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Abstract: This paper presents the design and simulation of a single-chip integrated MEMS ac-
celerometer gyroscope by integrating a Coriolis vibratory ring gyroscope and a differential resonant
accelerometer into one single-chip structure, measuring both the acceleration and the angular velocity
(or the angle). At the same time, it has the advantages of small volume, low cost, and high precision
based on the characteristics of a ring gyroscope and resonant accelerometer. The proposed structure
consists of a microring gyroscope and a MEMS resonant accelerometer. Tthe accelerometer is located
inside the gyroscope and the two structures are concentric. The operating mechanisms of the ring
gyroscope and the resonant accelerometer are first introduced. Then, the whole structure of the
proposed single-chip integrated accelerometer gyroscope is presented, and the structural components
are introduced in detail. Modal analysis shows the resonant frequencies of upper and lower DETFs
in resonant accelerometer are 28,944.8 Hz and 28,948.0 Hz, and the resonant frequencies of the ring
gyroscope (n = 2) are 15,768.5 Hz and 15,770.3 Hz, respectively. The scale factor of the resonant
accelerometer is calculated as 83.5 Hz/g by the analysis of the input–output characteristic. Finally,
the thermal analysis fully demonstrates that the single-chip integrated accelerometer gyroscope has
excellent immunity to temperature change.

Keywords: microinertial device; chip-integrated structure; MEMS accelerometer gyroscope; microme-
chanical sensor

1. Introduction

With the development of microelectromechanical systems (MEMS) technology, the per-
formances of MEMS devices are greatly improved, and now the sensors are widely used
in various fields [1]. As one crucial kind of MEMS sensors, MEMS inertial sensors have
been widely adopted into many areas, such as aerospace, vehicle navigation, and consumer
electronic products, including smartphones, tablets, and wearable sensors [2,3].

Microinertial devices, as one kind of MEMS device, mainly consist of microaccelerom-
eters and microgyroscopes. The accelerometer acts as an inertial sensor that detects the
linear acceleration or velocity of an object’s motion, whereas the gyroscope detects the
angular velocity (rate) or angle (rate integrating) of an object’s rotation [4].

For inertial sensors, high integration is a significant development trend. Both microin-
ertial measurement unit (MIMU) and microinertial navigation system (MINS) are designed
to improve the integration of devices to achieve more measurement functions in a smaller
volume and meet the requirements of small volume, low power consumption, and multi-
functionality of equipment. At present, high-precision MEMS IMU mainly adopts three
single-axis accelerometers and three single-axis gyroscopes through three-dimensional
assembly. For example, Honeywell has developed a microinertial measurement combined
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product, HG1930. However, there are problems such as large size, high cost, and installa-
tion errors for this method [5]. Therefore, under the premise of ensuring high precision,
reducing the number of inertial devices and even achieving the chip-level integration have
vital research significance and application value.

The microresonant accelerometer, which converts the acceleration signals to be tested
into the frequency variation of the resonator, has attracted considerable attention in the
research and development of high-precision MEMS accelerometers. It has the advantages
of quasidigital signal output, high sensitivity, high resolution, wide dynamic range, anti-
interference capacity, and good stability [6–8]. It is now one of several new-generation,
high-precision MEMS accelerometers.

The micro-Coriolis vibration gyroscope (CVG), based on the Coriolis principle, is
an excellent candidate to be a MEMS gyroscope. The MEMS ring resonator with two-
dimensional symmetrical structure characteristic is well suited for the traditional MEMS
manufacturing process and can achieve low-cost mass production [9]. Compared to MEMS
tuning fork gyroscopes, ring gyroscopes with the symmetrical structure have the following
prominent advantages [10–12]: (1) high sensitivity and less drift resulting from the same
mode frequency and quality factor; (2) better resistance to external shocks and undesired
vibrations. Therefore, the ring gyroscope is considered as a candidate for high-performance
MEMS gyroscopes.

Silicon has the advantages of easy purification, stable chemical properties, and low
cost, making silicon the most widely used semiconductor material [13]. Because the MEMS
processing technology and integration technology based on silicon (SI) material are very
mature, the silicon-based inertial sensor has become the most widely used device. Through
the analysis of the MEMS silicon ring gyroscope and MEMS silicon resonant accelerometer,
it is found that they are both two-dimensional structures and manufactured based on bulk
silicon technology, which makes them very suitable for integrated design. In addition,
the current situation of the ring gyroscope and resonant accelerometer has fully verified
that they can achieve medium and high performance.

