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Abstract: In this paper, we present two design methods to improve the performance of disk 
resonator gyroscope (DRG), including decreasing the frequency split and increasing the quality 
factor (Q). The structure parameters, which can affect the frequency split and Q value were 
concluded with the help of the FEM software. Meanwhile, devices with different parameters were 
designed, fabricated, and tested, and the experimental result was in accordance with the 
simulation. With the proposed methods, the DRG was selected with a high Q value and a low 
frequency split to satisfy the demand of high performance. The weakness and future works were 
pointed at last. 
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1. Introduction 

The micro-mechanical vibration gyroscope is developing with the improvement of the 
micro-electro-mechanical system (MEMS) technology, which results in the smaller size, lower cost, 
and higher performance devices. Hence, it widely used in a variety of consumer electronics 
applications [1]. 

As one of the potential devices that can achieve high performance, the disk resonator gyroscope 
(DRG) has attracted more and more attention in recent years. It can meet the demand for threshold 
compact northfinding applications and can be integrated in inertial navigation systems [2]. 

In order to improve the performance of MEMS gyroscopes, several methods including 
temperature control, electrostatic tuning, and optimal design were presented [3–8]. With these 
methods, the polysilicon DRG that was implemented through the epitaxial silicon encapsulation 
process and had a Q value of 50 k at a resonant frequency of 264 kHz was reported in [5]. Later, the 
<100> silicon gyroscope of similar geometry and process is presented in [6], the Q value of it was 
larger than 100 k on n = 3 modes at a resonant frequency of 70 kHz, and the mean frequency split of it 
was 21 Hz. A ring gyroscope operated at the trefoil mode (n = 3) with a Q value of 10 k in vacuum 
and a mean frequency split ratio of 225 ppm at 130 kHz is achieved in [7]. The DRG with a Q value of 
~1.3 M and 40 ppm frequency split at 2.745 MHz is presented in [8]. On the whole, it can be seen that 
all of the methods focus on increasing the frequency split and decreasing the Q value.  

According to Reference [9], if the gyroscope operates at the mode-matched condition, which 
means the frequency split is too small and can be ignored, the gyroscope will have the perfect 
symmetry in drive and sense modes, and the rotation-induced Coriolis signal is amplified by the Q 
value of the sense mode. Therefore, the higher Q value means a higher sensitivity in the gyroscope. 
Meanwhile, a higher Q value also represents a longer decay time, higher resolution, higher SNR 
(signal-to-noise ratio), and lower energy dissipation. The relation between resonance frequency and 
the Q value of resonance gyroscope can be approximately expressed as [10]: 
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where f is the resonance frequency and Δf−3db is the −3db bandwidth. 
Hence, the Q value of DRG is an important performance index in structure design and devices 

with a high Q value can be achieved by the optimal design of structures and an improved 
manufacturing process. Q value is mainly limited by a variety of energy loss mechanisms, such as 
thermoelastic damping (QTED), support loss (Qsupport), and air damping (Qair), which can be expressed as: 
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From Equation (2), it is concluded that the most important thing to improve Q value is finding 
the main energy loss mechanisms and the effects in it. 

Beside the Q value, the frequency split also contributes to the performance of DGR. It is clear 
that the smaller frequency split can bring a higher sensitivity of the gyroscope when the Q value is 
constant. However, due to the anisotropic material properties of single crystal silicon substrate 
[11,12] and manufacturing imperfection [1], the frequency split of drive and sense modes is 
inevitable. In order to minimize the frequency split caused by the material nature, a feasible way is 
manufacturing DRG by isotropic material such as <111> silicon [13,14] or polysilicon [5,15]. 
Unfortunately, this approach requires development of new processes for etching, bonding, and 
packaging, and it is likely to cause more challenges than they can be avoided [9]. Meanwhile, the 
frequency split of DRG made by isotropic silicon can hardly be adjusted by changing the parameters 
of structure, which will be proved in the article later. 

An alternative method to eliminate the effect of frequency mismatches operates the gyroscope 
at the n = 3 mode condition [1,6,7,16], but the amplitude of n = 3 mode is much smaller than the n = 2 
mode, which means that the sensitivity of the gyroscope will decrease considerably. Also, the n = 3 
mode can hardly adjust the frequency split through structure design, which is similar to the DRG in 
<111> silicon. Another way to solve the problem is by compensating the anisotropy of the 
monocrystalline silicon by design of structure, such as slightly changing the location of spokes, the 
width of spokes, and rings [17]. 

