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Abstract—To protect MEMS gyroscopes based on the quartz 
tuning fork in a high-g shock environment, the support 
bonding regions are located at where the stress concentrates in 
the spring beam of the tuning fork. After an analysis of the 
high overload shock characteristics, a highly efficient cushion 
structure is designed based on the ABAQUS finite element 
simulation. The cantilever-mass system is simplified to an 
equivalent mass attached to the end of the cantilever beam and 
the displacement response under the simple harmonic motion 
is simulated. A design of the position limit structure is explored 
and the strength distribution of the elastic quartz tuning fork is 
optimized. Therefore, the high shock resistance of 20,000g can 
be achieved and the good performance is maintained with an 
increase of the threshold by nearly 10 times.  

Keywords-high overload; quartz tuning fork; positions limit; 
cushion; reliability  

I. INTRODUCTION 
For the application of micromachined quartz tuning fork 

gyroscopes in the field of high overload dynamic testing, 
reliability is a hot research topic not thoroughly solved yet. 
This generally reflects in the bias drift after high overload 
and is embodied by the phenomenon that the zero-rate signal 
does not return to zero in the application. The existence of 
this error restricts its application fields so that the 
measurement data applied in a high overload environment 
cannot truly manifest the measured dynamic process and thus 
leading to difficulty in the data analysis and an ineffective 
measurement and control system [1,2]. The vibration and 
shock isolation technology used to improve the overload 
resistance of micromachined quartz tuning fork gyroscopes 
becomes an important research focus. The traditional theory 
of vibration and shock isolation is flawed and deficient for 
the dynamic analysis and design of strongly nonlinear 
systems with a big shock. M. A. Biot introduced the concept 
of shock response spectrum (SRS) in 1963 [3]. The equivalent 
damage principle is commonly used at home and abroad to 
simulate the complex shock oscillation environment. 
Optimization of structural design and taking measures of 
vibration and shock isolation enable cannon-launched guided 
projectiles to withstand the shock acceleration of 16000g at 
the moment of being projected by gyroscope and to be able 
to work normally after overload [4,5]. 

II. MICROMACHINED STRUCTURE AND WORKING 
PRINCIPLES 

The micromachined quartz tuning fork gyroscope 
produces vibrations of an equal amplitude at the constant 
frequency under the action of the driving voltage and 
through the piezoelectric effect. The tuning fork in rotation is 
acted on by the Coriolis force to excite vibrations 
perpendicular to the original vibration plane, with an 
amplitude directly proportional to the rotational angular rate. 
The quartz tuning fork generates electric charges by the 
piezoelectric effect of vibration bending and senses the 
rotational angular rate. Its structure is shown in Fig.1.  

 
Figure 1. Micromachined quartz tuning fork 

The quartz tuning fork gyroscope utilizes the structure of 
double tuning forks connected by an elastic cantilever beam. 
The upper drive tuning fork vibrates resonantly on the fork 
plane in the same direction or in opposite directions, and the 
lower sense tuning fork basically vibrates perpendicular to 
the fork plane under the Coriolis force, so as to counter the 
interference of the reference vibration to the angular speed 
signal. The vibration frequency of the sense tuning fork is 
close to that of the drive tuning fork, and the vibration 
amplitude of the sense tuning fork is directly proportional to 
the vibration amplitude and the input angular rate of the 
drive tuning fork. The electric charges generated by the 
piezoelectric effect of the sense tuning fork are converted by 
the charge amplifier circuit to be the voltage signals, which 
are amplified, filtered and demodulated to be DC voltage 
signals directly proportional to the input angular rate. 
Opposite vibration phases of the two tines of the sense tuning 
fork can neutralize the disturbing acceleration effect [6]. The 
micromachined tuning fork structure is sensitive to the 
angular rate only in one direction. The support and the 
cantilever beam are very important in the gyroscope 
microstructure. When the sense axis spins, the Coriolis force 
excites the sense vibration mode of the drive tuning fork, 
which is transferred to the sense vibration mode of the sense 
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tuning fork through the cantilever beam coupling. The 
bending coupling changed with time drives the sense mode 
by the frequency of the drive mode [7, 8]. 