This paper proposes a single-chip integrated accelerometer gyroscope, which consists
of a microring gyroscope and a MEMS resonant accelerometer. The accelerometer is located
inside the gyroscope and the two structures are concentric. This novel structure integrates
a ring gyroscope and a resonant accelerometer into one single-chip structure, which can
measure both the acceleration and the angular velocity (or the angle). At the same time,
it has the advantages of small volume, low cost, and high precision. When applied to
MEMS IMU, the number of devices can be reduced from the traditional 6 to 3, which
will have significant advantages in terms of volume and so on. The rest of this paper is
organized as follows. Section 2 gives the operating mechanism and detection mode of
ring gyroscopes, with emphasis on the rate mode and rate integration (RI) mode in n = 2
working mode. The operating mechanism of the resonant accelerometer is introduced in
Section 3. Combined with the content submitted in Section 2, it can guide the structure
design. Section 4 presents the whole structure of the proposed single-chip integrated
accelerometer gyroscope and introduces the components of the structure in detail. Then,
modal simulation and performance analysis are given in Section 5, which includes modal
analysis, input–output characteristics analysis, and thermal analysis by using ANSYS
software. Moreover, the applicability and the availability of the proposed structure are
verified through the FE simulation. Finally, Section 6 concludes this paper with a summary.

2. Operating Mechanism and Detection Mode of Ring Gyroscopes

In 1890, G.H. Bryan proposed that when a vibrating axisymmetric shell rotates around
its central axis, the circular vibration mode precesses proportionally to the shell and is no
longer stationary relative to the shell [14]. This phenomenon is called the Bryan effect and
is used for angular velocity or angle detection by ring gyroscope.

The ring gyroscope usually operates in n = 2 mode (four antinodes), which takes
the form of a standing wave shape, as shown in Figure 1. To facilitate understanding,
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Figure 1 decomposes the vibration of the ring resonator according to the electrode axes,
and the electrode angle corresponding to the n = 2 is 45◦, which is the angle between the
two standing waves. When there is no angular velocity or angle input, the ring resonator
maintains a fixed antinode position (standing wave). When the sensitive axis of gyroscope
rotates, the standing wave will precession and become a traveling wave. The input angular
velocity or angle can be calculated by standing wave precession.

Electrodes of  X mode

Electrodes of  Y mode

Shape of  X mode

Shape of  Y mode

Node of  X mode

Node of  Y mode

45o

Figure 1. The vibratory mode of one ideal ring resonator (n = 2).

The operating mechanism based on the Bryan effect (standing wave precession) allows
the ring gyroscope to have the dual function of detecting angular velocity and angle [15].
Correspondingly, the MEMS ring gyroscope has two detection modes, rate mode [16–18]
and rate integration (RI) mode [19–21], as are shown in Figure 2.

Ω ϕ
kϕ

(a) (b)

Figure 2. Two detection modes of ring gyroscopes (n = 2): (a) Rate mode. (b) Rate integration mode.

Figure 2a shows the rate mode, the most common detection mode of MEMS CVGs,
which detects the input rotation velocity. In this work mode, the ring gyroscope measures
the rotation rate, which is proportional to the Coriolis force. Usually, the two vibratory
modes are defined as drive mode and sense mode, wherein, the ring gyroscope is excited in
the drive mode and is fixed to a particular axis (along the axis of the drive mode electrode)
with a constant amplitude, which is maintained by the automatic gain controller (AGC).
When there is angular rate input, the vibration of sense mode will be triggered under
the Coriolis effect (the energy is converted from drive mode to sense mode). Therefore,
the wave nodes of drive mode will vibrate, as are shown in Figure 2a. The rate mode can
be divided into open-loop detection and closed-loop detection. The open-loop detection
measures the input by sensing the vibration produced by Coriolis force, whereas the closed-
loop detection measures the input by suppressing the vibration by force balance controller.

For the open-loop detection mode, when there is an angular velocity Ωz input, the vi-
bration amplitude of the sense mode qs can be expressed as [22],

qs =
4kQqd

ω
Ωz, (1)

where, k is the precession factor, which is constant for the actual structure, Q is the quality
factor of the ring gyroscope, ω is the working frequency, and qd is the vibration amplitude
of the drive mode.
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For the closed-loop detection mode, the balancing force Fs to counteract the Coriolis
force effect is given as

Fs =
4kQFd

ω
Ωz, (2)

where, Fd is the driving force of drive mode.
Figure 2b shows the rate integration mode, also known as whole angle (WA) mode,

which directly detects the input rotation angle. The working principle is the Bryan effect
that the rotation angle of the standing wave will always lag behind the rotation angle of the
carrier by a fixed angle(θ = kϕ), as shown in Figure 2b. Unlike the rate mode, the vibration
in this mode will not be locked in a fixed axis upward but will achieve free precession with
rotation. The input angle ϕ can be obtained by determining the precession angle θ of the
standing wave.

3. Operating Mechanism of Resonant Accelerometers

Differential output resonant accelerometer has become the most popular structural
form of the resonant accelerometer because it can significantly reduce the influence of
common mode errors such as temperature and stress on the output. Figure 3 shows the
structural diagram of the MEMS silicon resonant accelerometer, a perfectly symmetrical
differential structure.

