendulum. Then, the 
value of the Coriolis force, Which occurs When the rod is 
rotated, is extracted after it is converted into voltage by the 
pieZoelectric element. 
[0004] With material-micromachining becoming a rapidly 
developing technology in recent years, silicon (Si) based 
microelectromechanical systems (MEMS) and devices 
enriched the ?eld of inertial sensors by offering relatively 
inexpensive vibrating structure gyroscopes.A general discus 
sion of MEMS-based gyroscopes is provided, for example, by 
Steven Nasiri, “A critical revieW of MEMS gyroscopes tech 
nology and commercialization status”, ca. 2005, available at 
http : // WWW. invensense .com/ shared/ pdf/ MEMSGyroComp . 
pdf 
[0005] To date, MEMS-based gyroscopes have been imple 
mented in several embodiments. Some single-mass linear 
resonators, for example, utiliZe a single mass oscillating to 
and fro along the “sensitive” axis of the device, like a balance 
in a Watch (see, e.g., FIG. 1, illustrating a device by HSG 
IMIT, Institut fiir Mikro- und Informationstechnik, or Insti 
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tute for Micromachining and Information Technology, of 
Germany, http://WWW.hsg-imit.de/index.php?id:41&L:1). 
If such linear device is rotated around an axis parallel to its 
sensitive axis, Coriolis forces induce a second oscillation 
oriented perpendicular to the direction of the (primary) oscil 
lation of the mass. 

[0006] Another variation of a linear-resonator gyroscope is 
based on a tuning-fork idea, for example, as implemented by 
the Draper Laboratory of Massachusetts, USA (WWW.draper. 
com), and described, for example, in US. Pat. Nos. 5,767,405 
and 7,043,985, each of Which is incorporated herein in its 
entirety by reference. An example of a basic tuning fork 
MEMS gyroscope, shoWn in FIG. 2, includes a pair of masses 
driven to oscillate With equal amplitudes but in opposite 
directions. Rotation of the gyroscope about an in-plane axis 
of sensitivity lifts the moving masses, Which is detected With 
capacitive electrodes positioned under the masses. 
[0007] Analog Devices Inc. of NorWood, Mass. offers a 
number of integrated angular-rate sensing gyroscopes (see, 
for example, Geen et al., “New iMEMS® Angular-Rate 
Sensing Gyroscope”, Analog Dialog, Vol. 37, March 2003, 
available at http://WWW.analog.com/library/analogDialogue/ 
archives/ 37-03/ gyro .html, Which is hereby incorporated 
herein by reference in its entirety). Some exemplary MEMS 
gyroscopes are described in US. Pat. Nos. 6,877,374, 7,089, 
792, 7,032,451, 7,204,144, 7,357,025, and 7,216,539, each of 
Which is hereby incorporated by reference in its entirety. In 
such gyroscopes, capacitive silicon sensing elements are 
interdigitated With stationary silicon beams attached to a sub 
strate that are used to measure a Coriolis-induced displace 
ment of a resonating mass. 

