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THREE-MASS COUPLED OSCILLATION TECHNIQUE FOR MECHANICALLY
ROBUST MICROMACHINED GYROSCOPES

BACKGROUND
[0601] Micromachined gyroscopes are angular rate sensors that typically operate according to a
physical phenomenon called the Coriolis Effect. The Coriolis Effect is, simply, the deflection of
moving objects viewed from a rotating frame. For an object mounted to a substrate, the object
tends to oscillate (e.g., vibrate, move, or drive} in a perpendicular plane when the substrate
rotates. Hence, in order to make use of the Coriolis Effect, micromachined gyroscopes may be
composed of an oscillating part comprising at least one mass, and a sensing part which is free to
move in a perpendicular plane of the oscillating part. The sensing part is affected by the rotation
of the gyroscope, as the oscillating part will be deflected. Under an external rotation, the
oscillating mass deflects, and that deflection is sensed via the movement of the sensing past.
{0602) The sensitivity of such an oscillating gyroscope depends on its osciliation magnitude. In
order to achieve a stable and large sensitivity, stable and large oscillation amplitude is desirable.
[0003] Typically, a large oscillation is achieved by using a one-degree-of-freedom (1-DOF)
oscillator that is operated at its resonant frequency, Stability is then obtained with the help of
stabilization circuitry {(e.g., phase lock loops (PLLs), proportional integral (P} controllers, ete.)
to keep the gyroscope operating near this resonance frequency.
[0004] In some cases, the 1-DOF oscillator may be operaled at non-resonance frequency,
thereby reducing the need for stabilisation circuitry. However, a magnitude of the oscillation at
non-resonance frequencies will be less than a magnitude of the oscillation at the resonance
frequency. When the oscillator is oscillating at non-resonance frequencies, though, changes in
the frequency, as well as the quality factor, will have a lesser effect on the oscillation magnitude,

as compared fo when the oscillator is oscillating at the resonance frequency.
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[6005] Typical gyroscopes consume 10 to 20 times more power than a typical accelerometer in
commercial applications.  Some of this power consumption results from the comb-drive
actuation used in typical gvroscopes to obtain large oscillation magnitudes. Comb-drive
actuation involves electrostatic forces being generated between two comb-like structures. One
comb is fixed to the substrate while the other comb is movable. The force developed by the
comb-drive actuator is proportional to the change in capacitance between the two combs.
However, this capacitance increases with driving voltage difference between both combs, with
the coupling area reflected by the number of comb teeth, and the gap between these teeth. Asa
resuit, ach.icving large oscillation magnitudes with comb-drive actuation requires large
polarization voltage differences, typically 12V in commercial devices, Such high polarization
voltage differences are not conducive to a low-power gyroscope. Another source of this power
consumption may be stabilization circuitry, such as PLLs and/or PI controlers, used to stabilize
the oscillation increase power consumption of the gyroscope, which is similarly not conducive
to a low-power gyroscope. Other sources of power consumption exist as well.

[0046] One option for reducing the power consumption of a gyroscope is to use a two-degree-
of-freedom (2-DOF) oscillator that includes two masses and, accordmngly, has two resonance
frequencies. The 2-DOF gyroscope may be operated in between the two resonance frequencies.
The amplitude response typically has minimal dependency on the varying quality factor and the
resonance frequencies.  HMowever, the magnitude of this response is still very small and
comparable to the non-resonance response of the 1-DOF oscillator discussed above.

[0607] Accordingly, a micromachined gyroscope with reduced power consumption may be
desirable. It may be desirable for such a micromachined gyroscope to have a stable oscillation

frequency range with a high mechanical amplification between the actuator and the driving part.

SUMMARY
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[0008] Disclosed s a gyroscope with reduced power censumption, as compared to typical
gyroscopes. The disclosed gyroscope is designed without the need of stabilization circuitry, and
with a reduced need for driving and controlling circuitry, thereby reducing the power
consumption of the gyroscope.

