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Inherently Robust Micromachined Gyroscopes
With 2-DOF Sense-Mode Oscillator
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Abstract—Commercialization of reliable vibratory microma-
chined gyroscopes for high-volume applications has proven to be
extremely challenging, primarily due to the high sensitivity of the
dynamical system response to fabrication and environmental vari-
ations. This paper reports a novel micromachined gyroscope with
two degrees-of-freedom (DOF) sense-mode oscillator that provides
inherent robustness against structural parameter variations. The
2-DOF sense-mode oscillator provides a frequency response with
two resonant peaks and a flat region between the peaks, instead
of a single resonance peak as in conventional gyroscopes. The
device is nominally operated in the flat region of the sense-mode
response curve, where the amplitude and phase of the response are
insensitive to parameter fluctuations. Furthermore, the sensitivity
is improved by utilizing dynamical amplification of oscillations in
the 2-DOF sense-mode oscillator. Thus, improved robustness to
variations in temperature, damping, and structural parameters
is achieved, solely by the mechanical system design. Prototype
gyroscopes were fabricated using a bulk-micromachining process,
and the performance and robustness of the devices have been
experimentally evaluated. With a 25 V dc bias and 3 V ac drive
signal resulting in 5.8 m drive-mode amplitude, the gyroscope
exhibited a measured noise-floor of 0.64 s Hz over 50 Hz
bandwidth in atmospheric pressure. The sense-mode response in
the flat operating region was also experimentally demonstrated
to be inherently insensitive to pressure, temperature, and dc bias
variations. [1501]

Index Terms—Inertial sensor, MEMS gyroscope, microma-
chined gyroscope, rate sensor.

I. INTRODUCTION

S INCE the first demonstration of a micromachined gy-
roscope by the Draper Laboratory in 1991 [1], various

micromachined gyroscope designs fabricated in surface mi-
cromachining, bulk micromachining, hybrid surface-bulk
micromachining technologies, or alternative fabrication tech-
niques have been reported [2]–[4]. Inspired by the promising
success of micromachined accelerometers in the same era,
extensive research efforts toward commercial micromachined
gyroscopes led to several innovative gyroscope topologies, fab-
rication and integration approaches, and detection techniques.
Consequently, vibratory micromachined gyroscopes that utilize
vibrating elements to induce and detect Coriolis force have
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been proven to be effectively implemented and batch fabricated
in different micromachining processes. However, achieving
robustness against fabrication variations and temperature
fluctuations remains one of the greatest challenges in com-
mercialization and high-volume production of micromachined
vibratory rate gyroscopes.

In most of the reported microelectromechanical systems
(MEMS) gyroscopes, a two degrees-of-freedom (2-DOF)
mass-spring-damper system is formed, and the proof mass is
driven into resonance in the drive direction. Typically, the sense
mode is designed to be slightly shifted from the drive mode in
order to improve bandwidth, robustness, and thermal stability,
while intentionally sacrificing gain and sensitivity. Yet, the re-
sponse amplitude and phase of the resulting mechanical system
remains extremely sensitive to the relative location of the drive
and sense resonant frequencies. The inadequate tolerancing
and critical dimension control capabilities of the current pho-
tolithography processes and microfabrication techniques lead
to drastic variations in oscillatory system parameters. Thus, the
resulting fabrication variations and imperfections that shift the
natural frequencies impose strict requirements for the active
feedback control system and the detection electronics [5]–[7].

This paper presents a novel structural design concept for
micromachined gyroscopes that provide inherent robustness
against structural and environmental parameter variations.
The emphasis is on investigating the paradigm of shifting
the complexity from the control electronics to the structural
design of gyroscope dynamical system. The design approach
explores the possibility of achieving a wide-bandwidth fre-
quency response in the sense mode of the vibratory gyroscopes.
Thus, the disturbance-rejection capability is achieved by the
mechanical system instead of active control and compensation
strategies [8], [9]. The micromachined gyroscopes of this
class could potentially yield reliable, robust, and high-perfor-
mance angular-rate measurements leading to a wide range of
high-volume applications including dynamic vehicle control,
automotive safety systems, navigation/guidance systems, and
interactive consumer electronics.

II. THE 3-DOF MICROMACHINED GYROSCOPE STRUCTURE

The presented design concept addresses the following major
MEMS gyroscope design challenges:

1) the requirement of precisely controlling the relative loca-
tion of the drive and sense resonance modes from die to
die, from wafer to wafer, and within the required temper-
ature range;

2) variation in the Coriolis signal phase due to the shift in
natural frequencies;
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Fig. 1. Scanning electron micrograph of the prototype bulk-micromachined
3-DOF gyroscope with 2-DOF sense mode.

