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1. 

SYMMETRICAL MICROMECHANICAL 
GYROSCOPE 

FIELD OF THE INVENTION 

This invention relates to gyroscopes and more partic 
ularly, to a monolithic, micromachined, gyroscope. 

BACKGROUND OF THE INVENTION 

Micromechanical gyroscopes which are microma 
chined from a single silicon substrate are now well 
known in the art. Such devices typically have a gim 
baled structure which includes an inner gimbal ring 
having a set of flexures coupled to a mass. The inner 
gimbal ring serves as the sense axis. The inner gimbal 
ring is located within an outer gimbal ring which serves 
as the drive axis and is coupled to a gyroscope frame by 
an outer set of flexures. 
The structure of the prior art gimbaled gyroscope 

requires that the thin inner flexures be surrounded by a 
thicker gimbal ring or plate. The boron diffusion pro 
cess utilized to define the gimbal ring and the flexures 
causes the thicker gimbal Plate to shrink more than the 
flexures, causing the inner flexures to be in compression, 
and in some cases to buckle. This buckling introduces 
variations and uncertainty in the resonant frequency of 
the inner gimbal member which is difficult to predict 
and control. 
Although the buckling problem can perhaps be elimi 

nated by adding strain relief slots near the inner flex 
ures, the frequency of the gyroscope's dive axis must 
equal the resonant frequency of the sense axis, requiring 
prior measurement and trimming of the resonant fre 
quency, precision frequency generators, and precise 
temperature control. 

Alternatively, automatic frequency control loops 
may be added to control the drive and sense axis fre 
quencies. The control loop signals, however, must be 
accurate and may interfere with the gyroscope's output 
signal. In addition, differences in resonant frequency 
between the drive and sense axes can develop due to 
minor variations in spring constant of the flexures or 
work-hardening of the flexures over time. 

SUMMARY OF THE INVENTION 

This invention features a micromechanical gyroscope 
including a mass symmetrically supported about both 
drive and sense axes, for detecting rotational movement 
about an input axis. The gyroscope includes an inertial 
mass supported by two pairs of flexures. Each pair of 
flexures are attached to diametrically opposed sides of 
the inertial mass and a gyroscope support frame. Addi 
tionally, each of the flexures are oriented at generally a 
45° angle from both the drive and sense axes. 

In response to an applied drive signal, the inertial 
mass is induced to vibrate about a drive axis which is 
co-planar with and orthogonal to the sense axis. Both 
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pair of flexures participate equally during rotation of 60 
the mass. Thus, the present invention provides a mi 
cromechanical gyroscope with flexures coupling the 
inertial mass and which are symmetrically oriented 
about both the drive and sense axes. 

DESCRIPTION OF THE DRAWINGS 
These, and other features of the present invention 

will be better understood by reading the following de 

65 

2 
tailed description, taken together with the drawings in 
which: 
FIG. 1 is a plan view of the micromechanical gyro 

scope with symmetric drive and sense axes of the pres 
ent invention, with drive and sense electrodes omitted 
for clarity; 

FIG. 2 is a top view of the micromechanical gyro 
scope with symmetric drive and sense axes according to 
the present invention, with drive and sense electrodes 
shown; and 
FIG. 3 is a cross sectional view of the symmetrical 

micromechanical gyroscope of the present invention 
taken along 19 lines 3-3 of FIG. 2. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The symmetrical micromechanical gyroscope 10, 
FIG. 1, according to the present invention includes an 
inertial mass 12 coupled to a mass support plate 14 
which is used to both drive (or torque) the gyroscope 
and to sense gyroscope position. Mass support plate 14 
and inertial mass 12 are supported by four flexures or 
flexural springs 16-22. The four flexures, together with 
the moment of inertia tensor, determine the resonant 
frequencies of the device. The flexures are in turn cou 
pled to gyroscope support frame 24. 