{0009} In one aspect, a micromachined gyroscope is diselosed. The micromachined gyroscope
comprises a substrate and at least three masses (ml, m2, m3). The first mass ml is
mechanicalfy coupled to the substrate via a mechanical connection k1, the second mass m2 is
mechanically coupled to the first mass ml via a connection k12 and to the substrate via a
mechanical connection k2, and the third mass m3 is mechanically coupled to the second mass
m2 via a mechanical connection k23. The three masses are each configured to oscillate along a
first direction x or y.

[0016] The following relationships exist between the masses m1, m2, m3, and the mechanical
connections k1, k2, k12, k23: [(k2+k12+k23)Ym2] == ({(k1+k12)/m1] ~ [(k23¥/m31)

{0011] In some embodiments, the third mass m3 is also mechanically coupled to the substrate
via a mechanically connection k3.

[0012] The masses m1, m2 and m3 can be the driving masses of the gyroscope configured to
oscillate along a first direction x. To this end, the gyroscope may further comprise actuators for
stimulating these driving masses. These actuators may be parallel plate actuators.

{0013] In another embodiment, the micromachined gyroscope further comprises a duplicate m1°,
m2’ and m3” of these 3 mass condiguration and this duplicate is configured to oscillate along the
first direction x but in opposite phase with these 3 masses m1, m2 and m3,

0014} The masses ml, m2 and m3 can be the sensing masses of the gvroscope, which are
configured to oscillate along a first direction y when the gyvroscope is rotating.

{0015] In some embodiments, the 3 masses m1, m2, m3 can be configured to oscillate in a linear

way.
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{0016] In another aspect, a micromachined gyroscope is disclosed comprising a substrate, a
driving mass mechanically coupled to a sensing mass, both masses being movable in
perpendicular directions and, when in operation under the influence of the Coriolis force, the
driving mass causes the driving of the sensing mass, whereby at least one of the driving mass or
of the sensing mass is configured as a connection of 3 masses m1, m2, m3, whereby the first
mass m1 is mechanically coupled to the substrate, the second mass m2 is mechanically coupled
to the first mass ml and to substrate, and the third mass m3 is mechanically coupled to the
second mass m2, whereby the following relationship exist [(k2+k12+k23Y/m2] >>
([(k1+k12¥ml} ~ [(k23)/m3]) with m], m2, m3 being the weight of respectively mass m1, m2
and m3, with ki, k2 (and k3) being the spring constant of the mechanical connection between of
the respective mass ml or m2 or m3 and the substrate, and with k12, k23 being the spring
constant of the mechanical connection between mass m2 and mass ml or mass m3 respectively.
{8017} In yet another aspect, a micromachined gyroscope is disclosed comprising a substrate, 3
masses ml, m2 and m3 , conligured to oscillate along a first direction X or v, whereby the first
mass m1 is mechanically coupled to the substrate, the second mass m2 is mechanically coupled
to the first mass ml and to substrate, and the third mass m3 is mechanicaily coupled to the
second mass m2, whereby the weight and the spring constants ki, k2, k3 of the respective
masses ml, m2 and m3 and mechanical couplings k12, k23 are selected, such that, during
operation mass m2 oscillates at a frequency substantially above the resonance frequencies of
mass m1 and mass m3.

[0018] In some embodiments, the resonance frequency of mass m2 is at least 2 times, or even
2.5 times, higher than the resonance frequency of mass mi or m3.

[6019] In vet another aspect, a method for designing a micromachined gyroscope is disclosed,
This micromachined gyroscope comprises a substrate, at least 3 masses ml, m2, m3 being

configured to oscillate along a first direction x or y, whereby the first mass mi is mechanically
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coupled to the substrate, the second mass m2 is mechanically coupled to the first mass m1 and to
substrate, and the third mass m3 is mechanically coupled to the second mass m2, wherehy the
following relationship exist [(k2+k12+k23¥m2] => ([(k1+k312Vm1] ~ [(k23Vm3]) with m1, m2,
m3 being the weight of respectively mass mi, m2 and m3, with k1, k2 (and k3) being the spring
constant of the mechanical connection between of the respective mass ml or m2 or m3 and the
substrate, and with k12, k23 being the spring constant of the mechanical connection between
mass m2 and mass ml or mass m3 respectively.