Leverage
Mechanism

DETF

x

y

z
o

Proof
Mass

A×

Leverage
Mechanism

DETF

A×

Anchor

Figure 3. Structural diagram of the MEMS silicon resonant accelerometer.

Two double-ended tuning forks (DETFs), which serve as stress-sensitive resonators,
are symmetrically arranged and connected to the proof mass by leverage mechanism.
The proof mass converts the input acceleration into an inertial force, which is amplified by
leverage and then transmitted to the resonators. The inertia force will cause the changes
of resonant frequencies, which shows that the frequency decreases under compressive
force and increases under tensile force. The magnitude of the input acceleration will be
calculated from the difference between the resonant frequencies of the two resonators.
According to [23], the resonant frequency of DETFs under inertial force are as follows:

f = f0

√
1 ± F

0.295L2

Ehω3 , (3)

where, f is the resonant frequency of DETFs under inertial force, f0 is the unloaded resonant
frequency, ± denotes the tensile force and the compressive force on the DETFs, L is the
length of the resonant beam, h is the thickness of the resonant beam, ω is the width of the
resonant beam, and E is the elastic modulus of the structural material.

With the high-order terms omitted, the differential frequency output of the accelerom-
eter is given as follows [23]:

∆ f = f0

[
F

0.295L2

Ehω3 +
1
8

(
F

0.295L2

Ehω3

)3]
. (4)
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4. Design of the Whole Structure of Single-Chip Integrated Accelerometer Gyroscope

Based on the deep dry silicon on glass (DDSOG) processing technology, a single-chip
integrated accelerometer gyroscope is proposed. The procedures of the DDSOG technology
are shown in Figure 4 [24]. The DDSOG process is simple and the yield is high. This process
has a larger aspect ratio than the surface processing process. In particular, the movable
structural material of the device is single-crystal silicon, and the internal stress is very small.
The high temperature process and the recombination of other materials on the structural
layer are avoided during the processing. Therefore, the stress and stress gradient of the
final device structure are small [25].

2SiO

Si Glass

Metal

Si

Glass

Si

Glass

Si

Glass

Si

( )a ( )b ( )c

( )d ( )e ( )f

Figure 4. The procedures of the DDSOG technology. (a) Anchoring on the silicon wafer. (b) Etching
the bonding area on the silicon wafer. (c) Depositing the metal conductive layer onto the glass
substrate wafer. (d) Bonding the silicon wafer to the glass substrate wafer by anodic bonding.
(e) Thinning and polishing the silicon wafer. (f) Inductively coupled plasma (ICP) etching and
structure releasing.

The proposed single-chip integrated accelerometer gyroscope is shown in Figure 5,
consisting of a microring gyroscope and a MEMS resonant accelerometer. The accelerometer
is located inside the gyroscope and the two structures are concentric. In the figure, the dif-
ferent colors of the silicon structure layer are only to distinguish different components of
the structure, and the subsequent analysis is only performed for the silicon structure layer.

Silicon structure layer

glass substrate layer

Figure 5. The whole structure of single-chip integrated accelerometer gyroscope (oblique view).

For n = 2, the working mode of a ring gyroscope (the drive mode and the sense
mode are two identical elliptically shaped flexural modes with equal natural frequencies
and are 45 apart from each other), at least eight support beams with central symmetry
are required. In addition, to realize the detection of gyroscope, at least eight groups of
centrally symmetrical electrodes are needed. Therefore, the structure of the ring gyroscope
(n = 2) is designed as shown in Figure 6a, which consists of a ring, eight support springs,
fixed electrodes, and anchors. The support spring is a Φ-shape structure, and a group of
electrodes is composed of an outer electrode and two inner electrodes.
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Ring 
Fixed electrode
Support beam 
Anchor

Support beam
Leverage mechanism
DETF

Proof mass

Anchor

(a) (b)

Figure 6. Schematic diagram of structural components. (a) The structure of the microring gyroscope.
(b) The structure of the MEMS resonant accelerometer.

The structure of the inner accelerometer is designed according to Figure 3. In or-
der to make better use of the structural space, the inner accelerometer is designed as a
circular structure.

Based on the previous research on the resonant accelerometer and the ring gyro-
scope [23,26,27], combined with the current DDSOG technology level, the main structural
parameters of the accelerometer gyroscope are set as shown in Table 1.

Table 1. The main parameters of the structure.