In the preferred embodiment, the symmetrical, ni 
cromechanical gyroscope of the present invention is 
fabricated from a single, unitary silicon substrate. The 
various structures such as the mass support plate 14 and 
the flexures 16-22 are fabricated by selective Boron 
doping and a subsequent anisotropic etching processes. 
Such fabrication techniques are well known to those 
skilled in the art and are discussed in greater detail in 
co-pending U.S. patent application Ser. No. 479,854 
assigned to the same assignee of the present invention 
and incorporated herein by reference. Although the 
preferred embodiment of the present invention is fabri 
cated from a single, unitary silicon substrate, this is not 
a limitation of the present invention as it is contem 
plated that such a device may be fabricated from quartz, 
or other materials such as polycrystalline silicon, silicon 
nitride, silicon dioxide, tungsten, nickel, silver or gold. 

Since the Boron diffusion process of the preferred 
embodiment often causes unequal or unbalanced shrink 
ing of the silicon lattice structure, strain relief slots 
26-32 may be provided proximate one end of flexures 
16-22, for relieving and equalizing tension on the flex 
ures. Each strain relief slot 26-32 may be individually 
sized and trimmed to selectively control tension on each 
of the flexures. Such a system and method for trimming 
the resonant frequency of a structure utilizing strain 
relief slots is disclosed in co-pending U.S. patent appli 
cation No. 470,938, assigned to the same assignee as the 
present invention, and incorporated herein by refer 
eCe. 

The operation of the symmetrical, micromechanical 
gyroscope of the present invention is generally identical 
to that of prior art gyroscopes. The inertial mass sup 
port plate 14 and inertial mass 12 are capacitively 
torqued and induced to vibrate about the Y axis 34 in 
the direction of arrow 36, at the resonant frequency of 
the structure. The input rate to be sensed is a rotation 
about the axis 38 as shown by arrow 40. The interaction 
of the input rate about the Z axis and the induced vibra 
tion about the Y or drive axis 34 create a Coriolis force 
about the X or sensa axis 42, which causes a vibration of 
the inertial mass 12 and mass plate 1423 about the X axis 
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in the direction of arrow 44. This vibration about the X 
axis 42 is sensed and the mass plate rebalanced to its null 
position, The voltage required to rebalance the gyro 
scope about the X axis is the measured output of the 
gyroscope, and is proportional to the input rate. 
The symmetry of the micromechanical gyroscope 

according to the present invention is achieved by ori 
enting the flexures 16-22 at generally a 45° angle to the 
drive and sense axes. For example, a first pair of flexures 
16-18 are each arranged at a 45° angle to the X or sense 
axis 42; while a second pair of flexures 20-22 are cou 
pled to a diametrically opposed side of the inertial mass 
support plate 14 and gyroscope frame 24 also at a gener 
ally 45° angle from the X or sense axis 42. 
The flexures are similarly symmetrically arranged 

about the drive or Y axis 34. For example, a new flexure 
pair comprising flexures 18 and 22 is attached to a first 
side of inertial mass support plate 14 and gyroscope 
support frame 24 whereby each of the flexures 18 and 22 
are arranged at generally a 45° angle from the drive or 
Y axis 34. A second new flexure pair comprised of flex 
ures 16 and 20 is disposed on a diametrically opposed 
side of the inertial mass support plate and gyroscope 
frame from flexures 18 and 22. Flexures 1623 and 20 are 
also disposed at 45° angles from the drive or Y axis 34. 
Thus, all four flexures 16-22 participate equally during 
rotation about both the X and Y axes 42,34, respec 
tively. This symmetry ensures that even if minor varia 
tions in spring constant occur due to either manufactur 
ing processes or work-hardening, the resonant frequen 
cies of the drive and sense axes of the gyroscope will 
remain identical. 
The symmetrical micromechanical gyroscope of the 