3) long-term variation in sensitivity due to packaging pres-
sure degradation over time;

4) minimizing the quadrature error and bias due to mechan-
ical coupling between the drive and sense modes.

The proposed gyroscope dynamical system consists of a
2-DOF sense-mode oscillator and a 1-DOF drive-mode oscil-
lator, formed by two interconnected proof masses (see Fig. 1).
The first mass is free to oscillate both in the drive and the
sense directions and is excited in the drive direction. The second
mass is constrained in the drive direction with respect to the
first mass. In the drive direction, and oscillate together
and form a resonant 1-DOF oscillator. The smaller proof mass

forms the passive mass of the 2-DOF sense-mode oscillator
(see Fig. 2) and acts as the vibration absorber to dynamically
amplify the sense mode oscillations of .

The 2-DOF sense-mode oscillator provides a frequency re-
sponse with two resonant peaks and a flat region between the
peaks, instead of a single resonance peak as in conventional gy-
roscopes (see Fig. 3). The device is nominally operated in the flat
region of the sense-mode response curve, where the gain is less
sensitive to variations in the natural frequencies and damping.
Thus, reduced sensitivity to structural and thermal parameter
fluctuations and damping changes is achieved, leading to im-
proved long-term stability and robustness against temperature
variations and fabrication variations from device to device.

Furthermore, the sensitivity is improved by utilizing dynam-
ical amplification of oscillations in the 2-DOF sense-mode os-
cillator [14]. The smaller mass is employed as the sensing
mass, and the larger mass generates the Coriolis force that
excites the 2-DOF sense-mode oscillator. For a given Coriolis
force, the amplitude of the sensing mass increases with
decreasing ratio of the proof masses , which dictates
minimizing the mass of and maximizing the mass of .
Also, it is desired that a large Coriolis force is induced on ,
which also dictates maximizing the mass of . With these two
aligning major design constraints, the concept could potentially
yield better sensitivity than a conventional gyroscope with mis-
matched modes while providing enhanced robustness.

Fig. 2. Lumped mass-spring-damper model of the overall 3-DOF gyroscope
with 2-DOF sense mode.

Since the gyroscope structure oscillates as a 1-DOF resonator
in the drive direction, the frequency response of the device has
a single resonance peak in the drive mode. The device is op-
erated at resonance in the drive mode, while the wide-band-
width frequency region is obtained in the sense-mode frequency
response. Thus, the flat region of the sense-mode oscillator is
designed to coincide with the drive-mode resonant frequency.
This allows utilization of well-proven drive-mode control tech-
niques, while providing robust gain and phase in the sense mode.

A. Mode Decoupling

Fabrication imperfections and residual stresses in MEMS
gyroscopes generally introduce small imbalances and asym-
metries in the gyroscope suspension structure. Due to lack of
perfect alignment of the intended and the actual principle axes
of oscillation, anisoelasticity in the gyroscope structure occurs,
causing dynamic cross-coupling between the drive and sense
directions [11]–[13]. This results in mechanical interference
between the modes, often much larger than the Coriolis motion.
This undesired coupling, called quadrature error, is in phase
with the proof-mass displacement, and 90 phase shifted from
the Coriolis force proportional to the proof-mass velocity.
Even though phase-sensitive detection techniques can partially
discriminate the quadrature error, the device performance
degrades.

In the 3-DOF gyroscope structure, the drive and sense direc-
tion oscillations of can be mechanically decoupled to a great
extent by using a unidirectional frame structure, in order to min-
imize quadrature error and undesired electrostatic forces in the
sense mode due to drive-mode actuator imperfections. When
is nested inside a drive-mode frame (see Fig. 4), the sense-direc-
tion oscillations of the frame are constrained and the drive-direc-
tion oscillations are automatically forced to be in the designed
drive direction.

Thus, possible anisoelasticities due to fabrication imperfec-
tions are suppressed. Since is free to oscillate only in the
sense direction with respect to the frame, the sense-mode re-
sponse of is assured to be perfectly orthogonal to the drive
direction.
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Fig. 3. Frequency response comparison of the single-mass conventional gyroscopes and the disclosed robust micromachined gyroscope with 2-DOF sense-mode
oscillator.

Fig. 4. The frame implementation for decoupling the drive and sense-mode
oscillations of m .