[0008] Another family of MEMS-based inertial sensors 
knoWn in the art includes vibrating-Wheel gyro structures, 
schematically illustrated in FIG. 3. These structures generally 
have a Wheel driven to vibrate about its axis of symmetry, 
Where rotation about either in-plane axis results in the Wheel’s 
tilting, a change that can be detected With capacitive elec 
trodes under the Wheel. Yet another emerging MEMS-imple 
mentation is a ring gyroscope, Where a planar resonant Si 
based ring structure is driven to resonance and the position of 
its nodal points indicate the rotation angle. An example of a 
ring gyroscope shoWn in FIG. 4 Was developed at the Univer 
sity of Michigan (see, e.g., F. AyaZi and K. Naja?, “Design 
and Fabrication of A High-Performance Polysilicon Vibrat 
ing Ring Gyroscope”, Eleventh IEEE/ASME International 
Workshop on Micro Electro Mechanical Systems, Heidel 
berg, Germany, Jan. 25-29, 1998; F. AyaZi and K. Naja?, 
“High aspect-ratio combined poly and single-crystal silicon 
(HARPSS) MEMS technology”, I. of Microelectromechani 
cal Systems, v. 9, pp. 288-294, 2000; F. AyaZi and K. Naja?, 
“A HARPSS PolysiliconVibrating Ring Gyroscope”, Journal 
of Microelectromechanical Systems, Vol. 10, No. 2, June 
2001). In such ring gyroscopes, a poly-Si ring resonator is 
driven by drive and control electrodes to vibrate about its axis 
of symmetry, and rotation of the chip that carries the gyro 
scope results in a ring displacement that can be detected by 
capacitance-sensing elements through the change in geom 
etry of capacitive air-gaps. 
[0009] As Would be appreciated by one skilled in the art, 
currently employed micromachining processes are not par 
ticularly compatible With Widely used standard CMOS pro 
cesses such as reactive-ion etch (RIE) or electron-beam mill 
ing. Such incompatibility lengthens and complicates 
fabrication cycles and increases the cost of the resulting 
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MEMS-based devices. In addition, current MEMS-based 
solutions for inertial sensors quite often employ capacitive 
driving and sensing structures, such as drive and control elec 
trodes of FIG. 4. The capacitive nature of operating a conven 
tional inertial sensor imposes, among other requirements, a 
need for an air-gap betWeen an oscillating mass (the ring in 
FIG. 4) and an electrode. The air-gaps of MEMS structures 
are clearly susceptible to contamination With microparticles 
(during both the manufacturing process and operation) that 
may permanently incapacitate inertial sensors devices. More 
over, an electrostatically driven mass or ring in such devices 
is susceptible to anomalies in charge distribution across a set 
of driving and sensing electrodes. In vibrating gyroscopes, 
the non-uniform charge distribution can contribute to an off 
set drift and reduce the accuracy and precision of these 
devices or even nullify their performance. 

