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HIGH Q ANGULAR RATE SENSING 
GYROSCOPE 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

RELATED APPLICATIONS 

This application claims priority from Patent Cooperation 
Treaty application no. PCT/US00/25318, ?led on Sep. 14, 
2000, which is itself a Continuation-in-Part of US. patent 
application Ser. No. 09/397,718 ?led Sep. 16, 1999. In addi 
tion, US. patent application Ser. No. 09/880,433 ?led on 13 
Jun. 2001 is a divisional application of US. patent application 
Ser. No. 09/397,718. 

FIELD OF THE INVENTION 

The present invention is drawn to an angular rate sensor of 
the type utilizing an oscillating resonating element. More 
speci?cally, the present invention is drawn to the shape and 
placement of actuators and pick-offs upon resonating ele 
ments of angular rate gyroscopes. 

BACKGROUND OF THE INVENTION 

Rate gyroscopes operate on the principle of inertia. Stand 
ing waves are excited in a resonating element to produce a 
desired mode of oscillation having a predetermined number 
of nodes. The oscillations have an amplitude, a frequency, and 
an inherent oscillatory inertia that is independent of the linear 
and rotational inertia of the gyroscope itself. When the reso 
nating element is rotated about its sensing axis, the oscilla 
tions will in large part maintain their absolute spatial orien 
tation. However, in maintaining their absolute spatial 
orientation, the nodes that de?ne the desired mode of oscil 
lation will rotate with respect to the physical structure of the 
resonating element. This rotation of the nodes is proportional 
to the physical rotation applied to the resonating element. 
Taking advantage of this phenomenon, it is possible to mea 
sure the rate of rotation and determine the magnitude and 
direction of the rotation that the resonating element has been 
subjected to about its sensitive axis. 

Solid-state gyroscopes based on the principle described 
above are capable of sensing rotation only, and then only 
about a single axis. To obtain information su?icient to deter 
mine the relative attitude of a body, it is necessary to group at 
least three such gyroscopes in an orthogonal relationship 
covering the x, y, and Z Cartesian axes. 

DESCRIPTION OF THE PRIOR ART 

One well-known type of angular rate sensor comprises 
piezoelectric ceramic crystals in a paired tuning fork arrange 
ment. Examples of this type of angular rate sensor are shown 
in US. Pat. No. 4,628,7734 to Watson and US. Pat. No. 
4,671,112 to Kimura. In this type of sensor a pair of drive 
elements are energized to induce a controlled vibration 
therein. The drive elements are arranged such that the oscil 
lations induced are in a single plane. Sensing elements are 
coupled to the ends of the drive elements and oscillate along 
with the drive elements in the single plane. However, the 
sensing elements are arranged so that ?exure of the sensing 
elements will take place only in a plane perpendicular to the 
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2 
plane of vibration of the driving elements. The application of 
a rotational force to the vibrating sensor elements in the 
perpendicular plane induces a sensed output signal that may 
be monitored and ?ltered to characterize the angular rate of 
change of the sensing object to which the sensing elements 
are mounted. Though the tuning fork type of angular rate 
sensor attempts to isolate the sensing elements from the drive 
elements by rotating the sensing elements 900 from the drive 
elements, small bending forces due to the oscillation of the 
drive elements are imposed upon the sensing elements. These 
undesirable bending forces create voltage signals that may 
degrade the signal to noise ratio of the voltage output of the 
sensing elements and may indicate falsely that the angular 
rate sensor is being rotated about its sensitive axis. 

Another type of angular rate sensor utilizes a cup or bell 
shaped resonator that is forced to oscillate in known manner. 
One such sensor is shown in US. Pat. No. 5,218,867 to 
Varnham, et al. See FIGS. 1-3. The cup portion of the Varn 
ham resonator is supported upon a stem that is in turn secured 
to the chassis of the sensor. Varnham utilizes a pair of actua 
tors arranged at an angle of 450 to one another to induce a 
desired mode of oscillation in the resonator. The resonator 
itself is fabricated from a piezoelectric ceramic material and 
the actuators are thin or thick ?lm conductive materials that 
are applied directly to the wall of the resonator in a known 
manner. In order to sense a rate of rotation, the Varnham 
device provides a pair of pick-offs, identical in construction to 
the actuators and applied to the resonator in diametric oppo 
sition to the pair of actuators. An actuator drive network acts 
through the actuators to impose a phase locked voltage wave 
form upon the resonator, thereby causing the resonator to 
assume a desired mode of oscillation. The pick-offs sense 
variations in the desired mode of oscillation caused by angu 
lar rotation of the sensor. The signals from the pick-offs are 
demodulated using the imposed driving voltage waveform. 
The resulting signal is proportional to the angular rate of 
rotation of the sensor and by integrating the resulting signal 
over time, one can determine the actual angle through which 
the sensor has rotated. The angle of rotation is, in turn, used by 
the actuator drive network to modify the waveform being 
imposed upon the resonator to bring the resonator back to the 
desired mode of oscillation. 

Problems with angular rate sensors of the type patented by 
Varnham include a relatively low Q value, low sensitivity, and 
low accuracy. For instance, the actuators and pick-offs of 
prior art devices such as the Varnham device, are uniformly 
large patches of conductive material applied to the resonator 
in a manner such that the actuators and pick-offs span a wide 
range of stresses in the resonator walls. Because piezoelectric 
voltages are generally proportional to the stress in a piezo 
electric material, a voltage applied across a region subject to 
a range of stresses causes the areas of differing stress within 
the piezoelectric material to work against one another, 
thereby reducing the Q value of the resonator. Likewise, a 
voltage measured across a wide range of stresses is more 
likely to be an average of the voltages produced in the reso 
nator at each of the stress gradients that a pick-off crosses. 

In addition, the application of actuators and pick-offs 
across a range of stresses, in combination with non-uniform 
voltage responses in the piezoelectric materials, make it more 
dif?cult to force the resonator to oscillate in its desired mode. 
In order to ensure the proper oscillation, much more energy is 
expended in the correction of the vibrations, thereby lowering 
the Q value of the resonator. The Q value of a vibrating system 
is the ratio of the magnitude of the total energy of a vibrating 
system to the magnitude of the energy added to the system 
during each oscillatory cycle. 
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The large size of the conductive patches of the pick-offs 
contributes to the loW accuracy of rate gyroscopes of the type 
patented by Varnham. FIG. 3 illustrates prior art pick-off and 
actuator conductors C having large surface areas of the type 
described by Varnham. Piezoelectric materials are not uni 
form in their voltage response and therefore it is frequently 
the case that a pick-off having a large surface area Will sense 
net voltages skeWed by an uneven voltage response of the 
piezoelectric material. The larger the area of coverage of the 
pick-off, the more likely it is that the voltages sensed by the 
pick-offs Will comprise a signi?cant signal due to uneven 
voltage response of the piezoelectric material of the resona 
tor. And because the actual voltages sensed by the pick-offs 
are quite small, voltage signal components due to uneven 
voltage responses frequently alter the signal to noise ratio of 
the sensed voltages to an extent that makes it dif?cult to 
determine accurately the rate and magnitude of rotation of the 
gyroscope. Furthermore, because it is also frequently the case 
that the voltage response of respective areas of the piezoelec 
tric materials that make up a resonator may vary indepen 
dently With changes in the ambient temperature of the oper 
ating environment of the gyroscope, the noise to signal ratio 
of the sensed voltages may become further degraded. 
A further problem can arise because, in general, piezoelec 

tric materials are made up of many individual crystals that 
have been sintered together and given a particular polarity by 
the application of a strong DC voltage. Where this polariza 
tion is performed over a discrete area of the piezoelectric 
material, such as over the surface of the resonator covered by 
the conductive patches of the actuators and pick-offs, the 
polarization of the material at the edges of the discrete area 
Will not be in the desired direction and Will therefore generate 
irregular voltage responses. In addition, it is not uncommon 
that the piezoelectric material of the resonator Will be subject 
to irregular stresses or ?exure. The combination of irregular 
stresses or ?exure With uneven edge polarization may cause 
severe ?uctuations in the accuracy and sensitivity of the angu 
lar rate sensor and may also loWer the Q value of the system. 