In this paper, we presented several methods of structural design based on the model of DRG 
structure from [17], to compensate for the frequency split caused by the anisotropy of <100> silicon 
[18]. In reference [17], it mainly focused on the application of spoke location (angle) and spoke width. 
In this paper, the effect of spoke length, spoke number, and ring number are also introduced and 
simulated using the finite element method (FEM) software ANSYS in Section 2. Meanwhile, the 
energy dissipation mechanisms of DRG is analyzed and simulated in Section 3. The fabrication 
process is described in Section 4. The testing results are presented to compare with the simulation 
results in Section 5. Finally, the testing results are summarized. 

2. The Effect of DRG Structure on Frequency Split  

The structure of DRG consists of a set of multiple concentric rings and electrodes evenly 
distributed outside of the rings, as shown in Figure 1. Each couple of adjacent rings are connected by 
the spokes, which are interleaved with an angular offset. The ring resonator is anchored with the 
support pillar at the center and suspended on the glass substrate. The operational principle of DRG 
is shown in Figure 2, it is driven into oscillation along the drive axis, and then the Coriolis force 
caused by the rotation in detecting axis, which is vertical to the DRG plane, gives rise to the motion 
in its sense axis. The angle between the drive axis and the sense axis is 45° in n = 2 mode and 30° in n 
= 3 mode. 
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Figure 1. Schematic diagram of disk resonator gyroscope (DRG) in Silicon-On-Insulator (SOI) packaging. 

 

Figure 2. The different modes of DRG. 

For the sake of analysing the structure of the DRG preliminarily, the simplified equations of the 
motion of the DRG are expressed by [19]: 
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where x, y are the displacements of the drive axis and sense axis, ξ is the damping ratio, ω is the 
resonant frequency, meff is the effective mass, Ag is the angular gain, Ω is the angular rate, and F0 is 
the driving force. Thus, the equation of motion in drive axis can be concluded as: 
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where Qx is the Q value of drive mode, Qx = 1/2 ξx, kx is the stiffness of the drive axis and kx = meff × ωx2. 
Put it into Equation (3) and the mechanical sensitivity can be written as:  
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According to Equation (5), there are three ways to increase the mechanical sensitivity: (1) 
increasing the driving force; (2) decreasing the frequency split between drive and sense modes 
through optimal design of the gyroscope; and, (3) improving the Q value in drive and sense modes.  

In addition, the effective mass and angular gain is: 
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where (φx1, φy1, φz1, φx2, φy2, φz2) are the shape functions of the disk resonator, and ρ is the density of 
the material [20]. 

In order to reduce the frequency split, the four approaches including varying the placement of 
spokes, the width of spokes, the number of spokes, and the width of rings are presented. In other 
words, the effective stiff could be adjusted to compensate for the anisotropy of <100> silicon through 
these slight changes in structure. Finally, the effect of the methods are demonstrated under the 
theoretical analysis and FEM simulation presented in the section.  

2.1. The Small Offset Angle of Spokes Placement 

The small angular offset of spokes locates is in 22.5° + n × 45° (n = 0, 1, 2, ..., 7) position when the 
number of spokes is 16. Similarly, the offset is in 30° + n × 45° and 22.5° + n × 45° (n = 0, 1, 2, ..., 7) 
when the spoke number is 24 and 32, respectively, as shown in Figure 3. Since the resonator 
frequency of device is determined by the dimension and position of the rings and support beams, an 
offset angle adjustment as small as ±(0.1°–0.7°) of spokes position can slightly change the frequency 
to achieve the mode-matching condition of the resonator.  

 
Figure 3. The offset angle locations in DRGs with different spoke number. 

Taking the material anisotropy of <100> single crystal silicon into consideration, the Young’s 
modulus is a function of the crystal direction E(θ) [21]. Furthermore, considering that the end of the 
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innermost spokes are connected to the central anchor and the other end to ring, the cantilever 
beam-bending can be used as the model to make the approximate theoretical to analyze and predict 
the effective stiffness of spokes. Therefore, the model can be expressed as [9,17]: 
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where keff,s is the effective stiffness of spokes, I is the moment of inertia, θi is the angle from the 
principle axes of the ith spoke, w, h, and L are the width, thickness, and length of spokes.  