SUMMARY OF THE INVENTION 

[0010] Embodiments of a pieZoelectric transducer of this 
invention permit transferring energy, through piezoelectric 
effect, betWeen electrostatic energy associated With voltage 
differential betWeen the top and bottom electrodes of the 
transducer and mechanical energy associated With deforma 
tion of frames of the transducer. In one embodiment, the 
transducer of the invention comprises a structure made of 
pieZoelectric material that includes a set of substantially ?at 
elongated concentric frames connected by bridges disposed 
symmetrically about a plane of symmetry of the structure. 
Such bridges alloW the frames to deform in a reference plane 
Which is substantially parallel to top and bottom surfaces of 
the frames. A set of at least tWo top electrodes is disposed on 
the top surfaces of the frames. A set of at least tWo corre 
sponding bottom electrodes is disposed on the bottom surface 
of the frames opposite to the ?rst set. Both the top and the 
bottom set of electrodes are disposed on at least tWo frames 
along a path that is symmetric about the plane of symmetry of 
the structure and crosses some of the bridges. Some of these 
electrodes may be used to apply a voltage differential 
betWeen the top and bottom surfaces of the pieZoelectric 
transducer, While some of the electrodes may be con?gured to 
sense the changes in motion of the frames of the transducer 
based on a voltage differential associated With such changes. 
In some embodiments, the deformation of the frames may be 
reciprocating, and may be characterized by amplitude that is 
higher in central portions of the frames than in peripheral 
portions of the frames. 
[0011] Related embodiments of the invention provide for a 
motion sensor including the pieZoelectric transducer of the 
invention coupled With a resonator that may move substan 
tially in the reference plane. Such motion sensor may be used 
as an inertial sensor, for example accelerometer or a gyro 
scope. In some embodiments, the transducer may cause the 
motion of the resonator. In alternative embodiments, the 
transducer may sense the motion of the resonator. In addition, 
the transducer may be con?gured to enable detection of 
charges in electric ?eld arising, through pieZoelectric effect, 
from changes in the motion of the resonator that are associ 
ated With rotation of the body of the motion sensor. In related 
embodiments, the body of the transducer may be re?ection 
ally symmetric about the axis that is normal to the reference 
plane and be a?ixed to and above a surface of a substrate using 
a set of anchors, Where at least one anchor may be positioned 
proximate to the body’s center of mass. Such anchors are 
con?gured to alloW movement of the body relative to the 
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substrate. Alternatively, the body of the transducer may be 
a?ixed to the substrate Within a recess formed in the substrate. 
In yet further embodiments, the body of the sensor may 
comprise hub and ring portions, Where the ring portion may 
be supported by spokes extending substantially in radial 
direction from the hub portion and Where the deformation of 
the frames of the pieZoelectric transducer may be transferred 
to the ring along the spokes. The hub and the ring portions of 
the sensor may be circular or may be generally shaped other 
Wise. 
[0012] In addition, the invention provides a method of sens 
ing a movement of the embodiments of the inertial sensor of 
the invention With the use of the pieZoelectric effect by sens 
ing changes, Within the local reference system, to the recip 
rocating motion of the frames of the transducer based on a 
voltage differential arising betWeen the top and bottom sens 
ing electrodes. Such changes in the reciprocating motion are 
indicative of a rotation of the inertial sensor about an axis that 
is perpendicular to the plane of motion of the frames. 
[0013] Furthermore, embodiments of the invention provide 
for method for modifying an oscillation of a resonator in an 
inertial sensor. Such modi?cation includes disposing pieZo 
electric compensators substantially equidistantly among the 
driving and the sensing pieZoelectric transducers of the iner 
tial sensor so as to form gaps betWeen the corresponding 
compensators and the resonator of the sensor, and measuring 
changes in charges stored in capacitors associated With 
changes in capacitive gaps due to the oscillation of the reso 
nator. In addition, the method comprises a step of modifying 
the stored electrostatic charges so as to affect the oscillation 
of the resonator, for example, to adjust its resonant frequency. 
In speci?c embodiments, such modi?cation of charges may 
include equaliZation of the changes in the stored charges 
among the capacitors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The foregoing features of the invention Will be more 
readily understood by reference to the folloWing detailed 
description, taken With reference to the accompanying draW 
ings, in Which like elements are annotated With like labels and 
numbers and in Which: 
[0015] FIG. 1 shoWs a linear resonator gyroscope of the 
prior art; 
[0016] FIG. 2 shoWs a comb-drive tuning fork MEMS 
gyroscope of the prior art; 
[0017] FIG. 3 schematically illustrates a prior art concept of 
a vibrating-Wheel MEMS gyroscope; 
[0018] FIG. 4 shoWs a poly-silicone ring gyroscope of the 
prior art; 
[0019] FIG. 5 illustrates a pieZoelectric principle of general 
operation of embodiments of the invention, Wherein FIG. 5A 
shoWs a top vieW and FIG. 5B shoWs a side vieW; 
[0020] FIG. 6 schematically shoWs an inertial sensor hav 
ing a ring resonating structure attached to the central hub With 
the spokes in accordance With an exemplary embodiment of 
the present invention, Wherein FIG. 6A shoWs a top vieW and 
FIG. 6B shoWs a side vieW; 
[0021] FIG. 7 schematically depicts, in top vieW, tWo-fold 
symmetry modes of oscillation of an embodiment of a ring 
resonator. FIGS. 7A shoWs deformations of the spoke-driven 
regions of the ring. FIG. 7B shoWs deformations of the sens 
ing regions of the ring located betWeen the driving spokes; 
[0022] FIG. 8 schematically shoWs a MEMS-based inertial 
sensor having tWo-fold symmetry in accordance With an 
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exemplary embodiment of the invention, Wherein FIG. 8A 
shows a top vieW and FIG. 8B shows a side vieW; 
[0023] FIG. 9 depicts an exemplary frame structure of a 
piezoelectric transducer in accordance With an exemplary 
embodiment of the invention, Wherein FIG. 9A shoWs a top 
vieW and FIG. 9B shoWs a side vieW; 
[0024] FIG. 10 depicts, in top vieW, an electrode pattern 
formed on the frame structure of FIG. 9 including a close-up 
vieW of a portion of the electrode pattern, in accordance With 
an exemplary embodiment of the invention; 
[0025] FIG. 11 shoWs a cross-section ofthe embodiment of 
FIG. 10 With an applied electric ?eld E of a polarity that 
alternates betWeen the states of FIGS. 11A and 11B; 
[0026] FIG. 12 schematically shoWs a deformation of the 
transducer of FIG. 10 caused by the ?eld of alternating polar 
ity of FIG. 11 being applied to the frame structure of the 
transducer, Wherein FIG. 12A shoWs a vieW in Which a spoke 
is pushed outWard With respect to the hub as a result of 
applying the ?eld of FIG. 11A and FIG. 12B shoWs a vieW in 
Which the spoke is pulled toWards the hub as a result of 
applying the ?eld of FIG. 11B; 
[0027] FIG. 13 shoWs an exemplary embodiment of a 
MEMS-based inertial sensor of the invention possessing 
three-fold symmetry; 
[0028] FIG. 14 schematically illustrates exemplary 
MEMS-based devices comprising embodiments of inertial 
sensors of the invention, Wherein FIG. 14A shoWs an embodi 
ment comprising an inertial sensor anchored to the underly 
ing leveled substrate and FIG. 14B shoWs an embodiment 
comprising an inertial sensor anchored Within a recess in the 