In addition to the problems mentioned above, it is knoWn to 
make electrical connections betWeen actuators and pick-offs 
on a resonator and the associated sensing and ?ltering elec 
tronics, using ?ne Wires 23 as connectors. See FIG. 1. These 
Wires 23 are connected at each end but otherWise unsupported 
therebetWeen. The Wire used in making these connections 
must be extremely ?ne so as to avoid interfering With the 
vibrations set up in the resonator. The small size of the con 
nection Wires 23 makes them Weak and prone to frequent 
failure due to applied forces and internal stresses resulting 
from the ultrasonic Wedge bonding processes that are typi 
cally used to make such small electrical connections. In addi 
tion, the use of solder or solder-like materials on the resonator 
at the physical contact betWeen the Wire 23 and the resonator 
tend to interfere With the inducement and maintenance of the 
desired mode of oscillation, thereby loWering the Q factor of 
the system. 

OBJECTIVES OF THE INVENTION 

Therefore, it is an objective of the present invention to 
provide a uniformly polarized piezoelectric resonator. It is 
another object of the present invention to improve the accu 
racy and Q value of the resonator by providing a plurality of 
actuators that are contoured to conform to areas of substan 
tially uniform stress in the Walls of the resonator and Which 
are located on the resonator so as to maximize the ?exure of 
the resonator Wall per unit volt applied to the resonator. Simi 
larly, it is yet another object of the invention to suppress 
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4 
unWanted modes of oscillation through the proper arrange 
ment of actuators and pick-offs on the piezoelectric resonator. 
Another objective of the present invention is to provide a 
pick-off structure that minimizes error due to undesirable 
stresses and deformations present in a resonating element. 
Another objective is to reduce the inherent variations in out 
put voltage sensed at the nodal pick-offs due to ?uctuations in 
the environmental conditions in Which the gyroscope is oper 
ating. Yet another objective is to provide more reliable elec 
trical connections betWeen the actuators and pick-offs and the 
electronics used to ?lter and process the electrical signals 
received from and sent to the actuators and pick-offs, respec 
tively. 

SUMMARY OF THE INVENTION 

With the aforesaid background in mind, improved pick-off 
and actuator conductors have been developed Which mini 
mize error in the angular rate of change reported by an angular 
rate sensing gyroscope. Furthermore, angular rate sensing 
gyroscopes incorporating the present invention have a more 
uniform voltage response and are provided With conductive 
leads that are relatively resistant to damage. 
An angular rate sensing gyroscope constructed according 

to the present invention comprises a resonating element that is 
arranged and constructed to output voltage signals propor 
tional to a level of stress induced therein, means for imposing 
a predetermined mode of oscillation upon the resonating ele 
ment, a voltage pick-off conductor on the surface of the 
resonating element that is arranged and constructed to sense 
stress-induced voltage signals outputted by the resonating 
element, and means for processing the voltage signals sensed 
by the pick-off conductor. The pick-off is applied to an area of 
the surface of the resonating element Where the stress in the 
shell Wall is minimal and preferably substantially zero When 
the gyroscope is rotationally stationary. Consequently, any 
voltage signals sensed by the pick-off conductor are indica 
tive of the rate at Which the gyroscope is rotating. 
A resonating element according to the present invention is 

characterized by the ability to vibrate in a predetermined 
mode of oscillation de?ned by a plurality of stable nodes and 
anti-nodes. Actuator conductors of the present invention are 
applied to the surface of said resonating element substantially 
at the anti-nodes and pick-off conductors are applied substan 
tially at the nodes. The advantageous arrangement of the 
actuator and pick-off conductors on the anti-nodes and nodes, 
respectively, results in a more sensitive and e?icient angular 
rate sensing gyroscope. 
The actuator conductors of the present invention are 

applied to the resonating element at predetermined locations 
upon the surface of the resonating element that are de?ned by 
boundaries that are congruent With areas of the resonating 
element that are subject to substantially uniform levels of 
stress When the gyroscope is rotationally stationary. Altema 
tively, the areas to Which the actuator conductors are applied 
are demarcated by at least one stress gradient line that de?nes 
an area of substantially uniform stress present in the resonat 
ing element When the gyroscope is rotationally stationary. 
Essentially, the edges of the actuator conductors are congru 
ent With the stress gradient contour lines that identify areas of 
substantially uniform stress in the resonating element. Often 
it is helpful for at least one of the actuator conductors to 
comprise tWo vertically symmetrical halves. These sym 
metrical halves are electrically isolated from one another and 
are independently electrically connected to a drive circuit that 
is constructed and arranged to apply a predetermined 
sequence of voltage signals to the resonating element through 
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the actuators so as to impose a predetermined mode of oscil 
lation upon said resonating element. 

Because the siZe of a gyroscope constructed according to 
the present invention may vary greatly in siZe With each 
particular application, it is preferred to specify the general 
dimension of the actuators, pick-offs and leads in terms of a 
percentage of the diameter of the resonating element. In one 
embodiment the vertical and horiZontal dimensions of the 
actuators are approximately 20% and 40% of the diameter of 
the resonating element, respectively. In this embodiment, a 
resonating element having a diameter of approximately 0.750 
inches has an actuator conductor that is approximately 0.150 
inches high and spans approximately 0.30 inches. This actua 
tor conductor is disposed upon the surface of the shell Wall 
symmetrically about the anti-node. The upper and loWer 
boundaries of this actuator conductor are substantially con 
gruent to stress gradient contour lines that delineate a line of 
substantially uniform stress in the shell Wall. 

Placement of the pick-off conductors at the nodes of the 
resonating element ensures that the pick-off conductors Will 
sense a net voltage signal of substantially Zero When the 
gyroscope is rotationally stationary. But Where due to geo 
metric or voltage response discontinuities the net voltage 
signal sensed by the pick-off conductor When the gyroscope is 
rotationally stationary is not substantially Zero, a balancing 
conductor may be applied to the surface of the resonating 
element in conductive communication With the pick-off con 
ductor. Balancing conductors are arranged and constructed to 
Zero any net voltage signals sensed by the voltage pick-off 
conductor When the resonating element of the gyroscope is 
rotationally stationary. One embodiment of the present inven 
tion includes a pick-off having a Width that is between 4% and 
8% of the diameter of the resonating element. 
The resonating element may be any of a number of suitable 

shapes. Speci?c examples of resonating elements include, but 
are not limited to, cylinder-, ring-, and bar-shaped structures. 
The bar-shaped structures that may be used as a resonating 
element have a polygonal cross section. One particular 
example of a suitable bar-shaped resonating element is a 
triangular prism having three longitudinal sides With each 
longitudinal side having applied thereto a conductive ele 
ment. In this example, tWo of the three conductive elements 
are used as pick-off conductors and the third is the actuator 
conductor. Another example of a suitable resonating element 
is a curvilinear axi-symmetric shell fashioned from a pieZo 
electric material. 