III. GYROSCOPE DYNAMICS

The 3-DOF gyroscope dynamical system is analyzed in the
noninertial coordinate frame associated with the gyroscope.
Each of the interconnected proof masses is assumed to be
a rigid body with a position vector attached to a rotating
gyroscope reference frame with an angular velocity of ,
resulting in an absolute acceleration in the inertial frame

(1)

where and are the velocity and acceleration vectors with
respect to the reference frame , respectively. Thus, the equa-
tions of motion of and can be expressed in the inertial
frame as

(2)

Fig. 5. Scanning electron micrograph of the sense-mode passive massm and
the differential sensing electrodes.

(3)

where is the driving force applied on , is the net ex-
ternal force applied to including elastic and damping forces
from the substrate, is the net external force applied to
including the damping force from the substrate, and is the
elastic reaction force between and . In the gyroscope
frame, and are the position vectors and and are the
velocity vectors of and , respectively.

The following constraints and assumptions further simplify
the dynamics of the 3-DOF system. The structure is stiff in
the out-of-plane direction; the position vector of the decoupling
frame is forced to lie along the drive direction; oscillates
purely in the sense direction relative to the decoupling frame;

and move together in the drive direction ; and
oscillates purely in the sense direction relative to . Thus,
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the equations of motion of and are decomposed into the
drive and sense directions to yield

(4)

(5)

(6)

where is the -axis angular rate, is the mass of the decou-
pling frame, and is the driving electrostatic force applied
to the active mass at the driving frequency . The Coriolis force
that excites and in the sense direction is 2 , and
the Coriolis response of in the sense direction is de-
tected for angular rate measurement.

IV. EXPERIMENTAL EVALUATION

A. Bulk-Micromachined Prototype Design

Prototype 3-DOF gyroscope structures were fabricated in the
UCI Integrated Nano-Systems Research Facility using a one-
mask bulk-micromachining process, based on deep-reactive ion
etching (DRIE) through the 100 m device layer of silicon-on-
insulator wafers. The DRIE process was performed in an STS
inductively coupled plasma (ICP), using an 8 s etch step cycle
with 130 sccm and 13 sccm , 600 W coil power and
15 W platen power; and 5 sec passivation step cycle time with
85 sccm C , 600 W coil power, and 0 W platen power. In the
device, 15 15 m holes were used to perforate the suspended
structures, in order to allow front-side release of the structures
by etching the oxide layer in HF solution. The anchors were
designed as unperforated areas larger than 40 40 m for 25
min release in 49% HF solution, defining the structural layer and
the anchor layer using one mask.

The dynamical system parameters of the prototype 3-DOF
gyroscope with 2-DOF sense mode are as follows. The proof
mass values are kg, kg,
and the decoupling frame mass kg. The
spring constants are N/m, N/m, and

N/m. The overall device size is approximately
4 4 mm .

For the 1-DOF drive-mode oscillator, the effective
proof-mass value becomes

kg. This yields a drive-mode resonant frequency
of 752 Hz.

In the sense mode, the resonant frequencies of the isolated
active and passive mass-spring systems are

Hz and Hz, respectively;
yielding a frequency ratio of , and a
mass ratio of . With these parameters,
the location of the two expected resonance peaks in the sense-

Fig. 6. Experimental measurements of the drive- and sense-mode frequency
responses, demonstrating that the drive-mode resonant frequency is located
inside the sense-mode flat region.

mode frequency response was calculated as Hz
and Hz, based on the relation

(7)

(8)

B. Experimental Results

The frequency responses of the 2-DOF sense-mode oscillator
and the 1-DOF drive-mode oscillator of the prototype 3-DOF
gyroscope were characterized under atmospheric pressure in
an MMR probe station. For the sense-mode characterization,
one-port actuation and detection was utilized, where one probe
was used to impose the driving ac signal plus the dc bias voltage
on the gyroscope structure and one probe was contacted with the
sensing electrode of the sense-mode passive mass . Thus,
the extracted sense-mode frequency response reflects the case
where the excitation force is applied on the passive mass in-
stead of the active mass. The acquired sense-mode frequency
response was then numerically postprocessed [8] in order to ob-
tain the actual response of the passive mass when the active mass
is excited by the Coriolis force.

In the resulting sense-mode frequency response, a flat region
of over 200 Hz was experimentally demonstrated (see Fig. 6).
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Fig. 7. Electrostatically acquired amplitude and phase response, with changing pressure values. The amplitude and phase of the response remains constant within
the flat region.

