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High-performance micromachined gyroscope with a slanted suspension cantilever∗
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Abstract: This paper presents a novel structure for improving the stability and the mechanical noise of microma-
chined gyroscopes. Only one slanted cantilever is used for suspension in this gyroscope, so the asymmetry spring and
the thermal stress, which most micromachined gyroscopes suffer from, are reduced. In order to reduce the mechani-
cal noise, the proof masses are designed to be much larger than in most micromachined gyroscopes. The gyroscope
chip is sealed at 0.001 Pa vacuum. A gyroscope sample and its read-out circuit are fabricated. The scale factor of
this gyroscope is measured as 57.6 mV/(deg/sec) with a nonlinearity better than 0.12% in a measurement range of
±100 deg/sec. The short-term bias stability in 20 min is 60 deg/h.
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1. Introduction

High-performance gyroscopes are the most critical com-
ponents in many applications, e.g., space navigation and
guided weapons. Micromachined gyroscopes are more attrac-
tive due to their small size and low cost. That is why there is
a persistent world-wide effort to improve their performance.
Many decoupled gyroscope structures with complicated sus-
pension beams and frames are designed to reduce the cross-
coupling error[1−5], and high-Q tuning fork gyroscopes with
large masses are designed to reduce the mechanical noise[6, 7].
A “butterfly” gyroscope using a double-clamped beam with an
asymmetric cross section shows attractive performance[8, 9].

To achieve sub-deg/h rate resolution, a vibratory gyro-
scope must have very high quality factors, large sense capaci-
tances, large proof masses and a large drive amplitude[6]. Im-
proving the stability is also very critical for high-performance
gyroscopes, because most micromachined gyroscopes suffer
from asymmetry spring and thermal stress, which are caused
by the fabrication imperfection and the thermal expansion dif-
ference between the gyroscope structure and the substrate.

The gyroscope structure presented in this paper uses
only one slanted cantilever for suspension. Without multi-
suspension beams and anchors, this gyroscope does not suf-
fer from the problems mentioned above. The dimensions of
this gyroscope are increased for a large drive amplitude and
large proof masses. The quality factors of the drive and sense
modes are maximized by perforating the large proof masses
and sealing the gyroscope chip at high vacuum. These advan-
tages allow this gyroscope to theoretically achieve a bias sta-
bility better than 1 deg/h.

2. Structure design

The designed gyroscope includes a silicon structure and
a Pyrex glass substrate (see Fig. 1). The silicon structure in-

cludes a slanted cantilever and two perforated masses at the
end of the cantilever. A recess is fabricated on the substrate,
with several electrodes on the bottom of the recess.

In this micromachined gyroscope, only one slanted can-
tilever is used for suspension, so the asymmetry spring caused
by fabrication imperfection in many micromachined gyro-
scopes with multi-suspension beams is avoided. This arrange-
ment also reduces the temperature expansion effects on the
gyroscope, while increasing the drive amplitude. These advan-
tages will result in the improvement of the gyroscope’s me-
chanical noise and stability.

The drive mode is the anti-phase swing oscillation of the
masses in the gyroscope plane, caused by the bending of the
cantilever (see Fig. 2(a)). The sense mode is the anti-phase os-
cillation of the masses out of the gyroscope plane, caused by
the torsion of the cantilever (see Fig. 2(b)).

The back view of this gyroscope is shown in Fig. 3. There
are three electrodes under each proof mass. The drive elec-
trodes, named Cd+ and Cd-, are used to excite the drive mode
oscillation. The sense electrodes, named Cs+ and Cs-, are used
to detect the sense mode oscillation of the proof masses.

Fig. 1. View of the gyroscope structure.
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Fig. 2. (a) Drive mode; (b) Sense mode.

Suppose that the drive voltage applied on Cd+ is Vd+, and
the drive voltage applied on Cd- is Vd-. The silicon structure is
connected to ground. Vd+ and Vd- are Vd+ = Dd + Ad sinωdt,

Vd- = Dd − Ad sinωdt,
(1)

where Dd is the DC bias voltage, and ωd is the drive mode
frequency.

The electrostatic forces generated by Cd+ and Cd- are
(see Fig. 4) 

Fe1 =
Cd0V2

d+

h
,

Fe2 =
Cd0V2

d−
h
,

(2)

where Cd0 is the static capacitance of a drive capacitor, and
h is the distance between the drive electrode and the silicon
structure.

The resultant force and moment of these electrostatic
forces are

Fe = Fe1 + Fe2 =
Cd0

(
V2

d+ + V2
d−

)
h

,

Me = (Fe1 − Fe2) (Wd +W1) =
Cd0

(
V2

d+ − V2
d−

)
(Wd +W1)

h
,

(3)
where Wd is the width of the drive electrode, and W1 is the dis-
tance between Cd+ and Cd-. The direction of the moment is
determined by the right-hand rule. By substituting Eq. (1) into
Eq. (3), we find

Fe =
2Cd0

(
D2

d + A2
d sin2 ωdt

)
h

,

Me =
4Cd0DdAd (Wd +W1) sinωdt

h
.

(4)

Only forces or moments at the drive mode frequency could ex-
cite the gyroscope to resonance. There is no component at the

Fig. 3. Back view of this gyroscope.

Fig. 4. Driving technique of this gyroscope.

drive mode frequency in the resultant force, so this gyroscope
is excited by the electrostatic moment.