The present invention may also be adapted for use With an 
angular rate sensing gyroscope of a type comprising a ring 
suspended from a support structure in a magnetic ?eld by a 
plurality of leg members. This ring shaped resonating ele 
ment is capable of vibrating at a resonant frequency that is 
de?ned by a plurality of vibratory nodes and anti-nodes as is 
more completely described beloW. The ring is further pro 
vided With a plurality of pick-off conductors that are arranged 
to sense electrical currents indicative of the rate of rotation of 
the gyroscope. These rotation-indicating currents are induced 
in the pick-off conductors by movement of the ring and con 
ductors through the magnetic ?eld When the ring is de?ected 
by rotation of the gyroscope. A plurality of actuator conduc 
tors is also arranged on the ring so as to pass currents through 
the magnetic ?eld, thereby inducing resonant vibrations in the 
ring. In such a rate sensing gyroscope, the present invention 
embodies an improvement that comprises supporting the ring 
from a plurality of pairs of leg members. The leg members are 
located adjacent to and symmetrically bracket the nodes of 
the ring. Pick-off conductors are arranged upon the leg mem 
bers so as to form a loop, each pick-off conductor being 
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6 
applied doWn one of the leg members of a pair of leg mem 
bers, across the portion of the ring intermediate the pair of leg 
members, and up the remaining leg member of the pair of leg 
members. This arrangement advantageously centers the por 
tions of the pick-off conductors on the ring symmetrically 
about the respective nodes of the ring. Likewise, a plurality of 
actuator conductors are arranged in a loop, being disposed 
doWn a leg member of a ?rst pair of leg members, along the 
ring intermediate the ?rst pair of leg members and a second 
pair of leg members, and up a leg member of the second pair 
of leg members nearest the ?rst pair of leg members. This 
arrangement also permits the actuator conductors to be cen 
tered symmetrically about the respective anti-nodes of the 
ring. The respective conductor loops formed by the pick-off 
and actuator conductors are, in turn, electrically connected to 
circuit means for operating the gyroscope. 

In this embodiment of the present invention, each node and 
anti-node of the ring may be provided With a pick-off con 
ductor or actuator conductor, respectively. HoWever, there is 
no requirement that each of the nodes and anti-nodes have a 
conductor associated thereWith. Furthermore, it may be desir 
able to extend the pick-off conductors and actuator conduc 
tors around substantially the entire circumference of said 
ring, though again there is no such absolute requirement. 

In a tuning fork type angular rate sensing gyroscope com 
posed of vibrator components Which include a pair of parallel 
pieZoelectric drive elements and a pair of parallel pieZoelec 
tric sensing elements joined together in respectively orthogo 
nal planes, a plurality of leads electrically connected to the 
drive and detection elements, and a plurality of lead terminals 
electrically connected to the leads, a voltage pick-offconduc 
tor according to the present invention is disposed on the 
surfaces of each of the sensing elements. These pick-off con 
ductors are arranged and constructed to sense stress-induced 
voltage signals outputted by the resonating element that is 
indicative of a rate of rotation of the angular rate sensing 
gyroscope. The pick-off conductors are applied to areas of the 
surface of the sensing elements that are subject to substan 
tially Zero or minimal stress When the angular rate sensor is 
rotationally stationary. The voltage pick-off conductors pro 
vide electrical pathWays from the sensing elements to the 
leads. 

In another embodiment of the present invention, a resonat 
ing element having a polygonal cross-section has a predeter 
mined number of improved conductive elements applied to 
the sides or faces thereof. The conductive elements are 
applied to the resonating element at areas of the sides or faces 
that are subject to drive motion stress Which, When differen 
tially sensed, is substantially Zero or minimal When angular 
rate sensing gyroscope is rotationally stationary. The conduc 
tive elements of this embodiment may further be provided 
With a voltage balancing conductor applied to the resonating 
element in electrical communication With the conductive ele 
ments so as to Zero or minimize net voltage signals sensed by 
said conductive elements When the angular rate sensing gyro 
scope is rotationally stationary. It is important to note that 
differential sensing using conductive elements that are 
applied to substantially the entire length of the resonating 
element tends to damp out uniformly applied disturbances to 
the resonating element such as vibrations and magnetic ?elds. 

Another manner of ensuring that a resonating element Will 
oscillate in a desired mode is to physically damp out 
unWanted modes of oscillation. This may be accomplished by 
altering the geometry or structure of the resonating element at 
predetermined locations upon the element. This manner of 
physical damping of oscillations is particularly, but not exclu 
sively, applicable to axi-symmetric type resonating elements 



US RE42,731 E 
7 

such as the ring- and the cylinder-shaped elements. With 
regard to the ring- and cylinder-shaped resonating elements, 
the speci?c means of physically damping out unwanted 
modes of oscillation may comprise thickening the Walls or 
cross sections of these resonating elements at the anti-nodes 
thereof. 

Rate sensing gyroscopes are more accurate When the 
pieZoelectric material of the resonating element has a uniform 
voltage response. A method of improving the uniform voltage 
response of a pieZoelectric resonating element at a predeter 
mined location of a solid resonating element having ?rst and 
second opposing surfaces begins With the step of applying a 
thick or thin ?lm conductor to the entire ?rst surface of the 
resonating element. Next, an applied ?lm conductor is 
applied to the entire second surface of the resonating element. 
The respective applied ?lm conductors are then connected to 
a DC voltage source that applies a DC voltage of predeter 
mined strength across the respective applied ?lm conductors 
so as to uniformly modify the voltage response of the pieZo 
electric material of the resonating element over substantially 
the entire area of the pieZoelectric material located betWeen 
the respective applied ?lm conductors. Finally, predeter 
mined portions of the respective applied ?lm conductors are 
removed to create a plurality of discrete applied ?lm conduc 
tors arranged upon one or both of the surfaces of the resonat 
ing element as described above. 

The useful life of a rate gyroscope comprising an axi 
symmetrical resonating element is greatly improved by pro 
viding a plurality of applied ?lm conductor leads Which 
extend from each of the actuator conductors and pick-off 
conductors arranged upon the surface of the resonating ele 
ment, to the base portion of the resonating element. The 
applied ?lm conductor leads electrically connect the actuator 
conductors and pick-off conductors to circuitry for operating 
the angular rate sensing gyroscope. The use of applied ?lm 
conductor leads in the place of ?ne Wires reduces the amount 
of failures due to stress fracture of the Wires. A suitable 
applied ?lm conductor lead has a Width betWeen 1% and 4% 
of the diameter of the resonating element to Which it is 
applied. Preferably, the electrical connections betWeen the 
applied ?lm conductor leads and the drive circuitry of the 
gyroscope are made at the base of the resonating element 
Where there is substantially no vibration in the resonating 
element. 

These and other objects and advantages of the invention 
Will become readily apparent as the folloWing description is 
read in conjunction With the accompanying draWings Wherein 
like reference numerals have been utiliZed to designate like 
elements throughout the several vieWs Wherever possible. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional vieW of an aXi-symmetric shell 
of the prior art used as a resonating element in a rate integrat 
ing gyroscope shoWn in relation to a chassis for supporting 
the shell; 

FIG. 2 is a schematic illustration of the preferred mode of 
oscillation of the upper edge of the aXi-symmetric shell of 
FIG. 1; 

FIG. 3 is an elevation of the prior art aXi-symmetric shell of 
FIG. 1 illustrating the placement of conductors C thereon; 

FIG. 4 is a perspective vieW of an aXi-symmetric shell 
similar to that illustrated in FIG. 1 having actuators and pick 
offs constructed and arranged according to the present inven 
tion applied thereto; 

FIG. 4a is a perspective vieW of an aXi-symmetric shell 
similar to that illustrated in FIG. 1 shoWing an additional 
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8 
embodiment of actuators and pick-offs constructed and 
arranged according to the present invention applied thereto; 

FIG. 5 is a schematic representation of the arrangement of 
stress gradients Within the Walls of the resonator illustrated in 
FIG. 4; 

FIG. 5a is a schematic representation of the arrangement of 
stress gradients Within the Walls of the resonator illustrated in 
FIG. 4a; 

FIG. 6 is projection of the Walls of the aXi-symmetric shell 
illustrated in FIG. 4; 

FIG. 6a is projection of the Walls of the aXi-symmetric shell 
illustrated in FIG. 4a; 

FIG. 7 is a top plan vieW of an aXi-symmetric shell having 
Weights applied to the Walls at the anti-nodes of the shell; 

FIG. 8 is a top plan vieW of an aXi-symmetric shell having 
thickened Walls at the anti-nodes of the shell; 

FIG. 9 is a plan vieW of a prior art resonating element of an 
oscillating ring rate gyroscope; 

FIG. 10 is a detailed schematic vieW of a pair of legs of the 
prior art oscillating ring rate gyroscope of FIG. 9; 

FIG. 11 is a sectional side vieW of the prior art oscillating 
ring rate gyroscope of FIG. 9; 