[0020] The method comprises: selecting ml. m3, ki and k3 whereby [(k1+ki12¥mi] ~
FE3+23Ym3], and selecting m2, k2 such that during operation of the gyroscope
[(k2+k12+k23)/m2] >> ([(k1+k12Vm1] > [(k3+k23Wm3]).

[002%] The method further comprises selecting a mechanicai amplification between the
movement of mass ml and mass m3 and dimensioning k2 in view of this desired mechanical
amplification.

BRIEF DESCRIPTION OF THE DRAWINGS

[022] Exemplary embodiments are illustrated in referenced figures of the drawings. It is
intended that the embodiments and figares disclosed herein are to be considered illustrative
rather than restrictive.

[0023] Fiqwre 1 shows a schematic mechanical equivalent of a micromachined gyroscope
comprising 3 driving masses ml, m2, m3 and | sensing mass Myese, N accordance with an
embodiment.

[0024] Figure 2 shows a schematic mechanical equivalent of a micromachined gyroscope
comprising 3 driving masses ml, m2, m3 and | sensing mass Miense, 11 which mass m3 is
coupled to the subsirate, in accordance with an embodiment.

[6025] Figure 3 shows the resonance behavior of the gyroscope shown in Figure 2: normalized

displacement response {unitless) vs, frequency (Hz), in accordance with an embodiment.
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{6026} Figure 4 shows a schematic mechanical equivalent of a micromachined gyroscope
comprising 3 driving masses m1, m2, m3 and 1 sensing mass Mg Whereby the sensing mass is
decoupled from the driving mass m3, in accordance with an embodiment.

{0027] Figure 5 shows a schematic mechanical equivalent of a micromachined gyroscope
comprising 3 driving masses mi, m2, m3 and 3 sensing mass Mense2, Maense-ds Whereby the
senging masses are decoupled from the driving mass m3, in accordance with an embodiment.
{06028} Figure 6 shows a schematic mechanical equivalent of a micromachined gyroscope
comprising the driving masses ml, m2, m3 are arranged in a tuning fork configuration and 1

SENSING MASS Mgepse, 10 accordance with an embodiment.

DETAILED DESCRIPTION
[0029] The present disclosure contains particular embodiments and with reference to ceriain
drawings but the disclosure is not limited thereto. The drawings described ave only schematic
and are non-limiting. In the drawings, the size of some of the elements may be exaggerated and
net drawn on scale for illustrative purposes. The dimensions and the relative dimensions do not
correspend to actual reductions to practice of the disclosure. Reference throughout this
specification to “one embodiment” or “an embodiment”™ means that a particular feature, structure
or char‘acteris{ic described in connection with the embodiment is included in at least one
embodiment of the present disclosure. Thus, appearances of the phrases “in one embodiment” or
“in an embodiment” in various places throughout this specification are not necessarily all
referring to the same embodiment, but may refer to different embodiments. Furthermore, the
.particular features, structures or characteristics may be combined in any suitable manner, as
would be apparent to one of ordinary skill in the art from this disclosure, in one or more
embodiments. The terms top, bottom, over, under and the like in the description and the claims
are used for descriptive purposes and not necessarily for describing relative positions, It is to be

understood that the terms so used are interchangeable under appropriate circumstances and that
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the embediments of the disclosure described herein are capai_)la of operation in other orientafions
than described or Hllustrated herein. It is to be noticed that the term “comprising”, used in the
claims, should not be interpreted as being restricted to the means listed thereafler; it does not
exclude other elements or steps. It is thus fo be interpreted as specifying the presence of the
stated features, integers, steps or components as referred to, but does not preclude the presence
or addition of one or more other features, integers, steps or components, or groups thereof. Thus,
the scope of the expression “a solution comprising components A and B” should not be limited
to solution consisting only of components A and B. It means that with regpect to the present
disclosure, the only relevant components of the solution are A and B.