III. FINITE ELEMENT ANALYSIS OF QUARTZ TUNING 
FORK GYROSCOPE 

The quartz tuning fork is considered as a kind of 
cantilever beam vibration among the bending vibrations. The 
design must have detailed information on the crystal size 
change, the electrical impact of support and other actual 
manufacturing requirements. First of all, the finite element 
analysis is used to calculate the resonant frequency, 
displacement, and stress distribution and obtain the 
characteristic curve of the design. The modeling process of 
the micromachined quartz tuning fork gyroscope is analyzing 
the quasi-static bending model under the sense mode. The 
bending cross section of a single tuning fork at the quasi-
static sense mode under DC voltage is shown in Fig.2. The 
left side is the fixed end. The electrode is placed on the 
central axis eZ  and spreads the entire tine along the Y -
direction. Its height in the Z -direction is h  and the 
maximum displacement of the free end of the tine in the Z - 
direction is 0W . 

 
Figure 2. Bending and cross section of the sensing mode fork arm 

The driving voltage generates an electric field along the 
X -direction and an axial stress along the Y -direction. The 

stress produces the bending moment. The displacement of 
the beam bending end is 0W . The axial stress in the Y -
direction is polarized in the X -direction through the 
piezoelectric coefficient  12d  of the quartz. The simplified 
model takes no account of the marginal effect of the electric 
field. The electric field xζ  in the X -direction is /V W , 

the axial strain in the Y -direction is 12y xdε ζ=  and the 

corresponding Y  axial stress is 22 12y xc dσ ζ= , in which 

the stiffness constant equals to the value of 11c . 
There are two factors for electrodes generating electric 

charges. (1) The dielectric polarization is caused by non-
piezoelectric effects. The electric field xζ  in the X -

direction produces an electric displacement xD E  in the 

same direction, with an amplitude of 11 xε ζ  and the 

dielectric response of 11 xhLε ζ . (2) The piezoelectric 
response generates the electrode charges. The stress in the 

Y -direction produces a strain field xD E  in the X -

direction, whose value is 12 yd σ , equal to 2
11 12 xc d ζ . The 

electric charge of the piezoelectric response is 2
11 12 xhLc d ζ . 

The following equation is obtained by combining these terms: 

 eQ Q Qε= +   (1) 

where:  

 11
hLQ V
Wε ε  =     

; 
2

11 12e
hLQ c d V
W

  =     
  (2) 

These two equations describe the relationship between 
electric charge and voltage of the quasi-static capacitance. 
Simplify the field marginal effect; we obtain the equivalent 
capacitance of the electrode:  

 0 eC C C= +   (3) 

where:  

 0 11
hLC V
W

ε  =     
; 2

11 12e
hLC c d
W

 =  
 

  (4) 

A. Parameters of the Sense Mode 
Resonant frequency under the sense mode:  

 ( ) ( )2 4
0, 115 / 6sense mc H Lω ρ=   (5) 

 0, 0, / 2sense sensef ω π=   (6) 

Coupling coefficient: 0 12 11 0 11/ /p ek C C d c ε ε= = ; 

Dielectric capacitance: ( )0 0 11 /C hL Wε ε= ; 

Piezoelectric capacitance: ( )2
11 12 /eC c d hL W= ; 

Stiffness: 
2 / ek n C= ; Mass: 

2
0/m k ω= ; 

Damping: 0 /b m Qω= ; Resistance: 2/R b n= ; 
Inductance: 

2/L m n=  

B. Parameters of the Drive Mode 
Resonant frequency under the drive mode: 

 ( ) ( )2 4
0, 115 / 6drive mc W Lω ρ=   (7) 
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 0, 0, / 2drive drivef ω π=   (8) 