FIG. 12 is a plan vieW of a resonating element of an oscil 
lating ring gyroscope arranged and constructed according to 
the present invention; 

FIG. 13 is a top plan vieW ofan oscillating ring gyroscope 
having thickened cross-sections at the anti-nodes of the ring; 

FIG. 14 is a schematic representation of individual grains 
of a pieZoelectric material shoWing the random nature of the 
polarity of the grains; 

FIG. 15 is a schematic representation of a prior art method 
of polariZing the grains of a pieZoelectric material; 

FIG. 16 is a schematic representation of the uniform polar 
iZation of the grains of a pieZoelectric material according to 
the present invention; 

FIG. 17 is a schematic representation of the uniformly 
polariZed grains of a pieZoelectric material Wherein a portion 
of the applied ?lm conductor used to uniformly polariZe the 
pieZoelectric material has been etched aWay to form an actua 
tor or pick-off according to the present invention; 

FIG. 18 is a partial cut-aWay perspective vieW of a prior art 
turning fork type of rate gyroscope; 

FIG. 19 is a close up, partial cut-aWay perspective vieW of 
the sensing elements of a tuning fork type rate gyroscope 
having pick-off conductors constructed and arranged accord 
ing to the present invention; 

FIG. 20 is a perspective vieW of a bar type resonating 
element of a prior art angular rate sensing gyroscope; 

FIG. 21 is an end vieW of the prior art angular rate sensing 
gyroscope of FIG. 12; and 

FIG. 22 is a perspective vieW of a bar type resonating 
element of an angular rate sensing gyroscope having pick-off 
conductors constructed and arranged according to the present 
invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The preferred embodiment of the present invention may be 
used in conjunction With various types of resonating elements 
used in rate gyroscopes. HoWever, the preferred embodiment 
of the present invention Will be most fully described as 
applied to an aXi-symmetric shell 10 such as the shell illus 
trated in FIGS. 1, 3-5a. Such a shell 10 may be caused to 
vibrate at a resonant frequency having a preferred mode of 
oscillation that is characterized by tWo nodal diameters (n:2) 
as illustrated in FIG. 2. It is to be understood that the improve 
ments disclosed herein may have application outside of the 
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speci?c embodiments described herein and are therefore not 
to be limited to just these embodiments. 

Referring ?rst to FIGS. 1, 3-5a, the shell 10 of the preferred 
embodiment is generally cylindrical and has an axis of sym 
metry indicated at 12. The upper portion of the shell 10 is a 
holloW cylinder having a relatively thin Wall 14 With an upper 
edge 16. The loWerpor‘tion or stem 15 of the shell supports the 
upper portion of the shell 10 and is arranged to be received 
Within a base 20. The base 20 is in turn arranged to secure the 
shell 10 to a sensor chassis (not shoWn) and provides electri 
cal leads 22 Which are connected by thin Wires 23 to a plu 
rality of conductors C that are applied to the surface of the 
shell 10 to the electrical components of the sensor. O-rings 24 
on base 20 aid in isolating the shell 10 from external inputs 
such as vibrations that exist in the sensor chassis. 
The shell 10 is fashioned of a pieZoelectric material so that 

deformation or ?exure of the shell 10 Will produce a charge or 
voltage signal and a voltage signal imposed on the shell 10 
Will produce a deformation or ?exure in the shell 10. 

The preferred mode of oscillation for the axi-symmetric 
shell 10 is illustrated in FIG. 2. The upper edge 16 of the shell 
10 oscillates at its loWest resonant frequency betWeen a ?rst 
nodal diameter indicated at 26 and a second nodal diameter 
indicated at 28. As can be seen in FIG. 2, at each nodal 
diameter 26, 28 the upper edge 16 of the shell assumes the 
shape of an ellipse. In this preferred mode of oscillation, the 
upper edge 16 of the shell 10 has four nodes N and four 
anti-nodes A. The anti-nodes A are located at the points of 
maximum de?ection in the upper edge 16 of the shell 10, i.e. 
at the ends of the tWo nodal diameters 26, 28, and the nodes N 
are at the points of Zero de?ection. The nodes N and anti 
nodes A are spaced at 450 from one another, respectively. 
When the shell 10 oscillates at its resonant frequency as 

illustrated in FIG. 2, the pieZoelectric material of the Wall 14 
directly at the nodes N is not ?exed to any signi?cant degree 
and subsequently, the charge signals sensed at the nodes N are 
minimal or preferably substantially Zero. Conversely, the 
pieZoelectric material of the Wall 14 at the anti-nodes A is 
?exed during oscillation at the resonant frequency and hence, 
a relative large charge signal may be produced. Understand 
ably, stresses are produced in the Wall 14 of the shell 10 during 
oscillation. These stresses are relative to the magnitude or 
amplitude of the deformations in the pieZoelectric material of 
the Wall 14 of the shell 10. FIGS. 5 and 5a schematically 
illustrate hoW these stresses are arranged in an axi-symmetric 
shell 10 oscillating as illustrated in FIG. 2. Note that the actual 
stress patterns set up in the Wall 14 of the shell 10 may differ 
from the schematic illustration of FIGS. 5 and 5a depending 
on the structure, material and most of oscillation of the shell 
10. 

In FIGS. 5 and 5a, lines 18 are contour lines that identify 
stress gradients set up in the Wall 14 of the shell 10 by the 
deformations of the shell 10 during oscillation. By de?nition, 
the deformations and subsequent stresses in the Wall 14 at 
nodes N are substantially Zero or, at the very least, are mini 
mal With respect to the much greater deformations and 
stresses present at the antinodes A. The Wall 14 at anti-nodes 
A is subjected to large deformations and hence, a great deal of 
stress, With the level of stress becoming greater approaching 
the upper edge 16 of the shell 10. The Wall 14 of the shell 10 
is essentially ?xed at its base and free to be de?ected near the 
upper edge 16 thereof. Near the base of the Wall 14, the 
deformation of the Wall 14 is exceedingly small, hoWever, due 
to the interplay of both bending and stretching forces in the 
shell Wall 14, the amount of stress at the base of the shell Wall 
14 may be higher than Would be expected of this location if it 
Were subjected to bending stresses alone. 
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As can be seen in FIG. 5, for this mode of oscillation, i.e. 

n:2, the stresses in the pieZoelectric material of the Wall 14 of 
the shell 10 are minimal at the nodes N and maximiZed at the 
anti-nodes A. Though the preferred mode of oscillation is at 
n:2, it is to be understood that the shell may be made to 
oscillate in modes de?ned by more than tWo nodal diameters, 
e.g. even numbers such as n:2, 4, 6, 8 . . . It is also to be 

understood that Where the shell 10 is forced to oscillate in a 
mode having more than tWo nodal diameters (i.e. n>2), the 
pattern of the stresses set up in the Wall 14 of the shell 10 Will 
vary from those illustrated in FIG. 5. HoWever, the principles 
of the present invention Will yet apply. That is to say, the 
features of the preferred embodiment of the present invention 
may be successfully applied With minimal alterations to a 
resonator oscillating in a stable mode having more than tWo 
nodal diameters. 

FIG. 5a is another representation of the peak stresses 
present in the shell Wall 14 Where the shell 10 is oscillating in 
a stable mode having tWo nodal diameters (n:2). The illus 
tration of the peak stresses in FIG. 5a is derived from a ?nite 
element mathematical model and is believed to be more rep 
resentative of the maximum stresses that Will be present in the 
Wall 14 of one embodiment of an axi-symmetric shell 10 
during oscillation of the shell 10. As can be appreciated, the 
stresses in the shell Wall 14 are greatest near the upper edge 16 
ofthe shell 10. 