Parameters Values

Radius of the silicon structure (µm) 4200
Depth of the silicon structure (µm) 100

Radius of the ring (µm) 3200
Thickness of the ring (µm) 30

Radius of the inner accelerometer (µm) 3000
Dimension of the lever input beam (µm2) 50 × 10

Dimension of the lever support beam (µm2) 80 × 10
Dimension of the lever output beam (µm2) 60 × 10

Dimensions of the lever arm (µm2) 1350 × 70
Length of the lever input arm (µm) 1250
Length ofthe lever output arm (µm) 100

Dimension of the resonant beam (µm2) 1000 × 8

5. Modal Simulation and Performance Analysis
5.1. Modal Analysis

As is known to all, too low a frequency of the translational mode of proof mass
(usually the first mode) will be affected by the vibration, shock, and audio noise. Too high
a frequency of the working mode will bring difficulties to circuit detection and control.
Therefore, the translational mode frequency of proof mass is designed above 2 kHz, and the
working mode frequencies of DETFs and ring gyroscope at most 30 kHz are designed.

The material properties of silicon are listed in Table 2 [28,29]. The mode analyses of
the single-chip integrated accelerometer gyroscope are carried out and shown in Figure 7,
and the mesh element is SOLID 95.

Table 2. Material parameters for FE simulations.

Parameters Values

Young’s modulus (Pa) 1.7 × 1011

Poisson’s ratio 0.28
Density (kg/m3) 2330



Electronics 2022, 11, 2451 7 of 14

The resonant frequencies of upper and lower DETFs are 28,944.8 Hz and 28,948.0 Hz,
respectively. The resonant frequencies of the ring gyroscope(n = 2) are 15,768.5 Hz and
15,770.3 Hz, respectively.

2767.6Hz 15329.1Hz 15768.5Hz

(a) (b) (c)
15770.3Hz 28944.8Hz 28948.0Hz

(d) (e) (f)

Figure 7. Modal analysis of the single-chip integrated accelerometer gyroscope. (a) The translational
mode of the RA. (b) The translational mode of the RG. (c) The x-mode n = 2. (d) the y-mode n = 2.
(e) The mode of upper DETF. (f) The mode of lower DETF.

In addition, the effective mode and interference mode are obviously separated. The modal
simulation results show that the basic principle of the single-chip integrated accelerometer
gyroscope is feasible.

5.2. The Input–Output Characteristics Analysis

Some articles directly give the ring gyroscope that the precession factor is a constant of
0.37 [22]. Therefore, this paper focuses on the input–output characteristics of the resonant
accelerometer. As described in Section 3, the frequency variation of the two resonators of
the accelerometer reflects the magnitude of the input acceleration. Generally, for resonant
accelerometers, the frequency change is directly or approximately proportional to the
input acceleration. The ratio is defined as the scale factor and can be given as ∆ f /a for
the differential resonant accelerometer, which is determined by the structural form and
structural parameters.

By applying a series of accelerations on the y-direction to the accelerometer, the cor-
responding frequency under the acceleration input can be obtained. Table 3 shows the
resonant frequencies of the two DETFs at an acceleration input varying from −20 g to
+20 g.
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Table 3. Working frequencies of the DETFs of the resonant accelerometer under different accelera-
tion input.

Acceleration Input (g) fupper (Hz) flower (Hz)

−20 28,096.4 29,770.4
−15 28,310.9 29,567.1
−10 28,523.7 29,362.4
−5 28,738.6 29,152.8
0 28,944.8 28,948.0
5 29,155.7 28,735.3
10 29,358.6 28,528.2
15 29,563.5 28,315.6
20 29,766.8 28,101.2

Figure 8 shows the curve of the frequency difference between the two DETFs with the
input acceleration. Through linear fitting, the scale factor of the resonant accelerometer is
calculated as 83.5 Hz/g.

- 2 0 - 1 0 0 1 0 2 0
- 2 0 0 0

- 1 5 0 0

- 1 0 0 0

- 5 0 0

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

∆f(
Hz

)

a c c e l e r a t i o n  i n p u t ( g )

 F r e q u e n c y  d i f f e r e n c e  u n d e r  a c c e l e r a t i o n  i n p u t
 L i n e a r  f i t t i n g  c u r v e

E q u a t i o n y  =  a  +  b * x
P l o t B
W e i g h t N o  W e i g h t i n g
I n t e r c e p t - 1 . 7 3 3 3 3  ±  1 . 3 0
S l o p e 8 3 . 4 7 8 3 3  ±  0 . 1 0
R e s i d u a l  S u m  o f  S q u 1 0 6 . 8 5 5 8 3
P e a r s o n ' s  r 0 . 9 9 9 9 9
R - S q u a r e  ( C O D ) 0 . 9 9 9 9 9
A d j .  R - S q u a r e 0 . 9 9 9 9 9

Figure 8. The scale factor of the resonant accelerometer.

5.3. Ananlysis of the Affection of Acceleration on the Vibratory Ring Gyroscope

The accelerometer structure is designed to have only one degree of freedom in the
Y direction, so it has excellent resistance to angular velocity interference. Therefore, this
paper mainly analyzes the affection of acceleration on the vibratory ring gyroscope.