The two resonance peaks in the drive-mode frequency response
were observed as Hz and Hz, in
very good agreement with the theoretically estimated values of

Hz and Hz. When the drive-
and sense-mode frequency responses of the prototype 3-DOF
gyroscope were investigated together, the drive-mode resonant
frequency was observed to be located inside the sense-mode
flat region as desired (see Fig. 6), allowing the gyroscope to
be operated at resonance in the drive mode and within the flat
region in the sense mode.

V. EXPERIMENTAL ANALYSIS OF PARAMETRIC SENSITIVITY

In order to characterize the frequency response of the 2-DOF
sense-mode oscillator under different pressure and temperature
conditions, electrostatic actuation and capacitive detection were
utilized in an MMR vacuum probe station. A test gyroscope
structure similar to the 2-DOF sense-mode oscillator of the gy-
roscope, but with actuation electrodes attached to the sense-
mode active mass , was designed and characterized. The fre-
quency response was acquired using off-chip transimpedance
amplifiers with a feedback resistor of connected
to an HP signal analyzer in sine-sweep mode. Two-port actu-
ation and detection was utilized, where one probe was used to
impose the dc bias voltage on the gyroscope structure through
the anchor, one probe was used to apply the ac drive voltage on
the actuation port attached to the active mass , and the detec-
tion port on the passive mass was directly connected to the
transimpedance amplifier.

A. Pressure Variations

Fig. 7 presents the experimentally measured amplitude and
phase responses of the sense-mode passive mass at 5, 15, and
30 Torr acquired in an MMR vacuum probe station. The oscil-
lation amplitude in the two resonance peaks were observed to

increase with decreasing pressures. However, the change in the
response amplitude in the flat operating region is insignificant,
as anticipated by the theoretical analysis. This experimentally
demonstrates the damping insensitivity of the sense-mode re-
sponse in the flat operating region, as desired.

Furthermore, the phase of the sense-mode passive mass was
observed to stay constant in the operating frequency band, while
the phase changes were observed at the two resonance peaks as
expected (see Fig. 7). Thus, it is experimentally verified that a
constant-phase response is achieved in the operating region, in
contrast to the abrupt phase changes around the resonance peaks
as in the conventional gyroscopes.

B. Temperature Variations

The sensitivity of the prototype gyroscopes to temperature
variations was characterized by heating the vacuum chamber of
the MMR probe station and continuously monitoring the tem-
perature of the sample using a solid-state temperature sensor
attached to the handle wafer.

Fig. 8 presents the capacitively acquired frequency response
of the sensing element at the temperatures 25 C and 75 C. The
maximum amplitude variation in the flat operating region was
observed to be less than 2% for the 50 C variation in tempera-
ture, experimentally verifying the improved robustness against
temperature variations.

When the change in the response gain at the resonance peaks
is considered (see Fig. 9), it is observed that the frequency shift
due to the temperature change results in a maximum of over 40%
drop in the gain. The response amplitude in the flat operating
region is observed to remain unchanged also in Fig. 9.

C. Electrostatic Tuning

In order to observe the effects of larger stiffness variations
on the system response, the frequency response of the sense-
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Fig. 8. The frequency response of the sense-mode passive mass at 25 and
75 C. The response gain within the flat operating region is observed to stay
constant.

Fig. 9. Closeup of the frequency response of the sense-mode passive mass at
25 and 75 C, showing the frequency shift at the second resonance peak and the
constant response at the flat operating region.

mode passive mass was acquired with different dc bias voltages.
Fig. 10 presents the experimental frequency response measure-
ments for 18–21 V dc bias at 4 torr pressure. The electrostatic
negative spring effect was observed to result in 30 Hz shift in
the first resonance peak and 45 Hz shift in the second resonance
peak; however, the response amplitude in the flat operating re-
gion was observed to change insignificantly.

VI. RATE-TABLE CHARACTERIZATION

The 3-DOF gyroscope sample was diced and packaged in
a ceramic dual in-line package (DIP) package by direct wire-

bonding to the proof-mass anchor, center sense electrode, and
drive electrode bonding pads. Synchronous demodulation tech-
nique was used to extract the angular rate response of the 3-DOF
system with 2-DOF sense mode. The drive signal applied on the
comb-drive actuators was 25 V dc bias and 3 V ac. The device
was operated at resonance in the drive mode, at 752 Hz, without
utilizing active drive-mode control. The drive-mode amplitude
was measured optically during the operation of the device as
5.8 m, using a microscope attached to the rate-table platform.