FIG. 3 illustrates an axi-symmetric shell 10 having prior art 
conductors C applied directly to the Wall of the shell 10 over 
relatively large areas of the Wall 16. These relatively large 
conductors C are identical and intersect many distinct stress 
gradient contour lines 18 that are set up in the pieZoelectric 
material of the Wall 14 of the shell 10 by the oscillations of the 
shell 10. In this prior art conductor design, the conductors C 
are used for applying and receiving voltage signals to and 
from the pieZoelectric material from Which the shell 10 is 
fabricated. Typically, all or a portion of the interior of a shell 
10 is coated With a grounded conductor G so as to create the 
requisite voltage differential across the Wall 14 of the shell 10 
When electrical signals are applied to the Wall 14 of shell 10 
by conductors C. The conductor G has ?ngers that Wrap 
around to the exterior surface of the shell 10 and extend doWn 
betWeen the respective conductors C. These ?ngers are 
grounded and act to electrically isolate respective conductors 
C from one another. 

Rather than applying a uniform voltage across large areas 
of the Wall 14 of the shell 10 as do the prior art conductors C, 
it has been found to be bene?cial to utiliZe contoured actua 
tors 40, as illustrated in FIGS. 4, 4a, 6 and 6a, to apply voltage 
signals to the shell 10. The actuators 40 are shaped or con 
toured to over-lie areas of the shell Wall 14 that are preferably 
subject to substantially uniform stresses. HoWever, at the very 
least, the actuators are placed so as to over-lie areas of the 
shell Wall 14 in Which the stress gradient is relatively gradual. 
Preferably, the outlines of the actuators 40 are congruent With 
and do not intersect the stress gradient contour lines 18. 
HoWever, as can be appreciated from vieWing FIGS. 4, 4a, 6 
and 6a in light of FIGS. 5 and 5a, it is not necessary that the 
boundaries of the actuators 40 folloW the stress gradient con 
tour lines 18 exactly. Rather, the emphasis in specifying the 
boundaries of the actuators 40 is to minimize the number of 
stress gradient contour lines 18 that the boundaries of the 
actuators 40 Will intersect. This speci?city ensures that driv 
ing voltages applied to the shell Wall 14 Will be applied to 
areas of the shell Wall 14 that are subject to substantially 
uniform stress. 

The actuators 40 of the present invention are centered 
precisely on the respective anti-nodes A of the shell 10 and 
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have boundaries congruent With the stress gradient contours 
lines 18 as described above. By placing the actuators 40 at the 
anti-nodes A, Which are spaced at 90° from each other, the 
voltage signals applied to the shell Wall 14 cause deforma 
tions in the shell 10 directly along the nodal diameters 26, 28. 
This arrangement imposes the maximum deformation per 
unit volt applied to the Wall 14 of the shell 10. All voltage 
differentials are imposed upon the shell 10 by respective pairs 
of diametrically opposed actuators 40 along the respective 
nodal diameters 26, 28. Applying diametrically opposed volt 
age differentials to the shell 10 effectively doubles the mag 
nitude of the driving or corrective signals that are applied. 

Voltage signals imposed on the shell 10 by the actuators 40 
include a component intended to impose the desired mode of 
oscillation upon the shell 10 and a component that is intended 
to correct any variations in the mode of oscillation of the shell 
10 and bring it back to its desired mode of oscillation. Typi 
cally, at least one of the actuators 41 applied to a resonating 
shell 10 is split into tWo electrically isolated crescents or 
halves 41a and 41b. See FIGS. 6 and 6a. The halves 41a, 41b 
of the split actuator 41 are symmetrically arranged on either 
side of the anti-node A. The split actuator 41 is useful in 
applying unsymmetrical voltage signals to the Wall 14 of the 
shell 10 so as to drive the oscillations of the shell 10 back to 
the desired mode of oscillation. 

The speci?c siZe, location, and boundary of each actuator 
40 are directly related to both the impedance of the driving 
circuitry and the desired system Q value. The siZe, location, 
and boundary of the actuators 40, 41 should be carefully 
arranged so that the poWer requirements of the actuators 40, 
41 do not exceed the poWer that the drive circuitry of the 
gyroscope is capable of providing. In addition, the inherent Q 
value of the material of the resonating element or shell 10 and 
the desired Q value for the system as a Whole should concur 
rently be taken into account When specifying the siZe and 
location of the actuators 40, 41. 

The speci?c siZe and location of the actuators 40, 41 are in 
large part dependent upon the amount of poWer required to 
drive the shell 10 of the preferred embodiment in its preferred 
mode of oscillation. The geometry and rigidity of the shell 10 
in?uences the amount of poWer required to cause the desired 
de?ections and subsequent oscillations in the shell 10. In 
order to de?ect the Wall of a resonating element made of a 
pieZoelectric material so as to impose a desired mode of 
oscillation, a voltage differential must be set up in the pieZo 
electric material. In the case of the shell 10, this requires that 
a voltage differential be set up betWeen the actuators 40, 41 
and a grounding conductor G applied to the inner surface of 
the shell 10. Generally speaking, the larger the actuator 40, 41 
(i.e. the more surface area it has), the larger the voltage 
differential that may be set up across the shell Wall 14. Both a 
desired system Q value and a desired poWer requirement may 
be achieved by independently varying the surface area and 
height of the actuators 40, 41. 

Applying a uniform voltage signal to the shell Wall 14 
across numerous areas of the shell Wall 14 subjected to vary 
ing levels of stress may cause a signi?cant decrease in the Q 
value of the oscillating shell 10. Ideally, the actuators 40, 41 
Would be placed on the shell Wall 14 over an area that is 
subject to a substantially uniform stress When the shell 10 is 
oscillating. Applying the actuators 40, 41 over an area of 
substantially uniform stress minimiZes the decrease in the 
system Q value. But since the stresses present in an oscillating 
shell Wall 14 vary continuously, even an actuator 40, 41 
having a small surface area Will cover numerous discrete 
areas of substantially uniform stress. As the area of an actua 
tor 40, 41 is increased, so does the number of areas of uniform 
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stress covered by the actuator. LikeWise, the drop in the sys 
tem Q value Will also increase. Therefore it is preferred to 
minimiZe the area of the actuators 40, 41. Consequently, it is 
important that the siZe of the actuators 40, 41 be carefully 
tailored to the poWer and Q value requirements of the gyro 
scope. 
Along With the siZe of the actuators 40, 41, distance from 

the top edge 16 of the shell 10 to the actuators 40, 41 is also a 
signi?cant factor in meeting the poWer requirements of the 
oscillating system. For instance, placing the actuators 40, 41 
nearer the bottom of the shell 10 decreases the poWer require 
ment for driving the oscillations of the shell 10. Even though 
the shell Wall 14 is stiffer nearer the bottom thereof, voltage 
differentials applied to the shell Wall 14 near the bottom result 
in a larger de?ection of the shell Wall 14 near its upper edge 1 6 
per unit volt. Conversely, Where the actuators 40 are placed 
nearer the top 16 of the shell Wall 14, a larger voltage differ 
ential must be applied to the shell Wall 14 to achieve the same 
de?ection at the top edge 16 of the shell Wall 14, i.e. achieving 
a comparable de?ection at the top edge 16 of the shell Wall 14 
requires more volts per unit of de?ection. Therefore, Where 
the poWer requirements of a shell 10 are high (as Where the 
actuators 40, 41 are near the top of the shell Wall 14) the 
actuators Will be correspondingly large and Where the poWer 
requirements of a shell 10 are loW(as Where the actuators 40, 
41 are nearer the bottom of the shell Wall 14), the actuators 
Will be correspondingly small. It must be kept in mind that the 
actuators 40, 41 must be centered upon and symmetrical 
about, the respective anti-nodes A. 