Coupling coefficient: 0 12 11 0 11/ /p ek C C d c ε ε= = ; 
Piezoelectric capacitance: 

 
( ) ( )

( )0 0 11
1

cos 0.1 cosh / 1
8

sinh /

odd

l

l l W H
C L

l l W H
π π

ε ε
π π=

−  = ∑   (9) 

 Piezoelectric capacitance: 

 
( ) ( )

( )
2

11 12
1

cos 0.1 cosh / 1
8

sinh /

odd

e
l

l l W H
C C d L

l l W H
π π
π π=

−  = ∑  (10) 

Stiffness: 2 / ek n C= ; Mass: 2
0/m k ω= ; 

Damping: 0 /b m Qω= ;Resistance: 2/R b n= ; 

Inductance: 2/L m n= ; 0 /b m Qω= ; 
ABAQUS is an internationally leading software suite for 

the finite element analysis with the good generality and a 
simple operation interface. In the simulation calculation 
process, after the structural and geometric parameters, 
material characteristics, load and boundary conditions are 
input, the simulation system can automatically select the 
appropriate load increment and the convergence criteria for 
the optimization algorithm. Then users can control the 
numerical solution of questions without defining any 
parameters. The parameter values are gradually adjusted in 
the analysis process and finally the accurate solution is 
obtained. The following functional simulations are 
completed in the ABAQUS system: (1) the simulation 
analysis of static stress and displacement, including 
nonlinearity and linearity; (2) the dynamic simulation 
analysis, inclusive of the modal analysis, steady-state and 
random response analysis, and transient response analysis; 
and (3) the analysis of nonlinear dynamic stress and 
displacement, viscoelasticity and viscoplasticity. 

The crystals for the finite element analysis of 
micromachined quartz tuning fork gyroscopes utilize a 

cutting angle rotating 2+ 
 around X -axis on the Z -plane. 

Fig.3 shows a 2D geometric model of the fork arm. The 
electrode array must generate a reverse induction field at the 
two arms to excite the plane vibration. According to the 
finite element analysis, Table I shows the elastic constants 
and physical parameters used for the quartz during 
calculation.  

 

Figure 3. 2D geometric model of fork arm 

( 3.5 ; 0.17L mm d mm= = ) 

TABLE I. PHYSICAL PARAMETERS OF QUARTZ 

Young’s modulus ( )' 10
22 8.9453 10E c −= ×  

(g ⋅ mm/s2 ⋅ mm2) 

Density 32.6487 10ρ −= ×   (g/mm3) 

Poisson’s ratio 
'
12
'
11

0.122894s
s

δ
 

= 
 

 

 
Definitions: base length denoted by ( h ); symmetric 

crystal: the arm has the equal length ( L ) and width ( d ); 
free vibration: the vibration fF  of crystal without support; 

clamping vibration: the vibration cF  after the crystal bottom 
is clamped, and the influence of bonding on the resonant 
frequency satisfies the following equation:  

  ( ) /cf c f cF F F F∆ = −  (11) 

In order to get the influence of the support, the simulation 
calculations have been conducted on the vibration frequency, 
displacement and stress distribution of free vibration and 
clamping vibration. The selected element type is C3D20 
(hexahedral 20-node quadratic 3D solid element). The Static, 
General analysis steps are selected. The time step is set as 1, 
the initial increment size is set as 0.1, the minimum step size 
is 51e−  and the maximum step size defaults as 1. Based on 
the finite element grid model and the load boundary 
conditions, the stress distribution when the driving end 
displacement is 310e mm−  is shown in Fig.4. It can be seen 
from the simulation results that, as the driving end 
displacement increases, the maximum stress in the model 
increases linearly, and the convergence of two planes of the 
driving end has the maximum stress. 