Because the gyroscope is a rotationally symmetrical structure, the analysis of one-
eighth of the angle range is enough. Figure 9 gives the acceleration application direction,
all other application directions can be superimposed by these two directions. A series of
accelerations are applied along these two directions.
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22.5°

a a

Figure 9. Schematic diagram of acceleration application direction.

The inertial force generated by the acceleration may cause the displacement change of
the gyroscope. In addition, the inertial force is used as a prestress for modal analysis to
see its impact on the modal frequency. The influence of acceleration on the gyroscope is
analyzed by analyzing the displacement change and frequency change of gyroscope caused
by acceleration load.

The simulation starts with the applied acceleration of 1 g. The simulation results show
that 1 g acceleration has no effect on the displacement and working frequency (n = 2) of the
ring gyroscope. The acceleration load has been increased for simulation analysis. Figure 10
shows the displacement distribution of the ring gyroscope when the acceleration is 100 g.

a

22.5°

a

Figure 10. The displacement distribution of the ring gyroscope when the acceleration is 100 g.

It can be seen that under the 100 g acceleration loads in the two directions, the maxi-
mum displacements of the gyroscope are 6.34 nm and 4.88 nm, respectively. At the same
time, the working frequencies of the gyroscope are still 15,768.5 Hz and 15,770.3 Hz. There-
fore, it can be concluded that the ring gyroscope in the designed structure has excellent
resistance to acceleration interference.

5.4. Thermal Analysis

Due to the difference in the thermal expansion coefficient between the silicon structure
layer and the glass substrate layer, the mismatch thermal stress will be produced as the
temperature changes. In addition, the fluctuation or change of temperature will lead to
structural deformation and the variation of the elastic modulus and the structural stress.
These will cause the resonant frequency drift caused by the change of the temperature [30],
and has an important influence on the performance of the accelerometer gyroscope [31].

A thermal analysis simulation is performed for the accelerometer gyroscope. The ther-
mal stress caused by the temperature change is imposed on the structure as the prestress,
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and structural dynamic analysis is performed. The modal frequency variations with
temperature changes from −40 to 60 ◦C are shown in Figure 11. The simulation results
demonstrate that the working frequencies of the DETFs are susceptible to temperature and
the resonant frequencies drift reaches 20.1 Hz/◦C. In contrast, the working frequencies of
the ring gyroscope (n = 2) are almost insensitive to temperature.
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Temperature(°C)

the drive mode frequency of gyroscope(n=2)
the sense mode frequency of gyroscope(n=2)

Zoom in frequency

Figure 11. The working frequencies of the DETFs and the ring gyroscope at different temperatures.

According to the analysis in Section 5.2, the frequency difference between the two
resonators of the accelerometer reflects the input acceleration. Therefore, to ensure the
stability of the accelerometer, it is necessary to greatly reduce or even eliminate the influence
of temperature on the frequency difference. It can be seen from Figure 11 that although
the working frequencies of two resonators are sensitive to temperature, they are highly
consistent. With the advantage of differential structure, the influence of temperature on
the two resonators can be well offset. Figure 12 gives the frequency difference between the
two DETFs at −40 to 60 ◦C, which shows that the frequencies difference is insensitive to
the temperature. Therefore, the single-chip integrated accelerometer gyroscope has good
temperature stability.

- 4 0 - 2 0 0 2 0 4 0 6 0
- 6
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- 1
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Figure 12. The frequency difference between the two DETFs under different temperature.
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In addition, there will be enormous residual stress in the structure after the accelerome-
ter is cooled from a high temperature to room temperature during processing or packaging,
which will result in a large frequency deviation and may lead to structural deformation
or damage.

A thermal analysis simulation is imposed on the single-chip integrated accelerometer gyro-
scope at 400 ◦C (a high temperature of 400 ◦C is involved in an anode bonding process). The de-
formation and the stress distribution of the device are shown in Figures 13 and 14, respectively.

(a) (b) (c)

Figure 13. The deformation distribution of the single-chip integrated accelerometer gyroscope at
400 ◦C. (a) The deformation distribution of the whole structure. (b) The deformation distribution of
the silicon structure. (c) The deformation distribution of the substrate.

(a) (b) (c)

Figure 14. The stress distribution of the single-chip integrated accelerometer gyroscope at 400 ◦C.
(a) The stress distribution of the whole structure. (b) The stress distribution of the silicon structure.
(c) The stress distribution of the substrate.

The maximum deformation of the structure located in the substrate has a displacement
of 7.87 µm, whereas the maximum stress of the structure shown in Figure 14 presents
in silicon structures with the value of 345 Mpa, which does not reach the yield strength of
7 Gpa.