Furthermore, the actuators 40, 41 of the present invention 
are applied to the resonating element 10 at predetermined 
locations upon the shell Wall 14 that are de?ned by boundaries 
that are at least in part substantially congruent With the stress 
gradient contour lines 18 that delineate areas of the resonating 
element 10 that are subject to substantially uniform levels of 
stress When the gyroscope is rotationally stationary. In other 
Words, the edges of the actuators 40, 41 are at least in part 
congruent With the stress gradient contour lines 18 that iden 
tify areas of substantially uniform stress in the resonating 
element. 
The actuators’ 40, 41 position With respect to the upper 

edge 16 of the shell 10, or height, is preferably speci?ed as a 
stress magnitude present at a particular stress gradient con 
tour line 18. This stress magnitude may be speci?ed directly 
by simply stating the desired stress, or it may be speci?ed as 
a percentage of the maximum or minimum stress present in 
the shell Wall 14 along the anti-node A. The actuators 40, 41 
may be positioned at any point along the anti-node A depend 
ing upon the poWer requirements or impedance for the sys 
tem, i.e. higher stresses generally tend to be higher up the 
shell Wall 14 and result in loWer impedances Whereas loWer 
stresses generally tend to be loWer doWn the shell Wall 14 and 
yield higher impedances. Given that the outlines of the actua 
tors 40, 41 of the present invention are preferably substan 
tially congruent to the stress gradient contour lines 18, it is 
useful to designate the Width of the actuators 40, 41 by the 
percent deviation from the stress level that de?nes the height 
of the actuators 40, 41. In the loW impedance embodiment of 
the present invention illustrated in FIGS. 4 and 6, the height of 
the actuators 40, 41 may be speci?ed as a stress magnitude of 
75% of the maximum stresses present in the shell Wall 14 
along the anti-node A. In this embodiment the Width of the 
actuators 40, 41 are such that the portions of the shell Wall 14 
underlying the actuators 40, 41 of the preferred embodiment 
are subject to stresses that deviate no more than 12% from the 
de?ning stress magnitude of 75% of the maximum stresses 
present in the shell Wall 14 at the anti-node A. Therefore, in 
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this embodiment, the upper and lower boundaries of the 
actuators 40, 41 encompass an area of the shell Wall 14 
betWeen the 87% and 75% of the maximum stress present at 
the anti-node A. As indicated above, both the height and the 
Width of the actuators 40, 41 may be modi?ed so as to meet 
the requirements of a speci?c application and therefore, the 
present invention is not to be limited to this preferred embodi 
ment alone. 
Where the stress gradients present in the shell Wall 14 are 

not arranged as illustrated by stress gradient contour lines 18 
in FIG. 5, it may be necessary to specify an additional limi 
tation on the siZe of the actuators 40, 41. This additional 
limitation is the span of the actuator 40, 41. The span of an 
actuator is the distance on either side of the anti-node A to 
Which the actuator 40, 41 extends. The span can be speci?ed 
as a distance or as an angle. As a practical matter, the actuators 
40, 41 must be spaced apart from the pick-offs 50 to avoid 
capacitative coupling therebetWeen. In order to maintain this 
spacing, it is preferred that the actuator span no more than 
50°, ie no more than 250 to either side of the anti-node A. 
HoWever, it must be noted that the preferred span of 50° may 
be exceeded so long as any interference betWeen the actuators 
40, 41 and the pick-offs 50 remains beloW acceptable levels. 
Acceptable levels of interference are those in Which the signal 
to noise ratio in the gyroscope is suf?ciently loW so as to alloW 
the gyroscope to function Within its speci?ed tolerances. 

In the preferred embodiment illustrated in FIGS. 4a and 6a, 
actuators 40, 41 are designed for a high impedance applica 
tion. In this embodiment the height of the actuators 40, 41 is 
de?ned as the stress magnitude that is 25% of the maximum 
stress present in the shell Wall 14 along the anti-node A. A 
preferred range for the boundaries of the actuators 40, 41 is 
betWeen 10% and 40% greater than the stress magnitude that 
de?nes the height of the actuator. In this preferred embodi 
ment, the boundaries of the actuators 40, 41 are 25% greater 
than the stress magnitude that de?nes the height of the actua 
tors. Therefore, the actuators 40, 41 of this embodiment cover 
an area of the shell Wall 14 that is subject to betWeen 25% and 
50% of the maximum stress in the shell Wall along the anti 
node A. 
Where the stress gradient contour lines 18 that preferably 

de?ne the upper, loWer, and lateral boundaries of the actuators 
40, 41 are tortuous or Would result in a needlessly complex 
shape for an actuator 40, 41 it may simpler to specify the siZe, 
shape and location of the actuators in a more empirical man 
ner. Using the foregoing principles of placement of the actua 
tors as a guideline, it can be seen that the actuators 40, 41 have 
been placed on the shell Wall 14 in a location in Which the 
stress gradient is relatively gradual. In this Way, the actuators 
40, 41, overlie feWer areas of discrete stresses. Furthermore, 
the upper and loWer boundaries of the actuators are applied in 
such a manner that they are substantially congruent to the 
stress gradient contour lines 18 present immediately adjacent 
thereto. Given that the siZe of the resonating element 10 and 
hence the siZe of the actuators 40, 41 may vary greatly With 
given applications and requirements, it is preferred that When 
speci?c dimensions for an actuator 40, 41, pick-off50 or lead 
49 are given, that they be stated in terms of a percentage of the 
diameter of the resonating element 10. In the embodiment 
illustrated in FIGS. 4a and 6a, the vertical dimension of the 
actuators 40, 41 along the anti-node A is approximately 20% 
of the diameter of the resonating element 10. The lateral or 
horizontal dimension of the actuators 40, 41 in this embodi 
ment is approximately 40% of the diameter of the resonating 
element 10. Where, as in this case, the diameter of the reso 
nating element is approximately 0.750 inches, the distance 
betWeen the upper and loWer boundaries of the actuator 40, 41 
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is approximately 0.150 inches. The span or horiZontal dimen 
sion of actuators 40, 41 illustrated in FIG. 5a is approximately 
0.30 inches, or 0.150 inch to either side of the anti-node A. 

With the foregoing principles regarding the placement and 
siZe of an actuator in mind, Where a high Q value for a 
resonating system is required and Where the poWer require 
ments for driving the system are also high, a number of 
narroW actuators 40, 41 may be nested to provide a high 
system Q value While also providing su?icient surface area to 
satisfy the high drive poWer requirements. This alternate 
embodiment (not shoWn) Would, for example, place a ?rst 
nested actuator conductor at a height of 65% of the maximum 
stress present in the shell Wall 14 and a second nested actuator 
at a height of 80% of the maximum stress present in the shell 
Wall 14. As can be appreciated, Where the actuators 40, 41 are 
comprised of multiple nested actuator conductors, the Widths 
of each nested actuator conductor Will be narroWer than 
Where the actuators are a single monolithic applied ?lm con 
ductor. Each portion of these nested actuators Would have a 
Width of approximately 5% greater than the height-de?ning 
stress. While it is possible to nest any number of actuator 
portions in the manner described above to create a single 
actuator 40, 41, it is preferable to limit the number of nested 
actuator portions to no more than three and preferably to tWo 
in a given actuator 40, 41. It is important to note that each 
portion of the nested actuators may be driven at different 
voltage levels to equally distribute the contributions to the 
vibration energy of the oscillating shell 10. 

It is to be noted that there is no single preferred shape for 
the actuators 40, 41. Rather, the siZe and shape of the actua 
tors 40, 41 are dependent on the shape of the stress gradient 
contour lines 18 and the poWer requirements of the oscillating 
system. 