present invention provides a gyroscope wherein the 
resonant frequencies of the drive and sense axes will 
shift together and in equal amounts if temperature or 
other variables cause frequency drift, thus maintaining 
generally identical drive and sense resonant frequencies. 
Additionally, operation of the symmetrical, microme 
chanical gyroscope of the present invention at its reso 
nant frequency greatly reduces the drive voltage re 
quired to induce vibration in the inertial mass. Reduced 
drive voltage allows the gyroscope to operate with 
much higher sensitivity. Further, the new symmetric 
design of the micromechanical gyroscope of the present 
invention also eliminates inner flexure buckling prob 
lems which exist in the prior art and which is a constant 
problem with the current gimbaled gyroscope design. 
The symmetrical, micromechanical gyroscope of the 

present invention 50, FIG. 2, is shown in a top view 
wherein are schematically illustrated cantilevered drive 
electrodes 52,54 and sense electrodes 56,58. Operation 
of the symmetrical, micromechanical gyroscope of the 
present invention utilizing either electrostatic or elec 
tromagnetic drive and sense electronics, or combina 
tions thereof, is known to those skilled in the art and 
includes drive electronics 51 coupled to drive elec 
trodes 52,54 and sense electronics 55 coupled to sense 
electrodes 56.58. Computation electronics 53, respon 
sive to the drive and sense electronics, are provided to 
compute the amount of angular rotation about the input 
axis which is sensed by the gyroscope. An example of 
such electronics may be found in co-pending U.S. pa 
tent application No. 493,327 assigned to the same as 
signee as the present invention, and incorporated herein 
by reference. 

In addition to cantilevered or bridge drive and sense 
electrodes, buried electrodes disposed within gyroscope 
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4. 
support frame 24 under inertial mass support plate 14 or 
combinations of buried and cantilevered electrodes are 
contemplated by the present invention. Bridge elec 
trodes 52-58 are attached at one end to gyroscope sup 
port frame 24 and are cantilevered so as to provide at 
least a portion of the electrodes which extends over a 
portion of inertial mass support plate 14 shown in 
dashed lines. 

Perforations or holes 60 shown in this embodiment in 
the cantilevered electrodes 52-58, are provided to re 
duce squeeze-film damping. In an alternative embodi 
ment, the perforations may be provided in the area of 
inertial mass support plate 14 which underlies the canti 
levered electrodes 52-58. The perforations increase the 
mechanical quality factor of the gyroscope of the pres 
ent invention, and may allow operation of the gyro 
scope at atmospheric pressure, without a vacuum pack 
age. 
The micromechanical gyroscope of FIG.2 according 

to the present invention is shown in cross section in 
FIG. 3 wherein is shown sense electrodes 56 and 58 
coupled to gyroscope frame 24 through an isolation 
region 62 and 64. In one embodiment, the isolation 
regions include a dielectric material such as silicon diox 
ide, silicon nitride, combinations thereof, or other suit 
able materials such as boron or phosphorus doped glass. 
Additionally, isolation regions 62 and 64 may be formed 
by doping regions 62 and 64 with a P type dopant thus 
forming a PN junction isolation region between P re 
gions 62,64 and the N substrate of gyroscope support 
frame 24. Cantilevered sense electrodes 56 and 58 ex 
tend over a portion of inertial mass support plate 14. 

Inertial mass 12 is located on inertial mass support 
plate 14. In one embodiment, inertial mass 12 is approxi 
mately 100 microns high extending approximately 50 
microns on either side of inertial mass support plate 14 
as providing a center of gravity as shown approximately 
at point 66, in plane with the drive or Y axis 34 and the 
sense or X axis 42 Inertial mass 12 may be formed by 
plating a heavy metal such as gold or other suitable 
materials, onto inertial mass support plate 14. 