Owing to the complexity of model analysis, the FEM software ANSYS is used to simulate the 
model of the resonator when it works in its resonant frequency of n = 2 mode. The relationship 
between the frequency splits and the varying spoke positions is shown in Table 1. 

Table 1. The Results of Simulation of Frequency Splits in DRGs with different material, mode and 
spoke angular offset. 

Number of 
Spokes 

Offset Angle of 
Spokes (°) 

Frequency Splits
<100>Si,n = 2 <100>Si,n = 3 <111>Si,n = 2 <111>Si,n = 3 

16 

+0.7 1229.6 1.2 0.9 0.8 
+0.6 1108.5 1.1 1.2 0.9 
+0.5 985.2 1.4 1.6 0.6 
+0.4 864.8 1.6 1.9 0.3 
+0.3 741.2 0.8 1.4 1.2 
+0.2 618.4 2.3 1.1 1.3 
+0.1 497 2.2 0.8 0.7 

0 375.1 1.8 0.4 0.2 
−0.1 252.3 1.3 1.2 0.5 
−0.2 128.3 1.5 2.3 0.9 
−0.3 6.8  2.1 1.2 0.8 
−0.4 −113.7 1.2 0.9 0.2 
−0.5 −236.7 1.2 0.7 1.1 
−0.6 −358.9 1.3 0.8 2.3 

24 

−0.1 566.5 1.8 2.1 1.6 
−0.2 493.3 2.2 2.6 2.3 
−0.3 413.4 1.9 2.4 1.6 
−0.4 338 1.7 1.3 3.1 
−0.5 254 2.3 0.9 1.3 
−0.6 163 2.5 2 2.6 
−0.7 78 3.2 3.5 3.7 
−0.78 2 1.8 1.2 2.1 
−0.8 −17 2.1 2 3 
−0.9 −116 1.6 2.3 1.2 

32 

0 1039 2.1 1.6 1.9 
−0.2 867 2.3 2.7 2.7 
−0.3 789 2.1 2.4 1.3 
−0.6 541 2.5 5.9 2 
−0.8 368 2.3 3.4 3.4 
−1 197 1.2 2.8 2.3 
−1.2 41 1.8 4.6 1.1 
−1.24 3 2.7 3.2 1.7 
−1.3 −48 2.3 5.3 3 

From the data in the table, it is seen that the frequency split of the DRG manufactured in <100> 
silicon can be adjusted to the level close to 0.1 Hz when it works in n = 2 mode. 
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2.2. The Varying Width and Length of Spokes 

According to Equation (3), it is obvious that the effective stiffness of spokes is related to the 
width, thickness, and length of spokes. Since the thickness of spokes is difficult to control during the 
process of fabrication, the spoke width and length are chosen to adjust the frequency split. 

Similarly, the simulation of resonant frequency of n = 2 mode is performed with the help of 
ANSYS, and the frequency splits of different widths of spokes are shown in Figure 4. From the 
figures, it can be concluded that the frequency splits are positively correlated to the width of spokes 
and negatively related to the length of spokes in condition of the <100> silicon DRG working in n = 2 
mode. Besides, the frequency splits of <100> DRG in n = 2 mode, <111> silicon DRG in n = 2 and n = 3 
modes showed no obvious relationship with the parameters of spokes.  

 
(a) 

 
(b) 

Figure 4. Relationship between the frequency splits and different length and width of spokes: (a) 
<100> DRG in n = 2, (b) From left to right: <111> DRG in n = 2, <100> DRG in n = 3, <111> DRG in n = 3. 

2.3. The Varying Number of Spokes 

Also, the effective stiffness can be changed by adjusting the number of spoke i when the other 
factors of the spokes including the position, width, and length remain, as shown in Equation (2). The 
resonator frequency of i = 16, 24, 32 is simulated and the frequency splits of different spoke number 
and offset angle are shown in Figure 5. 
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(a) 

 
(b) 

Figure 5. Relationship between the frequency splits and the varying spoke positions (a) DRG made 
by <100> silicon and work in n = 2 mode, (b) DRG made by <100> silicon and work in n = 3 mode; 
<111> silicon, work in n = 2 and n = 3 mode. 

From these figures, it is concluded that the different number of spokes can affect the frequency 
splits. Meanwhile, for <100> silicon DRG in n = 2 mode, the larger spoke number will cause the 
increasing of offset angle for mode matching. 