Driving and sensing circuitry (not shoWn) associated With 
the actuators 40, 41 generates the drive component of the 
voltage signals applied to the shell 10 and also utiliZes voltage 
signals derived from the pick-offs 50 described beloW to 
generate the corrective component of the voltage signals 
applied to the shell 10 through the split actuator 41. This 
circuitry also outputs rate of rotation data derived from the 
pick-offs 50 of the gyroscope and is preferably capable of 
compensating for changes in the resonant frequency of the 
shell 10 or equivalent resonating element due to temperature 
?uctuations. Circuitry suitable for operating a gyroscope 
according to the present invention is disclosed in Us. Pat. 
Nos. 4,479,098 and 4,578,650, Which are commonly assigned 
With the present invention and Which are hereby incorporated 
by reference. 
A pick-off 50 constructed and arranged according to the 

present invention is an applied ?lm conductor centered upon 
the nodes N of the shell Wall 14. As the shell Wall 14 at nodes 
N is, by de?nition, subjected to minimal and preferably, sub 
stantially Zero stress during rotationally stationary steady 
state operation of the gyroscope (see FIGS. 5, 5a), the pick 
offs 50, centered exactly at the nodes N in an area of minimal 
or substantially no stress, Will sense minimal or substantially 
no voltage signals from the pieZoelectric material of the shell 
10 When the gyroscope is rotationally stationary. Pick-offs 50 
are preferably kept as narroW as possible to ensure that the 
voltage signals being conducted by the pick-offs 50 are 
sensed at the nodes N of the shell Wall 14. In the embodiment 
illustrated in FIG. 4a, the pick-offs 50 have a Width betWeen 
4% and 8% of the diameter of the resonating element 10. 
Supposing that the resonating element in FIG. 4a is approxi 
mately 0.750 inches in diameter, the pick-off 50 Would be 
approximately 0.050 inches Wide. In this embodiment, the 
vertical dimension of the pick-off conductor 50 has been 
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arbitrarily set at 0.150 inches. It is to be noted that these 
dimensions are illustrative only and that the actual siZe of the 
pick-offs 50 may vary so long as the pick-offs 50 do not 
negatively interact With the actuator conductors 40, 41 or 
ground conductor G and continue to conduct a net voltage 
signal that is minimal or substantially Zero When the gyro 
scope is rotationally stationary as indicated above. However, 
it is preferred that the pick-off conductor 50 have a vertical 
dimension or a vertical placement along the node N that is 
someWhat spaced aWay from the upper edge 16 of the shell 
Wall 14. This is to prevent the added mass of the pick-off 
conductor 50 from negatively affecting the mode of oscilla 
tion of the resonating element 10 has described herein beloW 
in conjunction With FIG. 8. 

In practice it can be di?icult to form a pick-off 50 that is 
precisely centered at the node. And Where the pick-offs 50 are 
not precisely centered on the nodes N, the pick-offs 50 Will 
overlie portions of the shell Wall 14 subject to stresses due to 
the oscillation of the shell 10. In these cases it may be neces 
sary to ‘tune’ the pick-offs 50 so that the pick-offs 50 Will 
conduct a minimal voltage signal that is preferably substan 
tially Zero When the gyroscope is rotationally stationary. 
Applying a balancing conductor 51 to the shell Wall 14 in 
electrical communication With pick-off 50 and trimming the 
conductor 51 to adjust the voltage signal sensed at the node by 
the pick-off 50 accomplishes tuning. The siZe and placement 
of a balancing conductor 51 is carefully arranged to damp out 
uneven voltage responses output by the pieZoelectric mate 
rial. The use of a balancing conductor 51 helps ensure that a 
pick-off 50 Will conduct a voltage signal of preferably sub 
stantially Zero When the gyroscope is rotationally stationary. 
When the gyroscope is rotationally displaced, the material 

of the shell Wall 14 at the nodes N Will be subjected to stresses 
and deformations that normally occur at or near the anti 
nodes A, thereby causing the pieZoelectric material of the 
Wall 14 to emit voltage signals that are sensed by the pick-offs 
50. As indicated above, the displacement of the nodes N With 
respect to the pick-offs 50 may be due to the rotation of the 
gyroscope or due to distortions in the shell 10 from environ 
mental conditions such as temperature ?uctuation. The con 
trol circuitry associated With the gyroscope described above 
uses the output of pick-offs 50 to determine both the rate and 
direction of the rotation of the gyroscope, to correct tempera 
ture induced ?uctuations in the resonant frequencies of the 
shell 10, to correct temperature induced ?uctuations in the 
voltage response of the pieZoelectric material of the shell 10, 
and to ensure that the voltage signals for driving the oscilla 
tions and for correcting the oscillations are maintained in the 
proper phase relationship. 
One bene?t to using very thin pick-offs 50 at the nodes N is 

that the thin pick-offs 50 are more able to accurately sense the 
amplitude of the vibrations of the Wall 14 of the shell 10 than 
the broad conductors C used as pick-offs in the prior art. Prior 
art conductors C average the voltage signals sensed over a 
relatively large area of the shell 10. These sensed voltages 
include signals due to rotation of the gyroscope and signals 
due to uneven voltage response in the pieZoelectric materials 
of the shell 10 at the edge of the conductors C. As described 
above, Wider and larger conductors C overlie more discrete 
stress gradients in the shell Wall 14 With the result that large 
signals sensed at one location of the conductor C Will tend to 
be undesirably cancelled or augmented by signals sensed at 
other locations of the conductor C. Conversely, thin pick-offs 
50, because they are thin, are able to sense the voltage signals 
due to a vibration in the shell Wall 14 at a more clearly de?ned 
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16 
and speci?c location on the Wall 14 of the shell 10, thereby 
increasing both the accuracy and the precision of the gyro 
scope. 
Another bene?t to using both thin pick-offs 50 and con 

toured actuators 40, 41 in the arrangement of the pick-offs 50 
and the actuators 40 illustrated in FIGS. 4, 4a, 6 and 6a, is that 
the actuators 40 and pick-offs 50 act as a physical ?lter for 
unWanted modes of oscillation. As described, the actuators 
40,41 impose deformations in the shell 10 only in the desired 
directions, i.e. along the desired nodal diameters 26, 28. In 
addition, the loW impedance pick-offs 50 siphon off voltage 
signals due to deformation of the shell 10 at the nodes N, 
thereby reducing the propagation of voltage signals along the 
Wall 14 of the shell 10. The ?ltering action of the arrangement 
of the actuators 40 and the pick-offs 50 alloWs the shell 10 to 
operate on a more e?icient basis as feWer unWanted modes of 
oscillation need be damped out. 

Another method for physically ?ltering out unWanted 
modes of oscillation involves altering the structure of the 
resonating element such as by augmenting the Wall 14 of the 
shell 1 0 in a manner Which causes the anti-nodes A to oscillate 
at a loWer resonant frequency than the remainder of the shell 
10. See FIGS. 7 and 8. This is accomplished by increasing the 
Wall 14 thickness at the anti-nodes A, by adding crenellations 
(not shoWn) to the upper edge 16 of the Wall 14 of the shell 10 
at the anti-nodes, or by attaching Weights W to the Wall 14 of 
the anti-nodes N. The increased mass and altered geometry 
change the physical characteristics of the Wall 14 at the anti 
nodes A and increases the period required for that portion of 
the Wall 14 of the shell to resonate through a single cycle, 
thereby predisposing the shell 10 to oscillate in its simplest 
mode of oscillation, in this case at n:2. Arranging and con 
structing the shell 1 0 in such a manner improves the e?iciency 
of the vibrations of the shell 10 and increases its Q value. 

In addition to the improvements upon the structure of the 
actuators 40 and pick-offs 50, improvements have been made 
in the accuracy and precision of the voltage response of the 
pieZoelectric material of the shell 10. As illustrated in FIG. 
14, a pieZoelectric material, such as that from Which a shell 10 
may be fabricated, is comprised of discrete grains M of a 
pieZoelectric material. Each grain M is only sensitive to 
deformations that occur in a speci?c direction. This polarity is 
indicated in FIG. 14 by the dark arroWs Within each grain. It 
is knoWn to apply a strong DC voltage crosses the pieZoelec 
tric material betWeen a conductor C and an inner, thin ?lm 
ground connection G in order to bias the directions of sensi 
tivity or polarity of the individual grains M of the pieZoelec 
tric material in a single direction as illustrated in FIG. 15. The 
uniformity of polarity in the grains M of pieZoelectric mate 
rial improves the voltage response of the pieZoelectric mate 
rial due to deformations of the material by creating a situation 
in Which the collective voltage responses of the grains M are 
additive rather than destructive. 