underlying substrate; and 
[0029] FIG. 15 shoWs an exemplary four-fold-symmetry 
oscillation mode in accordance With an exemplary alternative 
embodiment of the present invention. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

[0030] Embodiments of the present invention describe 
pieZoelectric transducers and inertial sensors such as gyro 
scopes and accelerators utiliZing such pieZoelectric transduc 
ers. The described embodiments utiliZe the pieZoelectric 
effect both to generate oscillations of their resonators and to 
sense the changes in such oscillations produced, in the sen 
sors’ frames of reference, by Coriolis forces appearing due to 
the movement of the sensors. In speci?c embodiments, the 
movement may be a rotational movement. 
[0031] As used in this description and the accompanying 
claims, the folloWing terms shall have the meanings indi 
cated, unless the context otherWise requires: 
[0032] A term “set” refers to either a unit or a combination 
of multiple units. 
[0033] “Electrostatic energy,” as understood in the art, gen 
erally refers to the potential energy Which a collection of 
electric charges possesses by virtue of their positions relative 
to each other. For example, the energy, stored in an electric 
capacitor after its separated conducting plates have been 
charged, is electrostatic. 
[0034] A “piezoelectric effect,” conventionally related in 
the art to generation of electric potential in response to 
mechanical stresses applied to a pieZoelectric material, and a 
“converse pieZoelectric effect,” conventionally associated 
With formation of material stresses or strains When an electric 
?eld is applied to such material, are used interchangeably 
herein and should be understood to generally refer to trans 
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duction betWeen the electrostatic energy and the mechanical 
energy in a pieZoelectric material subjected to either electro 
static or mechanical in?uence. 

[0035] “Body” refers to a representation of a physical struc 
ture and material substance in a bodily form. 