In summary, the thermal analysis fully demonstrates that the single-chip integrated
accelerometer gyroscope has excellent immunity to temperature change.

6. Conclusions

In this paper, we have presented the design and simulation of a single-chip integrated
MEMS accelerometer gyroscope, wherein a ring gyroscope and a resonant accelerometer
are integrated into one single-chip structure. The accelerometer gyroscope can combine
the advantages of the ring gyroscope and the resonant accelerometer, such as small volume,
low cost, and high precision.

First, the operating mechanisms of the ring gyroscope and the resonant accelerometer
are introduced. Then, the whole structure and main structure parameters of the proposed
single-chip integrated accelerometer gyroscope are presented. Modal analysis showed the
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resonant frequencies of upper and lower DETFs in resonant accelerometer are 28,944.8 Hz
and 28,948.0 Hz, and the resonant frequencies of the ring gyroscope (n = 2) are 15,768.5 Hz
and 15,770.3 Hz, respectively. The input–output characteristics analysis conducted the
scale factor of the resonant accelerometer is 83.5 Hz/g. The accelerometer structure has
excellent resistance to angular velocity interference, which benefits by the structural design
of only one degree of freedom. In addition, anlysis results of the affection of acceleration
on the ring gyroscope show that under the 100 g acceleration loads in the two directions,
the maximum displacements of the gyroscope are 6.34 nm and 4.88 nm, respectively. At the
same time, the working frequencies (n = 2) of the gyroscope have not changed. The results
demonstrate that the ring gyroscope in the designed structure had excellent resistance
to acceleration interference. Finally, the thermal analyses are conducted. The simulation
results show that the resonant frequencies drift of DETFs reaches 20.1 Hz/◦C, whereas the
working frequencies of the ring gyroscope (n = 2) are almost insensitive to temperature.
Because the two resonators are arranged differentially, and the effects of temperature on the
two DETFs are the same, the effects on the frequency difference output of the two DETFs
can be canceled. Thermal analysis simulations at 400 ◦C, showed that the maximum stress
of the structure is 345 Mpa, which is far below the yield strength. The thermal analyses fully
demonstrated that the single-chip integrated accelerometer gyroscope had an excellent
immunity to temperature change.

The silicon-resonant accelerometer has been proven to be a high-performance MEMS
accelerometer for precision navigation and strategic guidance applications [32] and the
performance of the ring gyroscope has also approached the navigation level [2]. The
accelerometer gyroscope proposed in this paper integrates these two structures into a
single chip, which has the potential to realize high-precision acceleration measurement and
high-precision angular velocity measurement. In addition, there are significant advantages
in reducing device count when applied to MEMS IMUs. Therefore, the accelerometer
gyroscope proposed in this paper has great research significance and application value.

Considering the requirements for the symmetry of the two resonators in the common
mode error suppression of the resonant accelerometer and the requirements for the symme-
try of the structure for the high performance of the ring gyroscope, the machining accuracy
is one of the important conditions for the high performance of the accelerometer gyroscope.
In addition, high-precision frequency measurement, wafer-level high-vacuum packaging,
etc. are also important factors for the performance of this accelerometer gyroscope. Fur-
thermore, the single-chip accelerometer gyroscope proposed in this paper can only achieve
single-axis (single-direction) acceleration and angular velocity measurement, and the high-
precision, single-chip 3-axis accelerometer gyroscope deserves further research.

Author Contributions: Conceptualization, Y.G. and J.J.; methodology, Y.G. and L.M.; software, Y.G.
and J.T.; validation, J.J. and Z.R.; formal analysis, L.M.; investigation, J.T. and J.J.; data curation,
Y.G. and Z.R.; writing—original draft preparation, Y.G.; writing—review and editing, L.M. and Y.G.;
supervision, J.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Youth Program of Natural Science Foundation of Jiangsu
Province, China (grant no. BK20201042), the Nanjing Institute of Technology High Level Introduction
of Talents Research Fund under Grant YKJ201866 and YKJ202043, and the Foundation of Key Lab-
oratory of Micro-Inertial Instrument and Advanced NavigationTechnology, Ministry of Education,
China (grant no. SEU-MIAN-202102).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nazir, S.; Kwon, O.S. Micro-electromechanical systems-based sensors and their applications. Appl. Sci. Converg. Technol. 2022,

31, 40–45. [CrossRef]
2. Jia, J.; Ding, X.; Qin, Z.; Ruan, Z.; Li, W.; Liu, X.; Li, H. Overview and analysis of MEMS Coriolis vibratory ring gyroscope.