 
Figure 4. Stress distribution of the driving end displacement. 
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IV. STRUCTURAL OPTIMIZATION OF SHOCK-RESISTANT 
QUARTZ TUNING FORK 

The micromachined quartz tuning fork gyroscope utilizes 
an integrated tuning fork structure and fabricated by the 
quartz MEMS techniques such as coating, photolithography, 
and etching. Due to the anisotropy of quartz tuning forks, the 
etch rate is different for each crystal orientation. At the 
tuning fork corner, it is etched to be the shape fit for the 
anisotropic characteristics of quartz crystal and not 
controlled by the shape of the etch mask. The stress 
concentrates at the corner profile. The stress concentration 
becomes more serious if the cross section size changes more 
radically, the angle is sharper and the aperture is smaller. As 
for the tuning fork structure made of brittle materials such as 
quartz crystal, under high overload, the maximum stress at 
the stress concentration positions first reaches the yield 
strength of the quartz crystal and the tuning fork structure 
breaks and damages. In order to improve the shock resistance 
of micromachined quartz tuning fork gyroscopes, the design 
must avoid the groove with a sharp angle structure or the 
small aperture. The arc transition is used at the corner. The 
structure with a big arc radius can ease the stress distribution 
here [9, 10].  

A. Influence of Bonding Position on the Vibration  
Table II shows the change of the base length ( h ) in Fig.3 

and studies its influence on the fundamental frequency and 
vibration mode. Here, 3.38h mm=  represents the original 
model and the resonant frequencies correspond 
to 3.38;4;4.5;5h mm= . 

TABLE II. BASE LENGTH AND RESONANT FREQUENCY 

h (mm) 6-order 7-order 8-order 9-order 
3.38 9367.9 11060 13525 23297 
4.0 10908 13341 14974 22972 
4.5 12383 15102 16929 23657 
5.0 13676 16947 18638 23725 

 

B. Influence of the Bonding Base Size 
The fundamental frequency corresponding to the change 

of t  in Fig.3 is shown in Table III below, such as increment 
of 0.1mm or 0.2mm of the t  height. It can be seen that the 
bonding base size has no obvious influence on the 
fundamental frequency and vibration mode.  

The nodes of the free bar are usually used as the support 
points. Because these nodes are small points, the stress on 
them is big. However, the actual support points must have a 
certain area spreading to regions with large displacements, 
thus leading to the disturbance of the crystal vibration. The 
Q  value is small and the temperature characteristic curve 
has considerable changes. Through analysis, it is found that 
the displacement and stress at the base of tuning fork crystal 
are small. That is to say, it can be used for bonding welding 
and has a very high shock resistance. 

TABLE III. FUNDAMENTAL FREQUENCY OF THE BONDING BASE SIZE 

Increment 6-order 7-order 8-order 9-order 
0.1mm 9363.5 11056 13531 23275 
0.2mm 9363.5 11057 13531 23278 

 

C. Modal Analysis of Quartz Tuning Fork 
The vibration mode is a very important design parameter 

for the micromachined quartz gyroscope under either forced 
vibration or sensitive vibration, both of which are in the state 
of resonant vibration. A finite element modal analysis is 
conducted on the micromachined quartz tuning fork 
gyroscopes. The boundary condition is all degrees of 
freedom restricted by the intermediate bonding positions. 
The selected analysis step is the Frequency and the 30-order 
vibration mode is solved. According to the working 
principles of the micromachined quartz tuning fork 
gyroscope, the seventh order is used as the drive mode and 
the eighth order is used as the sense mode. The tines of these 
two modes vibrate in different directions. The symmetric 
tuning fork structure can neutralize the acceleration 
disturbance. The simulation results are shown in Fig.5. 

When changes of parameters affect the mode of the 
quartz gyroscope, the resonant frequency spacing of two 
vibrations is a major influencing factor of the bandwidth 
performance and sensitivity. The smaller the phase 
differences between them, the greater the sensitivity of the 
micromachined quartz tuning fork gyroscope. If they are too 
close, the bandwidth is small and the bias drift is large. 
Consideration of both is a basic principle for selecting the 
two resonant frequencies.  