2.4. The Varying Width of Rings 

The rings of DRG can be considered as a parallel connection of many double-U-shaped springs, 
so the effective stiffness of resonator can be expressed as: 
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where kd is the effective stiffness of the double-U-shaped spring, h is the thickness of the rings, R is 
the radius of the rings, w is the width of the rings, and θ is the angular range of the springs. 

According to Equation (9), k is proportional to the w3, so a slight change in the width of rings as 
much as 1–2 µm will have significant effect on the resonant frequency without changing the 
operation mode of resonator. According to the simulation result of the resonators, the frequency 
splits of different widths of different DRG and modes are shown in Figure 6. 



Micromachines 2017, 8, 296 8 of 18 

 

 
(a) 

 
(b) 

Figure 6. Relationship between the frequency splits and ring width (a) DRG made by <100> silicon 
and work in n = 2 mode, (b) DRG made by <100> silicon and work in n = 3 mode; <111> silicon, work 
in n = 2 and n = 3 mode. 

From Figure 6a, it can be seen that the frequency has positive correlation with the width of rings, 
but the correlation becomes weak when the width of ring is over 20 µm. Furthermore, similar to 
other conditions, the frequency splits of <111> silicon DRG and <100> silicon DRG in n = 3 mode is 
much smaller and can be ignored, as shown in Figure 6b. 

3. Analysis of Energy Dissipation 

From Equation (5), it can be concluded that the Q values of drive and sense modes can affect the 
mechanical sensitivity. According to the simulation results mentioned later, the resonant frequencies 
of drive and sense modes vary with the Q values. Hence, in order to estimate the performance of 
DRG more correctly, a new evaluation indicator IQf is mentioned according to [22]: 

yyxxQf
fQfQI =  (10) 

where Qx and Qy are the Q values of drive and sense modes, and fx and fy are the resonant frequencies 
of drive and sense modes. 

Based on Equation (2), Q value is inversely proportional to the energy dissipation, which 
includes thermoelastic dissipation, support loss, air damping and so on. But as mentioned before, 
the DRG is packaged in a high vacuum environment, so the air damping can be neglected. With the 
help of FEA software COMSOL Multiphysics, we can analyze the thermoelastic dissipation and 
support loss, respectively, to find the methods and improve the Q value by structure design. 
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3.1. Thermoelastic Dissipation 

When the mechanical resonator operates, it will vibrate at a certain frequency that leads to the 
variation of strain with the variation of temperature. Meanwhile, the heat current is irreversible, 
which causes the energy loss called thermoelastic dissipation. For most of the resonance gyroscopes, 
thermoelastic dissipation is one of the key limitations to the Q of gyroscopes [23].  

There are closed-form expressions for QTED in resonators with simple and ideal geometric 
features [24]. However, it is very difficult to obtain the analytic solutions of resonators with complex 
geometries. In addition, due to the imperfect fabrication and the anisotropy of the materials, it is 
very difficult to build the ideal mathematic model of QTED. Therefore, the FEM software, COMSOL 
Multiphysics, is used to simulate the QTED of DRGs with different structure parameters. 

The relationships between the QTED of disk resonator and spoke width, spoke length, and other 
factors are fitted by the simulation results, which is shown as Figure 7. 

 
(a) 
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(b) 

 
(c) 

Figure 7. Simulation results in COMSOL Multiphysics. (a) Temperature departure of DRG in drive 
and sense modes (n = 2), (b) Simulation results of QTED in DRG, and (c) Simulation results of IQf in 
DRG. 

nrom Figure 7a, it can be seen that the temperature departure in the rings mainly existed in the 
part with sever deformation, which means that the adjustment in rings is more effective than spokes 
to improve QTED. Furthermore, based on Figure 7b, we can conclude that the QTED is positively 
correlated with the ring number and spoke length, while it is negatively correlated with the spoke 
number, ring width and disk diameter. In addition, it is not appropriate to judge the performance 
without considering the resonant frequency, so the IQf is shown in Figure 7c, and its trend is similar 
to QTED. In a word, it can be expressed as:  
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where Ls is the length of spoke, Nr and Ns are the number of rings and spokes, wr is the width of ring, 
and dD is the diameter of disk. Meanwhile through data analysis, it can be found that the dominant 
elements are the spoke number, the ring number, and the ring width. 