HoWever, it is generally the case that the grains M1 of 
pieZoelectric material near or at the edge of the conductors C 
across Which the biasing DC voltage is applied Will not 
receive the same bias as do the grains M of pieZoelectric 
material located near the center of the conductors C. See FIG. 
15. Because of this uneven biasing of the grains of pieZoelec 
tric material M, the voltage response of a shell 10 such as the 
prior art device illustrated in FIGS. 1 and 3 Will be uneven. 
This uneven voltage response of the pieZoelectric material 
may cause unWanted deformation of the shell 10 When volt 
age is applied to the shell 10 by the conductors C being used 
as actuators, thereby loWering the Q value of the shell 10 and 
inducing unWanted oscillation modes. In addition, the uneven 
polariZation of the grains M may also result in inaccurate 
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voltage readings from the conductors C being used as pick 
offs, thereby corrupting the rotation data output by the gyro 
scope. What is more, because the voltage response of a pieZo 
electric material is proportional to the deformation or stress 
applied to the material, the uneven voltage response due to the 
uneven biasing of the grains M may become more pro 
nounced as the stresses present in the shell 10 increase. 

FIGS. 16 and 17 illustrate an improved method for biasing 
the grains M of the pieZoelectric material of the shell 10. In 
FIG. 16 it can be seen that the entire inner and outer surfaces 
of the shell 10 are coated With respective layers of conductors. 
In FIG. 16 the reference numerals 40 and 50 in addition to 
denoting the actuator 40 and pick-off50 of a shell 10, indicate 
the thin ?lm conductor material that is applied to the outer 
surface of the shell 10 and the reference character G indicates 
the grounded thin ?lm conductor material applied to the inner 
surface of the shell 10 so as to create a voltage conduction 
path through the pieZoelectric material of the shell 10. A 
suitably large DC voltage is applied across the pieZoelectric 
material betWeen the applied conductors 40, 50 and G to 
polariZe of the respective grains M of the pieZoelectric mate 
rial in a desired direction (indicated by the arroWs in FIGS. 
14-17). Biasing the pieZoelectric material of the entire shell 
10 ensures that no irregularly biased grains M1 as illustrated 
in FIG. 15 exist in the shell. Once the entire shell 10 has been 
suitably polarized, unnecessary thin ?lm conductor material 
is removed as by chemical or abrasive etching to give the 
actuators 40, 41 and pick-offs 50 their desired shape and 
locations as has been represented schematically in FIG. 17. 
As can be seen from FIG. 17, no irregularly biased grains Ml 
remain in the pieZoelectric material of the shell 10 at or near 
the actuators 40 or pick-offs 50, thereby ensuring a more 
uniform and predictable voltage response. 

In addition to the improved biasing of the pieZoelectric 
material of the shell 10, the gyroscope of the present invention 
has been made more reliable by improving the durability of 
the conductive leads that connect the actuators 40 and pick 
offs 50 to the control circuitry of the gyroscope. In the prior 
art it Was knoWn to utiliZe very thin solid Wires 23 soldered or 
compression bonded betWeen the grounded applied ?lm con 
ductors G, actuators 40, and pick-offs 50 and the control 
circuitry, respectively. See FIG. 1. The use of solid Wire 
conductors 23 has proved unreliable in that the Wires have 
shoWn the tendency to break over time due to ?exure of the 
Wires. In addition, the material used to secure the Wire con 
ductors to the conductors C and the stiffness of the Wire 
conductor itself have a tendency to reduce the Q factor of the 
shell 10 by changing the physical characteristics of the shell 
10. As illustrated schematically in FIGS. 4 and 6, an applied 
?lm conductor 49 runs from the respective actuators 40 and 
pick-offs 50 doWn the sideWall 14 of the shell 10 in order to 
make the requisite electrical connections to the drive cir 
cuitry. Preferably the conductor paths or leads 49 emanating 
from the respective actuators 40 and pick-offs 50 Will con 
tinue doWn the stem 18 of the shell 10 as shoWn in FIGS. 4 and 
6. The applied ?lm conductor materials from Which these 
improved conduction paths 49 are fashioned do not signi? 
cantly affect the mode of oscillation of the shell 10. Further 
more, because all of the necessary electrical connections 
betWeen the actuators 40, pick-offs 50, and the control cir 
cuitry are made on the stem 18 of the shell 10 or at least 
substantially near the base of the shell 10 Where there is 
substantially no vibration or movement of the shell Wall 14, 
the electrical connections themselves are more likely to last 
longer because they are not subjected to repeated stresses 
Which may eventually fracture a solid Wire conductor 23. In 
the embodiment illustrated in FIG. 4a, the conduction paths 
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49 have a Width that is betWeen 1% and 4% of the diameter of 
the resonating element. Supposing the resonating element 10 
illustrated in FIG. 4a to be 0.750 inches in diameter, the 
conduction paths 49 Would be approximately 0.0125 inches 
Wide. The actual Width of the conduction paths 49 may be 
varied up or doWn depending on the requirements of a par 
ticular application keeping in mind that the conduction paths 
49 are preferably narroWer than the respective pick-offs 50 
and actuators 40, 41 to Which they are attached. 
An alternate embodiment of the present invention is 

described in conjunction With FIGS. 9-13. FIG. 9 illustrates 
the resonating element of a vibrating ring gyroscope of the 
prior art. This resonating element comprises a ring 100 that is 
supported from a support frame 104 at circumferentially uni 
formly spaced intervals by a number of radially compliant 
spokes 102. Typically, a resonating element 100 such as the 
one illustrated in FIG. 9 is manufactured from a single thin 
sheet of a relatively rigid material such as a crystalline silicon 
Wafer of the type utiliZed in the manufacture of computer 
chips. The support frame 104 of this resonating element is 
typically mounted to a support structure 105 of a thermally 
matched material; in this case a glass material. See FIG. 11. A 
magnetic core 106, Which is in this case cylindrical, is 
received through a central aperture formed by the ring 100. 
This core 106 imposes a strong magnetic ?eld around and 
through the ring 100. 

With reference to FIGS. 9 and 10, current carrying 112 
conductors are formed into the top side of the resonating 
element 100 by means of Well knoWn deposition techniques 
so as to form a plurality of identical conductor loops 110 that 
are uniformly spaced around the circumference of the ring 
100 betWeen adjacent spokes 102. The uniform conductor 
loops 110 are each comprised of a single conductor that 
passes doWn a spoke 102, around the perimeter of the ring 
100, and back up an adjacent spoke 102. Conductive pads 111 
permit bonding of the conductor loops 110 to a plurality of 
Wires 103 Which convey electrical currents betWeen the con 
ductor loops 110 and the drive and sensing circuitry (not 
shoWn) of the gyroscope. Each spoke 102 also has a neutral 
conductor loop 113 that acts to minimiZe capacitative cou 
pling betWeen adjacent conductor loops 110. Taking advan 
tage of the principles of electromagnetism, currents passed 
through a selected current loop or loops 110 disposed around 
the ring 100 Will react With the magnetic ?eld created by the 
core 106 to cause a reactionary displacement of the ring 100 
itself. LikeWise, the displacement of the preferred mode of 
oscillation of the ring 100 by a rotational acceleration of the 
gyroscope Will induce a current in a given conductor loop 
110. Drive and sensing circuitry (not shoWn) of the type 
described above is used to impose the desired mode of oscil 
lation upon the ring 100 and to sense voltages generated by 
rotation of the gyroscope. 

Conductor loops 110 of the prior art device illustrated in 
FIG. 9 are identical all around the circumference of the ring 
100 and are used both as actuators and as pick-offs. These 
conductor loops 110 are similar to the conductors C illus 
trated in FIG. 3 in that their siZe and arrangement, though 
symmetrical, is not tied to the location of the nodes N and 
antinodes A of the oscillating ring element 100. The arrange 
ment and the relative siZe of the actuator and pick-off loops 
110 in the prior art ring gyroscope illustrated in FIGS. 9 and 
11 tend to create an undesirable amount of error in the signals 
sensed by the pick-off loops. Incorporating the principles of 
the present invention into a ring gyroscope yields a resonating 
element 1001 arranged as illustrated in FIG. 12. Respective 
pairs of spokes 102 symmetrically bracket the nodes N of the 
ring 1001, thereby ensuring that the pick-off conductor loops 