In the preferred embodiment, it is proposed to oper 
ate the symmetrical, micromechanical gyroscope of the 
present invention at a resonant frequency of approxi 
mately 10 KHz with a 10 volt drive voltage. The equa 
tions of motion of the symmetrical, micromechanical 
gyroscope of the present invention are almost identical 
to the equations of motion for the prior art gimbaled 
gyroscope. The angular momentum, In, about the X, Y, 
and Z axes are defined as follows: 

The input rotation rate to be sensed is (). Therefore, 
the equation of motion about the Y (drive) axis is: 

18+kD8+ k 0 = 7 = typCOS(ori) 4. 

where kDis the damping co-efficient, k is the rotational 
spring constant of the flexures, Ty is the applied drive 
torque, and Typ is the peak value of the applied torque. 
Assuming that the inertial mass and inertial mass plate 
are driven at their resonant frequency 
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then equation 4 becomes 

creat 

s f Typsin(a)ri) 
jukD ckD r 

10 

It should be noted that there is a -t/2 phase shift 
between applied torque and motion at the resonant 
frequency. By symmetry, the result for the X axis is: 

5 

The prior art gimbaled gyroscope drive axis is gener 
ally operated below resonant frequency where the drive 
impedance is dominated by the spring constant of the 
flexures. The the drive torque is proportional to the 
square of the drive voltage. In contrast, the symmetri 
cal, micromechanical gyroscope of the present inven 
tion requires a much lower drive voltage, lower by a 
factor of the square root of Q to yield: 

20 

25 

Vdrive. DRC. (a.kD8) 7. 

The torque about the sense or X axis is an interaction 30 
between the input rate about the Z axis, coz, and the 
oscillating angular momentum vector about the drive or 
Y axis. The resulting torque is: 

7, = (1 - ly-I-69-E 16,9. S. 

where the quantity I is given by: 

I = 2 i? Zpdf 9. 

Combining equation 8 with equation 6 yields: 

10 1602 
6 = kD 

45 

The open-loop sensitivity of the symmetrical, mi 
cromechanical gyroscope is the ratio of the sense angle 
to the input rate according to the formula: 

50 

Sol = , = , 

The closed-loop sensitivity is expressed as the ratio of 
the rebalance torque (equal to the coriolis interaction 55 torque) to the input rate according to the formula: 

t 
SCL as Z = 16, = jo-Iey. 

Modifications and substitutions by one of ordinary 
skill in the art are considered to be within the scope to 
the present invention, which is not to be limited except 
by the claims which follow. 

I claim: 
1. A symmetrical, micromechanical gyroscope, for 

detecting rotational movement about an input axis, 
comprising: 

65 

6 
a gyroscope support frame including a cavity above 
which is suspended an inertial mass; 

first and second pairs of flexures suspending said mass 
above said cavity; 

said first pair of flexures including first and second 
flexible elements, each of said flexible elements 
including a first end coupled to a first side of said 
mass, and a second end coupled to a first portion of 
said support frame, each of said first and second 
flexible elements oriented generally at a 45° angle 
from a sense axis; 

said second pair of flexures including third and forth 
flexible elements, each of said flexible elements 
including a first end coupled to a second side of 
said mass diametrically opposed from said first side 
of the mass, and a second end coupled to a second 
portion of said support frame, diametrically op 
posed from the first portion of said support frame, 
said third and forth flexible elements oriented gen 
erally at a 45° angle from said sense axis; 

a drive axis, about which said inertial mass is induced 
to vibrate in response to an applied drive signal, 
said drive axis coplanar with and orthogonal to said 
sense axis; 

means for driving said hydroscope about said drive 
axis; 

means for sensing rotation of said inertial mass about 
said sense axis; and 

wherein each flexible element of said first and second 
pair of flexures is oriented generally at a 45° angle 
from said drive axis, for providing a micromechani 
cal gyroscope with flexures coupling said inertial 
mass which are symmetrically oriented about both 
said drive and sense axes. 

2. The gyroscope of claim 1 wherein said first and 
second pairs of flexures are generally co-planar with a 
surface of said gyroscope support frame, with at least a 
portion of a surface of said inertial mass, and with said 
sense and drive axes. 

3. The gyroscope of claim 1 wherein said gyroscope 
support frame, inertial mass, and first and second pairs 
of flexures are fabricated from a single silicon substrate. 