The dominating moment at the end of the slanted can-
tilever is shown on the cross section A–A′ in Fig. 4. The pro-
jection of Me in the bending direction of the drive mode is

Md = Me cos θ =
4Cd0 (Wd +W1) DdAd cos θ sinωdt

h
, (5)

where θ is the slanting angle of the cantilever.
Md bends the slanted cantilever, so the drive mode oscil-

lation is generated.

3. Fabrication

The gyroscope was fabricated on n-type ⟨100⟩ silicon
wafers with a resistivity of 10 −2 Ω·cm, and the electrodes are
made on Pyrex #7740 glass wafers. Figure 5(a) shows the fab-
rication process. There are mainly five steps.

(1) The Pyrex glass wafer is etched in BOE with a recess
of 10 µm using Cr-Au masks.

(2) Aluminum electrodes are implemented on the bottom
of the recess by sputtering, patterning and etching.

(3) The silicon wafer is patterned on both sides after ox-
idating.

(4) The silicon wafer is etched through in 25% TMAH
at a temperature of 90 ◦C, and then the silicon dioxide film is
etched off in HF.

(5) The silicon wafer is bonded with the glass wafer,
and the diced gyroscope chips are sealed in metal packages
at 0.001 Pa vacuum.

The fabricated chip and the sealed gyroscope are shown
in Fig. 5(b).
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Fig. 5. (a) Fabrication process; (b) Fabricated chip and the packaged
gyroscope.

Fig. 6. (a) Frequency response of the drive mode; (b) Frequency re-
sponse of the sense mode.

4. Characterization

The drive and sense modes are characterized by elec-
trostatic excitation with a sinusoidal signal using a frequency
sweep and simultaneous capacitive detection, using an NF fre-
quency response analyzer FRA5087 (see Fig. 6). The reso-
nance frequencies of the drive and sense modes are 2.104 and
2.053 kHz, and the quality factors of the drive and sense modes
are 16830 and 8052, respectively.

Table 1 summarizes the key parameters of the fabricated
gyroscope. According to Ref. [10], the thermo-mechanical
equivalent rate signal of this gyroscope is

Ωn =

√
kBTωs∆ f

mωd
2Ad

2Qs
= 0.7562 deg/h, (6)

Table 1. Summary of the parameters of the fabricated gyroscope.

Silicon structure thickness 300 µm
Length of the slanted cantilever 1075 µm
Width of the slanted cantilever Designed: 150 µm

Fabricated: 151 µm
Effective mass (m) 9 mg
Designed drive amplitude (Ad) 4 µm
Sealing vacuum 0.001 Pa
Drive mode resonant frequency (ωd) Ansys: 2.011 kHz

Measured: 2.104 kHz
Sense mode resonant frequency (ωs) Ansys: 2.082 kHz

Measured: 2.053 kHz
∆f Measured: 51 Hz
Q factor of drive mode (Qd) 16830
Q factor of sense mode (Qs) 8052

Table 2. Measured Q factors of this gyroscope during three months.

Weeks Q factor of drive mode Q factor of sense mode
1st 16830 8052
2nd 17421 8137
3rd 17220 8104
4th 17332 8216
5th 16934 8097
6th 16431 8021
7th 16278 8004
8th 17586 8265
9th 17459 8204
10th 16962 8108
11th 17763 8292
12th 16873 8097

where KB is the Boltzmann constant, and T is the temperature.
This result means that this gyroscope can theoretically achieve
a bias stability better than 1 deg/h at room temperature.

The Q factors of this gyroscope were measured weekly
for three months, and the results are shown in Table 2. There
was no distinct decrease of the Q factor during these months,
and the variations of the Q factors are mainly due to measure
errors. It can be concluded that the metal package of this gy-
roscope maintains the high inner vacuum very well.

The electrical model of the gyroscope is a capacitive
pseudo-full bridge. In order to improve the stability of this
high Q factor gyroscope, a closed-loop drive controller and
a force balance controller are designed[8]. The block diagram
of the readout circuit as well as the fabricated PCB, are shown
in Fig. 7.

Figure 8 shows the output of this gyroscope versus the
angular rate input in a measurement range of ±100 deg/sec
with 10 deg/sec steps. The gyroscope demonstrates a scale
factor of 57.6 mV/(deg/sec). The nonlinearity of the measured
scale-factor is 0.12% within the full measurement range.

Figure 9 shows the measured random noise of the output
bias of this gyroscope for zero rate input. The short-term bias
stability in 20 min is 60 deg/h. The drift of the zero-rate output
is dominated by the phase error and the drift of the low-cost
read-out electronics.
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Fig. 7. Readout circuit of this gyroscope.

Fig. 8. Angular rate input versus voltage output plot obtained from
the fabricated gyroscope.

Fig. 9. Random variation of the output bias of the gyroscope for zero-
rate input measured for 20 min.

5. Conclusions

A micromachined gyroscope with a slanted suspension
cantilever was designed and fabricated. The gyroscope chip

was sealed in a metal package at 0.001 Pa vacuum. The reso-
nance frequencies of the drive and sense modes are 2.104 and
2.053 kHz, and the quality factors of the drive and sense modes
are 16830 and 8052 respectively. The scale factor of the gyro-
scope was measured as 57.6 mV/(deg/sec) with a nonlinearity
better than 0.12% in a measurement range of ±100 deg/sec.
The short-term bias stability in 20 min is 60 deg/h.
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