[0036] An electric ?eld applied across a pieZoelectric body 
is considered to be “alternating” When the ?eld is changed 
repeatedly betWeen tWo different states that generally mani 
fest in different effects on the shape of the pieZoelectric body. 
Consequently, reciprocating the applied electric ?eld 
betWeen the static vector values of +E and —E (i.e., changing 
the ?eld polarity With a use of a sWitch, for example), Which 
for some pieZoelectric material may correspond to expansion 
and contraction of the material, Will be understood as “alter 
nating” the electrostatic ?eld applied to such material. Simi 
larly, sWitching the static ?eld applied to a pieZoelectric mate 
rial betWeen the values of E and Zero (Which may respectively 
correspond to the state Where the material experiences 
mechanical stresses and the state in Which material is not 
pieZoelectrically deformed) is also understood as “altemat 
ing” the applied ?eld. 
[0037] FIG. 5 schematically illustrates, in top and side 
vieWs, a principle according to Which an inertial pieZoelectric 
sensor of the present invention is realiZed. This principle 
applies equally to a gyroscope, an accelerator, or any other 
type of inertial sensor contemplated by the invention. As 
shoWn in FIG. 5A, tWo electrodesia driving electrode 10 
and a sensing electrode 14iare disposed on the top surface of 
a substantially ?at body 18 having substantially constant 
thickness of pieZoelectric material. Another pair of elec 
trodes, comprising a driving electrode 12 and a sensing elec 
trode 16 that respectively correspond to the electrodes 10 and 
14, is disposed on the bottom surface of the body 18 and is not 
visible in the top vieW of FIG. 5A. For the sake of simplicity, 
the side vieW of FIG. 5B shoWs only the driving electrodes 10 
and 12. When connected to a poWer supply, the driving elec 
trodes create an electric ?eld E across the body 18 thus caus 
ing the body to expand or contract through a Well-understood 
in the art pieZoelectric effect. If the applied direct-current 
electric ?eld E is alternated, the resulting transduction of 
electrostatic energy to mechanical energy of deformation of 
the body alternates as Well. In this case, the expansions and 
contractions of the body 18 reciprocally shift its boundary, 
e.g., by incremental amounts +dx and —dx as indicated in FIG. 
5, due to alternating mechanical stresses generated across the 
body. As Will be understood by one skilled in the art, a detec 
tion of rotationiif present4of the body 18 experiencing 
reciprocating mechanical expansion and contraction can be 
enabled by the second pair of sensing electrodes 14 and 16, 
through the pieZoelectric effect. An appropriate measuring 
device such as voltmeter (not shoWn), for example, connected 
to this second pair of electrodes 14 and 16 Will register a 
change in an electrostatic charge, generated in the vicinity of 
the electrodes due to apparent variation inbody’s deformation 
caused by rotation of the body, in accordance With the Corio 
lis effect. Such registration of the change in the electrostatic 
charge practically amounts to sensing the presence of and 
measuring the Coriolis effect and, therefore, the rotational 
motion of the body itself. The strength of the energy trans 
duction, and therefore the sensitivity of sensing the rotational 
motion, depends on physical characteristics of the body 18, 
such as pieZoelectric coef?cients and mass. It should be noted 
that, to this end, any pair of electrodesiWhether a pair (10, 
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12) or a pair (14,16)imay be used as either driving or sens 
ing electrodes at the user’s discretion, in an exemplary 
embodiment. 

[0038] In some related embodiments, to increase the sensi 
tivity and isotropy of sensing the rotational motion, the body 
of the pieZoelectric sensor may be con?gured in a circular 
fashion. Moreover, in a speci?c embodiment, such as that 
shoWn in FIG. 6 in top and side vieWs, a body 20 of the sensor 
may feature a ring resonating structure 24, suspended on the 
outer side of a centrally positioned hub 26. (It should be noted 
that a different, internal positioning of a ring resonating struc 
ture With respect to the heavier, outer portion of the body 20 
may also be realiZed. HoWever, as discussed beloW, such 
alternative positioning is likely to subject the resulting pieZo 
electric sensor to errors during performance due to structural 
offsets and variation of fabrication processes.) As shoWn in 
FIG. 6, the hub 26 is connected to the ring 24 With spoke-like 
support structures 28 and 30. In this speci?c embodiment, the 
body 20 is shoWn to be re?ectionally symmetric With respect 
to a normal 32 passing through a center of gravity G of the 
body. HoWever, such re?ectional symmetry is not generally 
required. The spokes 28 and 30 generally may be of any 
shape, Whether straight or curved, may be continuous, or may 
comprise several pieces. It Would be understood that recipro 
cating force transferred to the ring 24 along the spokes 28 may 
generate a vibrational in-plane oscillation of the ring (inter 
changeably referred to herein as mode or resonating mode). 
For example, periodic expansion and contraction of the ring 
forced by periodic expansion and contraction of the spokes 
28, operating simultaneously along the x-axis, With the 
spokes 30 remaining idle, Will result in a substantially ellip 
tical mode of the ring oscillating along the x-axis. An out-of 
phase addition of an equivalent expansion and contraction of 
the spokes 30 to such movements of the spokes 28 Will extend 
the oscillation of the ring to the y-axis as Well, resulting in an 
oscillating mode possessing a tWo-fold symmetry, as shoWn 
in FIG. 7A in top vieW. Here, a solid line indicates the geom 
etry of the ring 24 in its inactive state, a dashed ellipse a 
corresponds to an extremal extension of the ring along the 
x-axis, driven by the extension of the spokes 28 in the x-axis 
and contraction of the spokes 30 in the y-axis of FIG. 6A, and 
a dashed ellipse b illustrates an extremal extension of the ring 
along the y-axis, driven by the extension of the spokes 30 in 
the y-axis and contraction of the spokes 28 in the x-axis of 
FIG. 6A. In general, any reciprocating mechanical expansion 
and contraction of the spokes 28 and 30 may be realiZed, 
according to the embodiments of the invention, With the use 
of the pieZoelectric effect by applying an alternating electro 
static ?eld to the pieZoelectric spokes 28 and 30 of the body 
20. 