A 20-kHz carrier signal was imposed on the gyroscope struc-
ture, and the output from the differential sense capacitors was
amplified outside the package and synchronously amplitude de-
modulated at the carrier signal frequency using a lock-in ampli-
fier. The Coriolis signal was finally demodulated at the driving
frequency.

With this technique, a sensitivity of 0.0308 mV s was ex-
perimentally demonstrated while the device was operated in the
flat region of the sense-mode frequency response (see Fig. 11).
The measured noise floor was 19.7 V at 50 Hz band-
width, yielding a measured resolution of 0.64 s at 50 Hz
bandwidth in atmospheric pressure. The majority of the noise
originates from the use of external electronics. Future imple-
mentations could drastically improve the resolution by utilizing
direct connections to preamplifiers or complete detection elec-
tronics inside the device package.

A. Experimental Verification of Improved Robustness

In order to verify that robustness to parameter variations is
achieved in the overall Coriolis response of a wide-bandwidth
gyroscope, the 3-DOF gyroscope structure with 2-DOF sense
mode was characterized on the rate table in a thermally con-
trolled chamber.

When the temperature of the gyroscope was increased from
25 to 75 C while keeping the excitation frequency constant at
752 Hz, the sensitivity of the gyroscope was observed to drop
from 0.0308 to 0.0234 mV s . This translates into a 24.1%
drop in the response gain. When the change in the drive-mode
amplitude from 25 to 75 C was investigated, it was seen that it
changed from 5.8 to 4.3 m, yielding a 25.9% decrease. Thus, it
was concluded that the change in the gyroscope sensitivity was
almost purely due to the drive-mode amplitude change (with
1.8% discrepancy); verifying the insensitivity of the sense-mode
response to temperature variations.

In order to confirm this result, the rate table characterization
at 75 C was repeated, this time changing the drive frequency
to 750 Hz. At this frequency, the drive-mode amplitude was re-
stored to 5.8 m, and a sensitivity of 0.0303 mV s was mea-
sured using the least squares fit line (see Fig. 12). Consequently,
it was experimentally demonstrated that a temperature variation
from 25 to 75 C results in only 1.62% change in the output
of the wide-bandwidth gyroscope approach, verifying the im-
proved robustness. At elevated temperatures, the linearity of the
response was also observed to be preserved.
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Fig. 10. Electrostatically detected amplitude and phase response of the sense-mode passive mass with changing dc bias.

Fig. 11. The angular-rate input versus voltage output plot obtained from the 3-DOF gyroscope with 2-DOF sense mode in the�200 to 200 =s and 0 to +25 =s
input ranges. The scale factor is obtained as 0.0308 mV=( =s) from the least squares fit line.

B. Comparison of Response With a Conventional Gyroscope

In order to compare the improved robustness of the proposed
wide-bandwidth approach, a micromachined gyroscope with a
conventional 1-DOF sense mode was fabricated on the same
wafer, and characterized under the same temperature variations
and using the same signal conditioning electronics.

When the temperature of the tested conventional gyroscope
was increased from 25 to 75 C while restoring the drive-mode
amplitude to 12 m, the sensitivity was observed to drop from
0.91 to 0.73 mV s . Thus, a 50 C temperature increase was
observed to result in 19.8% sensitivity change in the conven-
tional gyroscope, which is over 12.2 times larger than the 3-DOF
gyroscope approach.

VII. CONCLUSION

This paper presented a 3-DOF gyroscope system with 2-DOF
sense-mode oscillator, which significantly suppresses the effect
of parameter variations on the gain and phase of the sense-mode
response, while compatible with well-proven drive-mode con-
trol techniques. The in-house fabricated bulk-micromachined
prototypes were successfully operated as a gyroscope in the flat
region of the sense-mode response. The prototype gyroscope
exhibited a measured noise floor of 0.64 s Hz over 50 Hz
bandwidth in atmospheric pressure. The sense-mode response
in the flat operating region was also experimentally demon-
strated to be inherently insensitive to pressure, temperature,
and dc bias variations. The results of this work introduce and
demonstrate a new paradigm in MEMS gyroscope design,
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Fig. 12. The measured angular-rate response of the 3-DOF gyroscope at 25
and 75 C when the drive frequency is changed from 752 to 750 Hz.

Fig. 13. The measured angular-rate response of the 3-DOF gyroscope and a
conventional gyroscope at 25 and 75 C.

where disturbance-rejection capability is achieved by the
mechanical system instead of active control and compensation
strategies. The micromachined gyroscopes of this class are ex-
pected to yield reliable, robust, low-cost, and high-performance
vibratory rate gyroscopes for high-volume applications.
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