[0030] In this disclosure a micromachined gyroscope is disclosed. Such a micromachined
gyroscope is an angular rate sensor that operates according to the Coriolis Effect described
above. Such a micromachined gyroscope is manufactured using semiconductor process
manufacturing steps.

[8031] More particularly, a micromachined gyroscope is disclosed comprising a configuration
of 3 masses mechanically coupled to oscillate along a first direction v. In such a 3-mass
oscillation scheme, illustrated by Figure 1, mass m] is coupled to mass m2 and to the substrate,
mass m2 is coupled to mass m3 and to the substrate, while mass m3 drives the sensing part
Mgense- Mass m3 is ondy mechanically coupled to mass m1 via the second mass m2.

{0032] Mass m! is driven by actuators, which are typically electrostatically actuated. Although
comb-drive actuators, when operated at lower voltages, can be used, it may be desirable o use
parallel plate actuators, as they operate at lower voltages. Such parallel-plate actuators are more
power-efficient, although they cannot provide large displacements due to their non-linear
behavior. However, thanks to the mechanical amplification between the movement of mass ml

and mass m3 as discussed below, the small displacement of the paraliel-plate actuators can be
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amplified, resulting in an appropriately higher oscillation amplitude of the third mass m3. For
example, the amplitude increase from peak to peak may be several micrometers,

[0833] The third mass m3 is used as the oscillating mass which creates the Coriolis force upon
external rotation. The deflection of mass m3 is sensed by the mass Miene Moving in a direction y
perpendicular to the direction x along which the driving masses m1, m2 and m3 oscillates, This
TNass Mgepse 18, 10 the configuration illustrated by Figure 1, directly coupled to mass mygpye and as
such is part of the driving mass m3.

[0034] The values of the masses m1, m2, m3, spring constants k1, k2, k3, k12, k23, and the
damping levels bl and b2 are designed to result in a large, and flat (e.g., constant) over a
frequency range (e.g.. 50Hz or ahove), displacement response for mass m3, and a mechanical
amplification between mass m1 and mass m3 at this flat frequency response of mass m3. Henee,
the amplitade of the oscillation of mass mi can be small, typically less than 200nm, or even
100nm. As discussed above, this small oscillation amplitude of mass m] allows low voltage
actuation of actuators (e.g., parallel-plate actuators or comb-drive actuators). Ience, the
response of mass m3 to the actuators will be robust without needing of any external circuitry,
and overall power consumption will drop.

[0035] Whereas in Figure 1 mass m3 was not coupled to the substrate, Figure 2 illustrates
another embodiment where mass m3 is mechanically coupled to the substrate as weil. This
coupling is modeled by a spring k3 and a damping b3, Such a configuration would
accommodate for the imperfections coming from the fabrication of the micremachined
gyroscope. If the springs k1 and k3 are designed in a similar shape, then even, if there is a
process related imperfection, all springs k1, k2, k3, k12, k23 are affected to the same degree.
Moreover, anchoring all masses m1, m2 and m3 to the substrate mintmizes the mechanical stress
related to buckling/bending of the cantilevered masses and allows a larger and Aatter device.

{0036] The mechanical system itlustrated by Figure 2 can be modeled by three equations (1):
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[0037] From these 3 equations, the displacement responses of each mass m1, m2 and m3 can be

derived analytically (2):
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[0638] Figure 3 {llustrates the resonance behavior of the 3 mass coupled osciilation
configuration. The frequency of the actuating force is swept and the displacement of the actuated
mass is measured with respect to the DC displacement. Hence, the y-axis of Figure 3 is
representative for the quality factor of the oscillation peaks. In-between response peaks 1 and 3
a substantially flat response region is obtained. These two resonance peaks {1 and 3 are
determined by the mass m1 and mass m3, when the resonance frequency of mass m2 is selected
to be higher than either of both resonance peaks.