[0039] As Would be understood by a person skilled in the 
art, both the deformation and the resulting oscillatory motion 
of intermediate regions n, of the ring 24 of FIG. 6A, located 
betWeen the spoke-driven regions N (i.e., at substantially 
45-degree angles With respect to the x- and y-axes) are essen 
tially out of phase With respect to the deformation and the 
oscillatory motion of the spoke-driven regions. The deforma 
tion of the spoke-driven regions N Would cause some defor 
mation of the intermediate regions n Whether these interme 
diate regions are suspended, With respect to the hub 26 
Without any direct physical connection to the hub 26 or are 
directly attached to it With another, intermediate set of con 
nectors (not shoWn in FIG. 6A). When such deformations of 
the intermediate regions are periodic, they may be vieWed as 
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oscillatory modes, schematically shoWn in FIG. 7B With 
arroWs c and d. Generally, the amplitude of deformation of the 
intermediate regions may differ from that of the spoke-driven 
regions N. Such deformation of the intermediate regions n 
Will change, in the local system of coordinates, should the 
body 20 be experiencing a rotational motion. Therefore, cer 
tain embodiments of the current invention utiliZe the change 
in oscillatory modes c and d of the intermediate regions n of 
the ring for sensing a rotational motion, experienced by the 
inertial sensor of the invention through pieZoelectric effect, as 
discussed beloW. In speci?c embodiments, such sensing may 
be performed by sensors 29 connecting the hub 26 to the 
intermediate regions n of the ring 24 as shoWn in FIG. 6A. 

[0040] FIG. 8 illustrates top and side vieWs of a body 40 of 
a MEMS embodiment of an exemplary inertial sensor system 
that possesses a tWo-fold operational symmetry. Such inertial 
sensor may be a gyroscope, an accelerometer, or another 
motion-sensing inertial device. FIG. 8A shoWs detailed 
implementation of the embodiment of FIG. 6A, in top vieW. 
The body 40 is made of pieZoelectric material such as, for 
example, aluminum nitride (AlN). Here, the ring-resonator 
24 is suspended With respect to the hub 26 of the body 40 With 
a set of four spoke structures 42 and another set of four spoke 
structures 56, each of Which connects the hub and the ring. All 
the spokes extend radially and outWardly With respect to the 
hub and are disposed re?ectionally symmetrically about a 
symmetry axis 44, Which is perpendicular to the body’s top 
surface 46 and passes through the center of gravity G of the 
body. A set of four transducers 50 discussed beloW may be 
integral With the respective spokes 42 and, in combination 
With these spokes, may form driving elements 52. Similarly, 
four sensing elements 54 are symmetrically disposed in the 
areas intermediate to the driving elements 52. Each of the 
sensing elements 54 comprises a spoke 56 and a transducer 58 
that may be substantially equivalent to the spoke 42 and 
transducer 50 of the driving elements 52. 