Due to the limitation of the overall dimensions and the required resonant frequency value, it is 
necessary to get the tradeoff among them by adjusting the structural parameters of DRG. In this case, 
the number of spokes and rings is set to 16 and 60, rings width is 15 µm, spoke length is 10 µm, 
spoke width is 20 µm, and disk diameter is 4.4 mm. 

3.2. Support Loss 

As an important dissipation mechanism for mechanical disk resonance, an analysis model of 
support loss has been built in [25–30]. The support stem is generally under the center of disk to 
eliminate the support damping, but with the micro structure, it is becoming increasingly difficulty to 
fabricate enough small support stem in the central position. The COMSOL Multiphysics software 
and the Perfectly Match Layer (PML) are applied to simulate the support damping. The material of 
DRG is <100> silicon and the supporting base is made by BF33 glass, Table 2 lists the material 
prosperities of <100> single crystal silicon and BF33 glass. 

Table 2. The Material Prosperities of <100> Silicon and BF33 Glass. 

Prosperity <100> Silicon BF33 Glass 
Density 2329 kg/m3 2200 kg/m3 

Young’s modulus 130 GPa 64 GPa 
Poisson ratio 0.28 0.2 

Thermal conductivity 148 W/(m·K) 1.2 W/(m·K) 
Coefficient of thermal expansion 2.6 × 10−6 K−1 3.25 × 10−6 K−1 

Specific heat capacity 700 J/(kg·K) 830 J/(kg·K) 

Qsupport greatly depends on the ratio of the support pillar radius and the disk radius. Meanwhile, 
a quarter wavelength rule exists for the height of the support pillar [23]. Thus, the main structure 
parameters of DRG which have effect on support loss are the diameter and height of support pillar, 
the diameter, and the ring number of DRG. Moreover, all the conditions are simulated in the 
software, and the simulation results are shown in Figure 8.  

 
(a) 
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(b) 

 
(c) 

Figure 8. Simulation results of Qsupport in COMSOL Multiphysics: (a) The mesh result of DRG for 
simulation of support loss, (b) Simulation results of Qsupport in DRG, and (c) Simulation results of IQf 
in DRG. 

In Figure 8b, it is difficult to conclude the relationship between Qsupport and the structure 
parameters of support pillar and disk because of the fluctuant connection. However, the trend of IQf 
in support loss is clear, which can be seen in Figure 8c. IQf is positively related to the ring number 
and the diameter of disk. Besides, IQf is inverse proportional to the support height and diameter. 

Although using the conclusion above can help in designing the DRG with lower support loss, 
the Qsupport is much greater than QTED, which means that the support loss is negligible when 
compared with thermoelastic dissipation. Hence, the parameters, which are set for low 
thermoelastic dissipation, remain unchanged. Besides, the height and diameter of support pillar are 
chosen as 20 µm and 0.8 mm. 

4. Fabrication 

The DRG of multiple rings can be fabricated by a conventional three-mask silicon on glass (SOG) 
process. The 60 µm thickness device layer is made on the low resistivity, boron-doped (P-type) <100> 
single crystal silicon wafer. The borosilicate glass of BF33 is chosen as the material of substrates for 
its close coefficient of thermal expansion with silicon. The main process flows are shown in Figure 9. 
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First, 2 µm plasma-enhanced chemical vapor deposition (PECVD) SiO2 layer is deposited on the 
back side of silicon wafer and patterned by mask1 to define the anchor (Figure 9a). Then, the central 
post is formed by the deep reactive ion etching (DRIE), and the gap between the glass substrate and 
device is created at the same time (Figure 9b). Next, the photoresist are patterned by mask2, and then 
a 30/300 nm thickness Cr/Au is deposited in the pattern to form the electrical interconnects and pads 
through lift-off process (Figure 9c). After that, the Si-glass anodic bonding is performed, and then 
the silicon wafer is thinned with the chemical mechanical polishing (CMP) process (Figure 9d). 
Finally, 2 µm PECVD SiO2 layer is deposited on the front side of silicon wafer and patterned by 
mask3, and the resonator structure and electrodes are simultaneously released using the Bosch ICP 
(inductively coupled plasma) process (Figure 9e). 

 
Figure 9. Main process flow of fabrication of DRG. 