0039} In order to achieve a flat and large mass m3 response and a mechanical amplification

between mass ml and mass m3, the following design method is applied. First, mass m2 is

4.
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considered 10 be a non-moving rigid body whereby kz is assumed to be infinitive. Hence, the
motion of mass ml and mass m3 can be determined separately. Then, the resonant frequencies
{1 and f2 of respectively mass m1 and mass m3 are equated to each other, assuming that mass

m2 had no impact, as shown in equation (3),

ky ki _‘kza +k,

Sy

[0040] 1f the damping levels bi and b2, and when coupled to the substrate b3, are low enough,
the finite ky value will cause the resonant frequencies f1 of mass m! and {3 of mass m3 to
separate from each other and form a robust response plateau in-between and a mechanical
amplification between mass ml and mass m3. The separation of mass ml and mass m3
resonant frequencies and the response level of mass m3 at the plateau depend on the value of k;.
The higher k; is, the smaller the separation and the larger the response will be,

H041] This mechanical amplilication can be further improved by increasing the vacuum level of
the environment in which the gyroscope operates or the quality factor of the individual peaks,
10642] The position of the anti-resonance frequency of mass ml, where the mechanical
amplification is the highest from mass m] towards mass m3, can be tuned by changing k1. The
value of k1 can be casily tuned if paralle] plate actuators are used to actuate mass mt. However,
from the application point of view, one might prefer to not operate at the anti-resonance
frequency of mass ml, because that will be unstable for mass mi. In that case, the gyroscope is
operated stightly off the anti-resonance frequency of mass m1 and the mechanical amplification
ratio from mass m1 to mass m3 will be around 20-30 regardiess of the vacuum level.

[0043] The damping levels b1, b2 {and b3 when present) or the quality factors of each resonant
peak f1 and £3 have an important role on the operation of the gyroscope. If the quality factors are

not large enough, the coupling cannot occur and the plateau cannot be formed,

i6
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[0044] The selection of the quality factors of the resonance frequencies 1 and {2 is a design
criterion. The larger k» 1s, the larger the quality factors of both resonance frequencies should be.
As arule of thumb, these quality factor values should be one order of magnitude larger than the
ratio of mass m?2 resonant frequency to the average frequency of the plateau between the
resonance frequency f1 and £3 of mass ml and m3 when coupled via mass m2 due to the finite
value of spring k2.

[0045] The position of the anti-resonance of mass ml does not have to be at the mid-point of
this plateay. This position depends on the ratio of mass ml to mass m3, but can be tuned by
altering k. So, although during the initial design phase the resonant frequencies of mass-1 and
mass-3 are equated to cach other £1~£3, thereby assuming mass m2 to be a non-moving body, at
the end, equation (3) does not have to hold due to changed k.

[0846] The mechanical amplification between mass-1 and mass-3 depends on the operating
frequency. 1If the operaling frequency is at the anti-resonance of mass ml, the amplification
ratio will be the maximum. However, this situation can bring instability to the mass m! motion.
It is propesed to operate slightly off anti-resonance. In this case the mechanical amplification
ratio can realistically be 20-30.

[0847] Figures 4, 5 and 6 show alternative embodiments. The proposed 3-mass coupled
oscillation technigque can be used wherever a [-DOF oscillator is used within vibrating
gyroscopes. Decoupled or non-decoupled sense and drive schemes and a tuning fork topelogy
can be used. Moreover, this 3-mass oscillation topelogy can be used in the sensing part of the
gyroscope to achieve a large bandwidth and an amplified sensitivity.

[0048] Figure 4 illustrates a micromachined gyroscope comprising 3 driving masses mt, m2 and
m3 with mass m1 is coupled (k1, b1) to the substrate and to (k12) mass m2, m2 is coupled to the
substrate (k2,b2) and fo {k23), while the mass m3 and mass m3 drives the sensing mass Mgens Via

the decoupling mass Myccoupting.