[0041] Generally, an embodiment of a transducer of the 
invention may be con?gured as a set of slabs or frames of 
pieZoelectric material sandWiched betWeen appropriately 
structured pairs of electrodes that are con?gured to either 
apply an electric ?eld to the material of the transducer or 
register the electrostatic charge (accumulated on the opposite 
sides of the frames) and potential (originating across the 
material). In some embodiments, the frames of pieZoelectric 
material comprising the transducer may be disposed concen 
trically, as discussed beloW. When a periodically alternating 
electric ?eld is applied to the material of any transducer 50, 
the transducer deforms, in oscillating fashion, and a corre 
sponding spoke 42 to Which the transducer is connected. 
Consequently, the regions of the ring 24 adjacent to the 
spokes 42 are spoke-driven and periodically deformed, and 
the ring is engaged to oscillate in a tWo-fold-symmetry reso 
nating mode similar to that shoWn in FIGS. 7A and 7B. The 
intermediate regions of the ring, Which are connected to the 
hub 26 by the four sensing-element spokes 56, transfer, in 
turn, such oscillating motion to the respective sensing trans 
ducers 58 that register an electrostatic charge accumulating at 
the opposite sides of the transducer material due to the pieZo 
electric effect. If, in the process of ring-oscillation, the body 
of the inertial sensor 40 is subjected to a rotational motion, the 
Coriolis effect changes the modal shape of the ring deforma 
tion in the local coordinate system associated With the inertial 
sensor, and the sensing elements 54 register the change in the 
electrostatic charge associated With the rotation. As Will be 
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readily understood by a skilled artisan, both driving and sens 
ing elements of the embodiments of the present invention can 
be structured substantially equivalently and, therefore, per 
form either a driving or sensing role depending on the user’s 
choice. HoWever, deliberate differences introduced betWeen 
the embodiments of a driving and sensing elements at user’s 
discretion do not affect the principle of operation of the 
embodiments and are Within the scope of the invention. 

[0042] Con?guration of transducers is further discussed 
With reference to FIGS. 9 and 10, illustrating some exemplary 
embodiments, With continuing reference to FIG. 8. Although 
the transducer operation is described beloW With reference to 
the driving transducers 50 of FIG. 8, the same description is 
equally applicable to the sensing transducers 58. FIG. 9A 
shoWs, in top vieW, a pieZoelectric frame structure 60 of a 
transducer 50. As shoWn, the pieZoelectric frame structure is 
elongated along x-axis, i.e. laterally With respect to a spoke 42 
that connects the ring 24 of the gyroscope 40 to the hub 26. 
FIG. 9B offers a corresponding side vieW. The structure 60 is 
characterized by a substantially constant thickness t de?ned 
by the top andbottom substantially ?at surfaces 46 and 62 that 
are parallel to a reference plane (the xy-plane in FIG. 9). 
Although the frame structure 60 is shoWn to possess tWo-fold 
symmetry (about the yZ- and xZ-planes, each of Which is a 
plane of symmetry of the embodiment 60), it should be appre 
ciated that, in general, such symmetry is not required for 
operation of the device. For example, an embodiment of a 
frame structure may be con?gured to be symmetric only 
about a single plane of symmetry of the structure. As shoWn in 
FIGS. 9A and 9B, the frame structure 60 comprises a set of 
tWo framesian outer frame 64 and an inner frame 66iboth 
of Which have substantially equal thicknesses t, are elongated 
along the x-axis, have a common center 0 (i.e., are disposed 
concentrically With respect to the center O), and are intercon 
nected WithpieZoelectric bridges 68. The frame con?guration 
of FIGS. 9A and 9B may alloW for a selective and indepen 
dent deformation in the xy-plane of at least some portions of 
the frames 64 and 66. An example of such deformation may 
be bending of at least a portion of a frame, induced by the 
pieZoelectric effect. As Will be understood from the folloWing 
discussion, the bridges 68 facilitate ?exing of the frames. In 
an alternative embodiment, a frame structure may be con?g 
ured Without at least some of gaps 70 betWeen the frames, or 
contain more than tWo frames. Neither variation, hoWever, 
changes the principle of operation of the device. An embodi 
ment of the frame structure such as the structure 60 of FIG. 9 
is generally fabricated from a pieZoelectric material, for 
example AlN, With conventional micromachining and litho 
graphic methods used in semiconductor industry such as, for 
example, reactive-ion etch (RIE) or electron-beam milling. 
The use of conventional methods of fabrication lends the 
resulting device to production on a mass, cost-effective scale 
that is compatible With Si-integration technologies. To com 
plete the fabrication of a transducer, either frames, or bridges, 
or both may contain through-hole vias for appropriately pro 
viding electrical interconnections among the sets of elec 
trodes that are further deposited on the frame structure, as 
shoWn in FIG. 10. 