The micrographs of DRG fabricated is shown Figure 10, which include the bird eye view of the 
fabricated resonator (Figure 10a) and the zoomed-in view of rings, spokes and electrodes  
(Figure 10b–d).  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 10. The photo of the fabricated DRG. (a) Bird eye view of fabrication disk resonator;  
(b) Zoomed-in the view of rings, spokes and disk; (c) Zoomed-in view of rings and spokes;  
(d) Zoomed-in the view of electrodes 
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In Figure 10a, n = 2 represents that the operating mode of DRG is 2, and J16 shows the number 
of spokes is 16. Figure 10b–d show the detail of rings and spokes, and ten devices with different 
design parameters are picked up to analyze the fabricating accuracy. The ring width, spoke width, 
and spoke length of them are measured, as shown in Figure 10c, and are then compared with the 
design values to get the fabricating errors. After that, the mean values of these errors are calculated 
and the mean value of each error in the three parts mentioned above is less than 5%. Therefore, it can 
be seen that the fabrication result is excellent. 

5. Experimental Results 

According to the results mentioned above, the process to find the optimal parameters of the 
DRG is created and shown in Figure 11. 

Determine Spoke 
Number and Ring 

Number

≥Qset

Adjust Ring Width 
and Spoke Length

≥△fset

Adjust Offset Angle

Yes

Yes

No

No

Initial Parameter

Termination

Adjusting the dominant 
parameter until the Q 
value can satisfy the 

value set  before

Adjusting the offset 
angle to change the split 

frequency for mode 
matching

 
Figure 11. Parameters selection process for DRG. 

The experimental setup is shown in Figure 12a. In the experimental setup the bias voltage is  
5 V. Due to the effect of bias voltage, the electrostatic spring softening phenomenon is observed 
from drive and sense modes, which contributes to the difference between the frequencies of reality 
and simulation. Since it will strengthen the extra electrostatic spring softening in the specific 
ground connection, the other electrodes is floating in this experiment. Although the electrostatic 
spring softening affects the resonant frequency, the frequency difference in different mode is very 
close when the bias voltage and the design values in two modes are the same. On this account, the 
influence in frequency split from electrostatic spring softening is ignored in this study. Besides, the 
device works in a certain vacuum condition (about 1 mTorr) and a controlled temperature of 50 °C. 

Figure 12b shows the frequency split and Q value of the tested DRGs. The Q value here is the 
mean value of Q values in drive and sense modes. The experimental result of devices have 
difference with the simulation. However, the effects of the structure parameters are in accordance 
with the simulation. Hence, the conclusions from analysis and simulation are meaningful for 
design. 

Figure 12c shows the frequency sweeping data of the best DRG selected from devices in  
Figure 12b, and its parameters are shown in Table 3. Meanwhile, it is also the device with optimal 
parameters based on the simulation. The frequency split and Q value of the selected device are 13 
Hz and about 90,000, respectively, while the simulation result are 2 Hz and 160,000. 
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(a) 

 
(b) 

 
(c) 

Figure 12. Experimental setup and results: (a) Experimental setup for testing the frequency and Q of 
DRG; (b) Comparison of experiment results of DRG with different parameters; and, (c) The 
frequency sweeping data of the selected DRG. 
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Table 3. The Parameters of Selected DRG. 

Parameter Value
Spoke number 16 
Ring number 60 
Spoke width 20 µm 
Spoke length 10 µm 
Ring width 20 µm 

Offset Angle −0.3° 
Electrode gap 1.5 µm 

Support pillar height 20 µm 

6. Conclusions 

Frequency split and Q value are two important factors for DRG. By analysis and simulation, 
the dominant parameters to be optimized have an advantageous effect on the frequency split and Q 
value. After that, we designed, fabricated, and tested several disk resonators with different 
structural parameters, and the experimental data supported the assumptions concluded from the 
simulation. Based on these, we selected the DRG with a high Q value of 90,000 and a low frequency 
split of 13 Hz in resonant frequency of about 10.2 kHz without any electrostatic tuning technique. 
However, in our work, many other elements, including the environment effects, the thermo-elastic 
effects, and so on, are neglected. Hence, the future work will focus on the effects of these factors in 
frequency split and Q value. 