11
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{6049]  Figure 5 llustrates a micromachined gyroscope comprising 3 driving masses mi, m2
and m3 with mass ml being coupled (k1, bl} to the substrate and to (k12) mass m2, m2 is
coupled to the substrate (k2,b2) and to (k23) the mass m3 and mass m3 drives the sensing mass
MWigens via the decoupling mass Maeooupiing: I this embodiment also the sensing mass Mg 18
configured as a connection for 3 1mass Myens_t, Mens 2, Msens 3, Whereby mass en, 2 1s coupled to
the substrate and to Mass My 2, Maes 2 18 coupled to the substrate and the mass My, 3. In this
configuration a stable oscitlation frequency range for the driving masses is oblained whereby the
movement of mass ml is mechanically amplified fo mass m3, but aiso a stable sensing
frequency range is obtained whereby the movement of mass My, 118 mechanically amplified to
INASS MWens 3.

{8050] Figure 6 illustrates a micromachined gyroscope comprising 3 driving masses ml, m2
and m3 in a tuning fork configuration with mass m1 being coupled (ki, b1) to the substrate and
to (k12) mass m2, m2 being coupled to the substrate (k2,b2) and to (k23) the mass m3 and mass
m3 driving the sensing mass Mg, via the decoupling mass Myecoupting. 1t further comprises a
second series of 3 driving masses ml’, m2” and m3” with mass m1’ being coupled to the
substrate and to (k12”) mass m2’, m2’ being coupled to the substrate and to (k237) the mass m3’
and mass m3’ driving the sensing mass M. Both series of 3 mechanically coupled driving
mass mt, m2 and m3 and m1°, m2’ and m3’ are actuated by the same actuators,

[0851] A number of example embodiments are coitemplated. In one example embodiment, a
micromachined gyroscope may include a substrate and 3 masses configured o oscillate along a
first direction. The first mass ml may be mechanically coupled to the substrate, the second
mass m?2 may be mechanically coupled to the first mass ml and to substrate, and the third mass
m3 may be mechanically coupled to the second mass m2. The gyroscope may be defined as
follows: {{(k2+k12+k23)/m2} == {[(k1+k12)/m1] ~ [(k23)/m3]), where ml, m2, m3 are the

weights of, respectively, the masses ml, m2 and m3, kI, k2 being the spring constant of the

12
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mechanical connection between of the respective mass and the substrate, and k12, k23 being the
spring constant of the mechanical connection between mass 2 and mass 1 and mass 3
respectively.

j0032] In some embodiments, the third mass m3 may be mechanically coupled to the substrate
and the following relationship may exist [(k2+k12+k23)Ym2] >> [(ki+ki2Yml1] ~
[k3+k23)¥m3], where k3 is the spring constant of the mechanical connection between of the
mass m3 and the substrate.

[0053] In some embodiments, the three masses may be driving masses. The gyroscope may
further include driving means to drive the first mass ml. The driving means may be, for
example, one or more parallel plate electrostatic actuators.

[0054] In some embodiments, the three masses may be sensing masses configured to move
when the gyroscope rotates.

[0655] In some embodiments, the gyroscope may further include a duplicate of the three-mass
configuration. The duplicate may be confligured to osciliate along the first direction in opposite
phase with the three-mass configuration,

[0656] In some embodiments, the masses may be configured to oscillate linearly.

[0057] In another example embodiment, a method for designing a micromachined gyroscope
may include selecting m1, m3, ki and ¥3 such that [(k1+k12)/mi}~ [k3+k23)/m3]. The method
may further include selecting m2, k2 such that during operation [(k2+k12+k23Vm2| ==
[(k1+k12¥mi]> [k3+k23)/m3].

[6058] In some embodiments, the method may further comprises selecting a mechanical
amplification between the movement of mass m1 and mass m3, and dimensioning k2 in view of

this desired mechanical amplification.