4. The gyroscope of claim 3 wherein said cavity is 
formed by anisotropic etching of said silicon substrate. 

5. The gyroscope of claim 1 wherein said inertial 
mass includes a structure extending above and below 
the planar surface of said gyroscope support frame. 

6. The gyroscope of claim 5 wherein said inertial 
mass is formed by plating. 

7. The gyroscope of claim 1 further including a plu 
rality of strain relief slots disposed proximate one end of 
each of said first and second pairs of flexures. 

8. The gyroscope of claim 1 wherein said at least one 
means for driving includes a drive electrode and said at 
least one means for sensing includes at least one sense 
electrode. 

9. The gyroscope of claim 8 wherein said drive and 
sense means are buried electrodes or bridge electrodes. 

10. A symmetrical, micromechanical gyroscope fabri 
cated from a single unitary silicon substrate, for detect 
ing rotational movement about an input axis, compris 
ing: 

a gyroscope support frame including a cavity within 
which is suspended an inertial mass; 

first and second pair of flexures suspending said mass 
within said cavity; 

said first and second pair of flexures generally co-pia 
nar with a surface of said gyroscope support frame 
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and with a sense axis about which rotational move- a drive axis, about which said inertial mass is induced 
ment of said inertial mass may be sensed; 

said first pair of flexures including first and second 
flexible elements, each of said flexible elements 

to vibrate in response to an applied drive signal, 
said drive axis co-planar with and orthogonal to 
said sense axis; 

including a first end coupled to a first side of said 5 wherein each flexible element of said first and second 
mass, and a second end coupled to a first portion of 
said support frame, each of said first and second 
flexible elements oriented generally at a 45° angle 
from said sense axis; 

said second pair of flexures including third and forth 10 

pair of flexures is oriented generally at a 45° angle 
from said drive axis, for providing a micromechani 
cal gyroscope with flexures supporting said inertial 
mass which are symmetrically oriented about both 
said drive and sense axes; 

flexible elements, each of said flexible elements drive means, for driving said gyroscope about said 
including a first end coupled to a second side of drive axis; 
said mass diametrically opposed from said first side sense means, for sensing rotation of said inertial mass 
of the mass, and a second end coupled to a second about said sense axis; and 
portion of said support frame, diametrically op- 15 means, responsive to said drive and sense means, for 
posed from the first portion of said support frame, 
said third and forth flexible elements oriented gen 
erally at a 45° angle from said sense axis; 

20 
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calculating the rotation of said gyroscope about 
said input axis, 
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UNITED STATES PATENT AND TRADEMARK OFFICE 
CERTIFICATE OF CORRECTION 

PATENT NO. : 5,203,208 
DATED April 20, 1993 
INVENTOR(S); Jonathan J. Bernstein 

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby 
corrected as shown below: 

column 1 line 24, "Plate" should read --plate--. 

column 2, line 13, "along 19 lines" should read 
--along lines--. 

M - 

column 2, line 67, "sensa" should read -sense. 

column 2, line 68, "plate 14 23 about" should read plate 14 
about--. 

Column 3, line 24, "Flexures 16 23 and 20" should read 
--Flexures 16 and 20--. 

Column 5, line 28, in equation 7, "178" should read -1/2 . 
Column 5, line 31, "G," should read --, - . 

column 6, line 25, "hydroscope" should read --gyroscope. 

Signed and Sealed this 
Twenty-sixth Day of April, 1994 

(a teen 
BRUCE LEHMAN 

Attesting Officer Commissioner of Patents and Trademarks 
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Adverse Decisions In Interference 

Patent No. 5,203.208, Jonathan J. Bernstein, SYMMETRICAL MICROMECHANICAL GYRO 
SCOPE, Interference No. 103,908, final judgment adverse to the patentee rendered November 18, 1999. 
as to claims 1-10. 

(Official Gazette February 15, 2000) 
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