Acknowledgments: This work was supported in part by National Natural Science Foundation (No. 61571127), 
Key Laboratory of Micro-Inertial Instrument and Advanced Navigation Technology, Ministry of Education, 
China (Project No. KL201102), Major Project Guidance Foundation of Basic Scientific Research Operation 
Expenses, Southeast University (No. 3222003104), Aeronautical Science Foundation of China (No. 20160869004) 

Author Contributions: X.D. conceived and designed the study; H.G. and L.H. finalized the simulation; L.H. 
analyzed the result; X.D., L.X. and H.G. concluded the fabrication; all authors wrote the paper. 

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

References 

1. Sung, W.; Dalal, M.; Ayazi, F. A 3MHz spoke gyroscope with wide bandwidth and large dynamic range. 
In Proceedings of the 2010 IEEE 23rd International Conference on Micro Electro Mechanical Systems 
(MEMS), Hong Kong, China, 24–28 January 2010; pp. 104–107. 

2. 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, Monterey, CA, USA, 5–8 May 2014; pp. 
504–514. 

3. Xia, D.; Kong, L.; Hu, Y.; Ni, P. Silicon microgyroscope temperature prediction and control system based 
on BP neural network and Fuzzy-PID control method. Meas. Sci. Technol. 2015, 26, 25101. 

4. Zhang, L.; You, W.L.; Yang, H.; Xin, L.I. Research on Electrostatic Tuning Technology of MEMS Oscillator; 
Electronic Design. Engineering: Norco, CA, USA, 2016. 

5. Nitzan, S.; Ahn, C.H.; Su, T.H. Epitaxially-encapsulated polysilicon disk resonator gyroscope. In 
Proceedings of the 2013 IEEE 26th International Conference on Micro Electro Mechanical Systems 
(MEMS), Taiwan, China, 20–24 January 2013; pp. 625–628. 

6. Senkal, D.; Askari, S.; Ahamed, M.J. 100K Q-Factor toroidal ring gyroscope implemented in wafer-level 
epitaxial silicon encapsulation process. In Proceedings of the 2014 IEEE 27th International Conference on 
Micro Electro Mechanical Systems (MEMS), San Francisco, CA, USA, 26–30 January 2014; pp. 504–514. 

7. Ren, J.; Liu, C.Y.; Li, M.H. A mode-matching 130-kHz ring-coupled gyroscope with 225 ppm initial 
driving/sensing mode frequency splitting. In Proceedings of the 2015 Transducers-2015 18th International 
Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), Anchorage, AK, USA, 
21–25 June 2015; pp. 1057–1060. 



Micromachines 2017, 8, 296 17 of 18 

 

8. Mirjalili, R.; Wen, H.; Serrano, D.E. Substrate-decoupled silicon disk resonators having degenerate 
gyroscopic modes with Q in excess of 1-million. In Proceedings of the 2015 Transducers-2015 18th 
International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS), 
Anchorage, AK, USA, 21–25 June 2015; pp. 15–18. 

9. Ahn, C.H.; Ng, E.J.; Hong, V.A.; Yang, Y.; Lee, B.J.; Ward, M.W.; Kenny, T.W. Geometric compensation of 
<100> single crystal silicon disk resonating gyroscope for mode-matching. In Proceedings of The 17th 
International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS & 
EUROSENSORS XXVII) Transducers & Eurosensors XXVII, Barcelona, Spain, 16–20 June 2013; pp. 
1723–1726. 

10. Michael, L.; David, E. On the quality-factor of micro-resonators. Procedia Eng. 2010, 5, 95–98. 
11. Mcwilliam, S.; Eley, R.; Fox, C.H.J. Anisotropy effects on the vibration of circular rings made from 

crystalline silicon. J. Sound Vib.1999, 1, 11–35. 
12. Chang, C.; Chang, G.; Chou, C.; Chien, W.C.; Chen, P. In-plane free vibration of a single-crystal silicon 

ring. Int. J. Solids Struct. 2008, 45, 6114–6132. 
13. He, G.; Najafi, K. A single-crystal silicon vibrating ring gyroscope. In Proceedings of the Fifteenth IEEE 

International Conference on Micro Electro Mechanical Systems (Cat. No.02CH37266) Technical Digest, 
MEMS 2002 IEEE International Conference, Las Vegas, NV, USA, 24 January 2002; pp. 718–721. 

14. Houri, J.; Ayazi, F. High-frequency capacitive disk gyroscopes in <100> and <111> silicon. In Proceedings 
of the 2007 IEEE 20th International Conference on Micro Electro Mechanical Systems (MEMS), Hyogo, 
Japan, 21–25 January 2007; pp. 47–50. 