Measurement 2021, 182, 109704. [CrossRef]

http://doi.org/10.5757/ASCT.2022.31.2.40
http://dx.doi.org/10.1016/j.measurement.2021.109704


Electronics 2022, 11, 2451 13 of 14

3. Sobreviela-Falces, G.; Pandit, M.; Young, D.; Pili, C.; Mcintosh, J.; Abbott, J.; Brook, G.; Reed, M.; Steinmann, P.; MacCarthy,
N.; et al. A Navigation-Grade Mems Vibrating Beam Accelerometer. In Proceedings of the 2022 IEEE 35th International Conference
on Micro Electro Mechanical Systems Conference (MEMS), Tokyo, Japan, 9–13 January 2022; IEEE: New York, NY, USA, 2022;
pp. 782–785.

4. Shkel, A.M.; Wang, Y. Inertial Sensors and Inertial Measurement Units. In Pedestrian Inertial Navigation with Self-Contained Aiding;
Wiley-IEEE Press: New York, NY, USA, 2021.

5. Bian, Y.; Hu, Y.; Li, B. Research status and development trend of MEMS inertial sensor. Metrol. Meas. Technol. 2019, 39, 50–56.
6. Song, Z.; Cui, J.; Zhao, Q. A Silicon Resonant Accelerometer with Vibrating Beam Integrated with Comb Fingers Sensing Structure.

In Proceedings of the 2019 IEEE 14th International Conference on Nano/Micro Engineered and Molecular Systems (NEMS),
Bangkok, Thailand, 11–14 April 2019; IEEE: New York, NY, USA, 2019; pp. 477–481.

7. Xiong, X.; Zheng, W.; Wang, K.; Li, Z.; Yang, W.; Zou, X. Sensitivity enhancement of Mems resonant accelerometers by using
electrostatic spring. In Proceedings of the 2020 IEEE International Symposium on Inertial Sensors and Systems (INERTIAL),
Hiroshima, Japan, 23–26 March 2020; IEEE: New York, NY, USA, 2020; pp. 1–3.

8. Liu, M.; Cui, J.; Li, D.; Zhao, Q. A 3 PPM/◦C temperature coefficient of scale factor for a silicon resonant accelerometer based
on crystallographic orientation optimization. In Proceedings of the 2021 21st International Conference on Solid-State Sensors,
Actuators and Microsystems (Transducers), Orlando, FL, USA, 20–24 June 2021; IEEE: New York, NY, USA, 2021; pp. 116–119.

9. Curey, R.K.; Ash, M.E.; Thielman, L.O.; Barker, C.H. IEEE Standard Specification Format Guide and Test Procedure for Coriolis
Vibratory Gyros. In Proceedings of the Proposed IEEE Inertial Systems Terminology Standard and Other Inertial Sensor Standards,
Monterey, CA, USA, 26–29 April 2004; IEEE: New York, NY, USA, 2004.

10. Gallacher, B.J.; Neasham, J.A.; Burdess, J.S.; Harris, A.J. Initial Test Results from a 3-axis Vibrating Ring Gyroscope. Herz 2006,
30, 601–606. [CrossRef]

11. Hu, Z.; Gallacher, B. A mode-matched force-rebalance control for a MEMS vibratory gyroscope. Sens. Actuators Phys. 2018, 273,
S092442471732109X. [CrossRef]

12. Cui, J.; Bai, Z.; Zhao, Q.; Yang, Z.; Yan, G. Initial frequency split reduction of MEMS ring gyroscope based on cascaded springs
geometrical compensation. Electron. Lett. 2019, 55, 806–808.

13. Elwenspoek, M.; Wiegerink, R. Taojia Canal. In Mechanical Microsensors; Springer: Berlin/Heidelberg, Germany, 2001.
14. Bryan, G.H. On the beats in the vibrations of a revolving cylinder or bell. Proc. Camb. Philos. Soc. 1890, 7, 101–111.
15. Lynch, D.D. Vibratory gyro analysis by the method of averaging. In Proceedings of the 2nd Saint Petersburg International

Conference on Gyroscopic Technology and Navigation, Saint Petersburg, Russia, 24–25 May 1995; pp. 26–34.
16. Xu, Y.; Li, Q.; Zhang, Y.; Zhou, X.; Xiao, D. A Novel High-Symmetry Cobweb-Like Disk Resonator Gyroscope. IEEE Sens. J. 2019,

19, 1.
17. Challoner, A.D.; Ge, H.H.; Liu, J.Y. Boeing Disc Resonator Gyroscope. In Proceedings of the 2014 IEEE/ION Position, Location

and Navigation Symposium—PLANS 2014, Monterey, CA, USA, 5–8 May 2014; IEEE: New York, NY, USA, 2014; pp. 504–514.
18. Hu, Z.X.; Gallacher, B.J.; Burdess, J.S.; Bowles, S.R.; Grigg, H. A systematic approach for precision electrostatic mode tuning of a

MEMS gyroscope. J. Mictroelectromech. Microeng. 2014, 24, 125003. [CrossRef]
19. Gregory, J.A.; Cho, J.; Najafi, K. Novel mismatch compensation methods for rate-integrating gyroscopes. In Proceedings of

the 2012 IEEE/ION Position, Location and Navigation Symposium, Myrtle Beach, SC, USA, 23–26 April 2012; IEEE: New York,
NY, USA, 2012; pp. 252–258.