13
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CLAIMS

1. A micromachined gyroscope comprising: a substrate and 3 masses configured to oscillate
along a first direction, whf:-:reby the first mass being mechanically coupled to the substrate,
the second mass being mechanically coupled to the first mass and to the substrate, and the
third mass being mechanically coupled to the second mass, whereby the following
relationship exist {(k2+k12+k23¥m2] >> (((k1+k12¥m1} ~ [(k23¥m31), with mi, m2, m3
being the weight of respectively the first, the second and the third mass, with k1, k2 and k3
being the spring constant of the mechanical connection between of the respectively the first,
the second or second mass and the substrate, and with k12, k23 being the spring constant of
the mechanical connection between the second mass and respectively the first or the third

mass.

2. The micromachined gyroscope of claim 1, wherein the third mass is mechanically coupled
to the substrate and whereby the following relationship exists: [(k2+k12+k23Vm2] >
[i+ki2¥ml] ~ [k3+k23)/m3}, with mi, m2, m3 being the weight of respectively the first,
the second and the third mass, with k1, k2 and k3 being the spring constant of the
mechanical connection between of the respectively the first, the second or second mass and
the substrate, and with k12, k23 being the spring constant of the mechanical connection

between the second mass and respectively the first or the third mass.

3. The micromachined gyroscope of ¢laim 1 or 2, wherein the 3 masses are the driving masses

and further comprising driving means to drive the fiest mass.

4. The micromachined gyroscope of claim 3, wherein the driving means are parallel plate

electrostatic actuators.

5. The micromachined gyroscope of any of the claims 1 to 4, wherein the 3 masses are the

sensing masses configured to move when rotating the gyroscape.

6. The micromachined gyroscope of any of the claims 1 to 3, further comprising a duplicate of
this 3 mass configaration, this duplicate being configured to oscillate along the first direction

but in opposite phase with this 3 mass configuration,

cid
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7. The micromachined gyroscope of any of the claims 1 to 6, wherein the 3 masses are

configured to osciilate in a linear way.

8. A method for designing a micromachined gyroscope according to any of the foregoing
claims, the method comprising:
selecting the first mass, the spring constant between the first mass and the substrate, the
third mass, and the spring constant between the third mass and the substrate whereby
[(k1+ki12¥ml1] ~ [k3+k23)/m3], and,
selecting the second mass and  the spring constant between the second mass and the
substrate, such that, during operation, Kk2+k12+k23¥m2] >> [ki+k12¥ml] >
[k3+k23)/m3], with m1, m2, m3 being the weight of respectively the first, the second and
the third mass, with k1, k2 and k3 being the spring constant of the mechanical connection
hetween of the respectively the first, the second or second mass and the subsirate, and with
k12, k23 being the spring constant of the mechanical connection between the second mass

and respectively the first or the third mass.

9. A method according to claim 8, further comprising selecting a mechanical amplification
between the movement of first mass and the third mass, and dimensioning the spring
constant between the second mass and the substrate in view of this desired mechanical

amplification.
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THREE-MASS COUPLED OSCILLATHON TECHNIQUE FOR MECHANICALLY
ROBUST MICROMACHINED GYROSCOPES

ABSTRACT
A micromachined gyroscope is disclosed comprising a substrate, 3 masses ml, m2 and m3 ,
configured to oscillate along a first direction x or y, whereby the first mass m1 is mechanically
coupled to the substrate, the second mass m2 is mechanically coupled to the first mass m! and to
substrate, and the third mass m3 is mechanically coupled to the second mass m2, whereby the
welght and the spring constants k1, k2, k3 of the respective masses ml, m2 and m3 and
mechanical couplings k12, k23 are selected, such that, during operation mass m2 oscillates at a
frequency substantially above the resonance [requencies of mass ml and mass m3. The

resonance frequency of mass m2 may be at feast 2 mes, or even 2.5 times, higher than the

resonance frequency of massml or m3.

Figure 1

16
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