[0043] To utiliZe the pieZoelectric principle of operation of 
the transducer, tWo substantially equivalent sets of elec 
trodesia set of top electrodes and a corresponding set of 
bottom electrodes, each set including at least tWo elec 
trodesimay be con?gured opposite to one another on the top 
and bottom surfaces of the frame structure, respectively, so as 
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to facilitate the application of electric ?eld to the frame struc 
ture. Referring noW to FIGS. 9 and 10, FIG. 10 displays an 
embodiment 80 of a transducer having a tWo-frame structure 
60 of FIG. 9. The embodiment 80 has a set of tWo top elec 
trodes 82 and 84, deposited on the top surface 46 of the frame 
structure, and a corresponding set of tWo bottom electrodes 
82' and 84' (not shoWn) deposited on a bottom surface 62. 
Each of the top electrodes (and, respectively, each of the 
bottom electrodes) is con?gured along a particular path that is 
symmetric With respect to at least one plane of symmetry of 
the frame structure and includes portions of both the frames 
64 and 66 of FIG. 9A. It should be noted that in embodiments 
comprising more than tWo frames, each of the electrode paths 
may be con?gured to access at least tWo frames. To pass from 
one frame of the structure to another, a corresponding elec 
trode is con?gured to cross one of the bridges 68 either along 
a corresponding surface (top orbottom) of the frame structure 
or through a via created in that bridge. For example, as shoWn 
in insert I of FIG. 10, the top electrode 84 may be deposited 
over a central portion of a bridge 68 While the top electrode 82 
maintains its continuity through a via (not shoWn) in the 
bridge 68. Both of the top electrodes are con?gured to at least 
partially overlap With the top surface of the bridge 68, keep 
ing, at the same time, portions f of the bridge exposed. The 
corresponding bottom electrodes are con?gured substantially 
equivalently. The bridges of the transducer that are crossed by 
the paths of electrodes generally de?ne one central and sev 
eral peripheral transducing sections. Each of the transducing 
sections may include one or more elements connecting the 
frames, such elements not covered With electrodes. Such 
optional connecting elements, Which are shoWn in FIG. 9A as 
elements 69, are mainly used for stiffening of the frame 
structure. Overall, the embodiment 60 of FIG. 9A comprises 
four bridges 68 and eight connecting elements 69. Although, 
as shoWn in FIG. 10, regions L and M of the transducer 80 (L 
being the outer region and M being the inner region With 
respect to the hub 26) are characterized by three sectionsi 
central sectionA and tWo peripheral sections B and Cimore 
than tWo peripheral sections may be formed at the user’s 
discretion. The electrodes may be fabricated of platinum (Pt) 
or any other suitable material using appropriate lithographic 
methods knoWn in the art. 

[0044] It should be appreciated that a transducer of the 
invention can operate as part of either a driving element, 
generating an in-plane mode of oscillation of the ring of the 
inertial sensor as discussed above in reference to FIG. 7, or as 
part of a sensing element. The operation of a driving trans 
ducer of the invention is further discussed in reference to 
FIGS. 11 and 12, With continuing reference to FIG. 10. FIGS. 
11A and 11B schematically illustrate, in side vieWs, a cross 
section of a portion of the frame of the embodiment 80 of FIG. 
10 With a an electric potential of cyclically alternating polar 
ity applied betWeen the top electrode and the corresponding 
bottom electrode (in this example, the electrodes 82 and 82') 
that sandWich the frame comprised of the pieZoelectric mate 
rial. The instantaneous electrostatic ?eld, associated With the 
potential difference applied betWeen the electrodes, is 
denoted as E. It should be appreciated that, to enhance the 
driving operation of the transducer 80, the polarity of a poten 
tial applied to another electrode pair (84, 84') may be varied 
out-of-phase With that applied to electrodes 82 and 82'. 
[0045] To con?gure the transducer 80 as a driving trans 
ducer, in the ?rst half of the cycle, the polarity of electric ?eld 
E provided betWeen the electrodes 82 and 82' may be chosen, 