20. Nitzan, S.H.; Taheri-Tehrani, P.; Defoort, M.; Sonmezoglu, S.; Horsley, D.A. Countering the Effects of Nonlinearity in Rate-
Integrating Gyroscopes. IEEE Sens. J. 2016, 16, 3556–3563. [CrossRef]

21. Taheri-Tehrani, P.; Challoner, A.D.; Horsley, D.A. Micromechanical Rate Integrating Gyroscope with Angle-Dependent Bias
Compensation Using a Self-Precession Method. IEEE Sens. J. 2018, 18, 3533–3543. [CrossRef]

22. Ayazi, F.; Najafi, K. A HARPSS polysilicon vibrating ring gyroscope. J. Mictroelectromech. Syst. 2001, 10, 169–179. [CrossRef]
23. Huang, L.; Yang, H.; Gao, Y.; Zhao, L.; Liang, J. Design and Implementation of a Micromechanical Silicon Resonant Accelerometer.

Sensors 2013, 13, 15785–15804. [CrossRef] [PubMed]
24. Gao, Y.; Huang, L.; Ding, X.; Li, H. Design and Implementation of a Dual-Mass MEMS Gyroscope with High Shock Resistance.

Sensors 2018, 18, 1037. [CrossRef] [PubMed]
25. Acar, C.; Shkel, A. MEMS Vibratory Gyroscopes: Structural Approaches to Improve Robustness; Springer Science & Business Media:

Berlin/Heidelberg, Germany, 2008.
26. Huang, L.; Chen, W.; Ni, Y.; Gao, Y.; Zhao, L. Structure design of micromechanical silicon resonant accelerometer. Sens. Mater.

2013, 25, 479–492.
27. Qin, Z.; Gao, Y.; Jia, J.; Ding, X.; Huang, L.; Li, H. The effect of the anisotropy of single crystal silicon on the frequency split of

vibrating ring gyroscopes. Micromachines 2019, 10, 126. [CrossRef] [PubMed]
28. Gad-el Hak, M. The MEMS Handbook; CRC Press: Boca Raton, FL, USA, 2001.
29. Hopcroft, M.A.; Nix, W.D.; Kenny, T.W. What is the Young’s Modulus of Silicon? J. Mictroelectromech. Syst. 2010, 19, 229–238.

[CrossRef]
30. Yang, G.; Li, H.; Huang, L.; Sun, H. A Lever Coupling Mechanism in Dual-Mass Micro-Gyroscopes for Improving the Shock

Resistance along the Driving Direction. Sensors 2017, 17, 995.

http://dx.doi.org/10.1088/1742-6596/34/1/109
http://dx.doi.org/10.1016/j.sna.2018.02.016
http://dx.doi.org/10.1088/0960-1317/24/12/125003
http://dx.doi.org/10.1109/JSEN.2016.2533480
http://dx.doi.org/10.1109/JSEN.2018.2810843
http://dx.doi.org/10.1109/84.925732
http://dx.doi.org/10.3390/s131115785
http://www.ncbi.nlm.nih.gov/pubmed/24256978
http://dx.doi.org/10.3390/s18041037
http://www.ncbi.nlm.nih.gov/pubmed/29601510
http://dx.doi.org/10.3390/mi10020126
http://www.ncbi.nlm.nih.gov/pubmed/30769895
http://dx.doi.org/10.1109/JMEMS.2009.2039697


Electronics 2022, 11, 2451 14 of 14

31. Bo, Y.; Lu, C. Design and analysis of a new three-axis micro-gyroscope. Microsyst. Technol. 2017, 24, 1–10.
32. Hopkins, R.; Miola, J.; Sawyer, W.; Setterlund, R.; Dow, B. The silicon oscillating accelerometer: A high-performance MEMS

accelerometer for precision navigation and strategic guidance applications. In Proceedings of the 2005 National Technical Meeting
of the Institute of Navigation, San Diego, CA, USA, 24–26 January 2005; pp. 970–979.


	Introduction
	Operating Mechanism and Detection Mode of Ring Gyroscopes
	Operating Mechanism of Resonant Accelerometers
	Design of the Whole Structure of Single-Chip Integrated Accelerometer Gyroscope
	Modal Simulation and Performance Analysis
	Modal Analysis
	The Input–Output Characteristics Analysis
	Ananlysis of the Affection of Acceleration on the Vibratory Ring Gyroscope
	Thermal Analysis

	Conclusions
	References