15. Ayazi, F.; Najafi, K. A HARPSS Polysilicon Vibrating Ring Gyroscope. J. Microelectromech. Syst. 2001, 2, 
169–179. 

16. Shirazi, A.N.; Casinovi, G.; Dalal, M.; Ayazi, F. Combined Phase-Readout and Self-Calibration of MEMS 
Gyroscopes. In Proceedings of the 2013 Transducers & Eurosensors XXVII: The 17th International 
Conference on Solid-State Sensors, Actuatocrs and Microsystems (TRANSDUCERS & EUROSENSORS 
XXVII), Barcelona, Spain, 16–20 June 2013; pp. 960–963. 

17. Ahn, C.H.; Ng, E.J.; Hong, V.A.; Yang, Y.; Lee, B.J.; Flader, I.; Kenny, T.W. Mode-Matching of Wineglass 
Mode Disk Resonator Gyroscope in <100> Single Crystal Silicon. J. Microelectromech. Syst. 2015, 24, 343–350. 

18. Hao, Z.; Xu, Y.; Durgam, S.K. A thermal-energy method for calculating thermoelastic damping in 
micromechanical resonators. J. Sound Vib. 2009, 322, 870–882. 

19. Hao, Z. Thermoelastic damping in the contour-mode vibrations of micro- and nano-electromechanical 
circular thin-plate resonators. J. Sound Vib. 2008, 313, 77–96. 

20. Zhou, X.; Wu, Y.; Xiao, D.; Hou, Z.; Li, Q.; Yu, D.; Wu, X. An investigation on the ring thickness 
distribution of disk resonator gyroscope with high mechanical sensitivity. Int. J. Mech. Sci. 2016, 117, 
174–181. 

21. Hopcroft, M.A.; Nix, W.D.; Kenny, T.W. What is the Young’s Modulus of Silicon? J. Microelectromech. Syst 
2010, 19, 229–238. 

22. Ayazi, F.; Sorenson, L.; Tabrizian, R. Energy dissipation in micromechanical resonators. In Proceedings of 
the SPIE Defense, Security, and Sensing, Orlando, FL, USA, 25–29 April 2011; pp. 2133–2134. 

23. Ghaffari, S.; Ng, E.J.; Ahn, C.H.; Yang, Y.; Wang, S.; Hong, V.A.; Kenny, T.W. Accurate Modeling of 
Quality Factor Behavior of Complex Silicon MEMS Resonators. J. Microelectromech. Syst. 2015, 24, 276–288. 

24. Abdolvand, R.; Johari, H.; Ho, G.K.; Erbil, A.; Ayazi, F. Quality factor in trench-refilled polysilicon beam 
resonators. J. Microelectromech. Syst. 2006, 15, 471–478. 

25. Shao, P.; Tavassoli, V.; Mayberry, C.; Ayazi, F. A 3D-HARPSS Polysilicon Micro-hemispherical Shell 
Resonating Gyroscope: Design, Fabrication and Characterization. IEEE Sens. J. 2015, 15, 4974–4985. 

26. Bao, M.; Yang, H. Squeeze film air damping in MEMS. Sens. Actuators A Phys.2007, 136, 3–27. 
27. Chouvion, B. Vibration Transmission and Support Loss in MEMS Sensors; University of Nottingham: 

Nottingham, UK, 2010. 
28. Hao, Z.; Ayazi, F. Support loss in the radial bulk-mode vibrations of center-supported micromechanical 

disk resonators. Sens. Actuators A Phys. 2007, 134, 582–593. 



Micromachines 2017, 8, 296 18 of 18 

 

29. Lake, J.; Ng, E.; Ahn, C.H.; Hong, V.; Yang, Y.; Wong, J.; Candler, R. Particle swarm optimization for 
design of MEMS resonators with low thermoelastic dissipation. In Proceedings of the the 2013 
International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers & Eurosensors 
XXVII), Barcelona, Spain, 16–20 June 2013; pp. 1456–1459. 

30. Hao, Z.; Ayazi, F. Support loss in micromechanical disk resonators. In Proceedings of the 18th MEMS 2005 
IEEE International Conference on Micro Electro Mechanical Systems, Miami Beach, FL, USA, 30 January–3 
February 2005; pp. 137–141. 

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