 
Figure 5. Quartz tuning fork modes of 7 and 8 order 

D. Analysis of the Anti-overload Stress  
The structural components of the micromachined quartz 

tuning fork gyroscope comprise tuning forks, proof mass, 
supporting beam and base. A high overload shock 
environment easily leads to adhesion and fracture, primarily 
the latter. The failure due to the Y -axis shock is more 
obvious than that due to the Z -axis shock. The shock 
resistance in the Z -axis direction is achieved by restricting 
the amplitude displacement and deploying cushion pads at 
the base, sealing cap and fork end. The cushioning 
performance of cushion pads is dependent on their 
cushioning efficiency. Under the same conditions, the larger 
energy they accumulate or absorb, the higher the cushioning 
efficiency. Therefore the shock isolation can be realized by 
using only a few cushion materials. The energy E  
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accumulated by the cushion material is the product of the 
material area A , the thickness h  and the energy of the unit 
volume 0U . 

  0E h A U= ⋅ ⋅ ; 0
0

m

U d
ε

δ ε= ∫   (12) 

0U  is the absorbed energy of the unit volume of cushion 

material, mε  is the maximum strain, ε  is the strain and δ  
is the stress. The experiment indicates that the special 
structure of porous foam aluminum has the nonlinear cushion 
characteristics [11, 12]. 

The boundary condition for the maximum stress analysis 
during rotation is restricting the motion of nodes on the 
rotation axis along the axis direction. The applied load is the 
rotational angular rate of 10000rad/s. The maximum stress 
already reaches 50MPa, close to two-thirds of the theoretical 
ultimate bending stress. As the rotation speed increases, the 
maximum stress of the tuning fork dramatically increases. 
The position with a maximum stress is at the convergence of 
two planes in the middle of the big end of tuning fork, where 
the stress concentrates. The centrifugal force is acted here by 
the tensile stress. The quartz is a kind of brittle material with 
poor tensile strength, so the transition should not be too 
sharp in the actual production process but utilize a smooth 
arc transition. Foam aluminum is a promising cushion 
material. The position limit design is used for the overload 
displacement response of the tuning forks. Considering the 
factors such as multipoint vibration reduction and contact 
area, it is calculated that the high shock resistance is 20,000g. 
The overload shock is far from the theoretical ultimate 
bending stress, so the quartz tuning fork will not break.  

The bias voltage and threshold are measured after 
vacuum package of the quartz tuning forks. The 
measurement method is measuring noise when the gyroscope 
stably outputs after starting. The increment is 0.001 / s  
per time. The output curve is recorded and the mean value is 
calculated. The signal-to-noise ratio of the output value 
reaches 63% . Then the input angular rate is the identifiable 
sensitivity limit called threshold. Fig.6 shows that the one-
minute output curve when the input rate of micromachined 
quartz tuning fork gyroscope is 0.005 / s , thus it can be 
determined that the gyroscope threshold is 0.005 / s . 

 
Figure 6. Micromachined quartz tuning fork gyroscope threshold. 

V. CONCLUSION 
The structural dynamic response of the micromachined 

quartz tuning fork gyroscopes under high overload is 
analyzed. The failure mode is the loosening of the bonding 
wire, rupture of the micro tuning fork, fracture of the fork 
ends, loosening of the fork and packaging base, and overall 
structural damage. The most vulnerable place is the flexible 
structure designed to improve the performance of the quartz 
tuning fork, which is prone to fracture and failure. Its 
structural parameters and processing quality are key factors 
that affect the reliability of gyroscopes. The high overload 
environment is easy to cause adhesion and fracture, primarily 
the latter. The failure due to the Y -axis shock is more 
obvious than that due to the Z -axis shock. It is difficult for 
the micromachined process to achieve position limit and 
vibration reduction. Optimization of the fork end and design 
of the arc structure of the fork combined with the end can 
enhance the overload resistance of the micromachined quartz 
tuning fork gyroscopes.  
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