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The life and damage of hemispherical resonator are important factors that directly affect the service time and safety of high-
precision hemispherical resonator gyro. However, the fused silica glass material used in the hemispherical resonator which was
processed in China is mainly imported, and it is too expensive to use the traditional fatigue life experiment, so it is necessary to
use the software of fatigue life analysis to analyze its fatigue life. In the paper, the ANSYS software is used to analyze the fatigue
life of fused silica hemispherical resonator, to determine the dangerous parts caused by the residual stress to analyze the crack
propagation in the fatigue parts, and to obtain the sum stress intensity factor, so as to effectively monitor and prevent the
fatigue-prone parts in the process of structural design and use of the hemispherical resonator.

1. Introduction

Hemispherical resonator gyroscope (HRG) has been widely
used and paid attention to in the field of inertial technology
at home and abroad due to the performance optimization
of HRG [1]. The isotropic material is the basis of HRG with
high quality, and the HRGwith high-precision spherical shell
structure is the core technology [2].

At present, the ideal material of hemispherical resona-
tor is fused silica glass [3]. According to the research and
development of the fused silica glass in China, as well as
the research results and experience of hemispherical reso-
nator processing technology at home and abroad, combined
with the technical bottleneck of fused silica glass in ultrapre-
cision machining of complex curved surface, it is necessary to
consider the resonator processing technology, resonator
quality factor test, frequency difference test, material unifor-
mity, and coating technology as a system engineering to
study [4].

2. The Basic Structure of
Hemispherical Resonator

The core component of HRG is hemispherical resonator
which was made of fused silica glass. The basic shape is a
thin-walled hemispherical shell fixed by a cylindrical support
rod in the pole area, and it is hemispherical elastomeric,
which makes the bending energy storage of each gram of
resonator material reach the maximum value [5]. The sup-
port rod is integrated with the hemispherical shell. On the
one hand, the support rod can restrain and support the
harmonic resonator; on the other hand, it can also transfer
electric signals. The common diameter of the support rod is
15~60mm, and the wall thickness is 0.3~1mm. The structure
of the hemispherical resonator is shown as Figure 1.

R = 15mm is the midplane radius of the hemispherical
resonator; h = 1mm is the wall thickness of the hemispher-
ical resonator; r = 3mm is the radius of the support rod;
L1 = 5mm, L2 = 10mm, and L = 30mm are the lengths of
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the support rod at different positions. The material of hemi-
spherical resonator is fused silica glass.

In order to analyze the dynamic performance of HRG,
Solid Works software is used to draw the two-dimensional
sketch of the hemispherical resonator with single end
constraint, and then, the three-dimensional hemispherical
resonator model is obtained by rotation degree [6]. The
solid-45 element of 8 nodes is selected to grid hemispherical
resonator with a mapping method, and each finite element of
the hemispherical resonator is an 8-node hexahedral
element, where Young’s modulus of the fused silica glass is
E = 76700Mpa, the density is 2:2 × 103 kg/m3, and Poisson’s
ratio is 0.17.

3. The Stress Analysis of
Hemispherical Resonator

3.1. The Stress Intensity Factor. Stress intensity factor (SIF) is
a key parameter to drive the crack growth, which represents
the crack growth rate of the hemispherical resonator and
reflects the stress intensity near the crack tip [7, 8]. The
relationship between the stress intensity factor and the
microstress σ at the surface crack tip of the hemispherical
resonator is as follows:

K = Y ⋅ σ
ffiffiffiffiffiffi
πa

p
: ð1Þ

Y is the dimensionless coefficient of the geometry of the
hemispherical resonator.

There are different stress intensity factors for different
crack growth types, which are open mode (type I), sliding
mode (type II), and tearing mode (type III) [9].

Type I is caused by the low stress fracture. The plane of
crack generation is perpendicular to the displacement direc-
tion of the crack surface, and the two crack surfaces open
and separate. The calculation of stress in each direction is
shown in the following equation:

σx =
K Iffiffiffiffiffiffiffi
2πr

p cos θ

2 1 − sin θ

2 sin 3θ
2

� �
,

σy =
K Iffiffiffiffiffiffiffi
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2 sin 3θ
2

� �
,

σz = 0:

ð2Þ

Type II is caused by the sliding of the upper and lower
surfaces due to the shear stress parallel to the crack plane.
The calculation of stress in each direction is shown in the
following equation:

σx =
−K IIffiffiffiffiffiffiffi
2πr

p sin θ

2 2 + cos 3θ
2 cos 3θ

2

� �
,

σy =
K IIffiffiffiffiffiffiffi
2πr

p sin θ

2 cos θ

2 cos 3θ
2 ,

σz = 0:

ð3Þ

Type III is staggered of the upper and lower surfaces due
to the shear stress parallel to the crack surface and the crack
front; the calculation of stress in each direction is shown in
the following equation:

τxz = −
K II Iffiffiffiffiffiffiffi
2πr

p sin θ

2 ,

τzy = −
K IIIffiffiffiffiffiffiffi
2πr

p cos θ

2 ,

σx = σy = σz = τxy = 0:

ð4Þ

3.2. The Analysis of Residual Stress. The equivalent stress fol-
lows the fourth strength theory of material mechanics [10].
Stress isoclines are used to represent the stress distribution
inside the model, and the results in the whole model are
clearly described, so that the most dangerous areas in the
model can be quickly identified. Stress alternation is an
important cause of material fatigue, and the frequency of
stress alternation also has a direct effect on the fatigue of
hemispherical harmonic oscillator.

The residual stress is the internal stress of self balance in
the component, which is the stress in the component to
achieve balance when there is no external factor [11]. It is
mainly caused by the nonuniformity of internal plastic defor-
mation in the process of component, and its magnitude is
related to the plastic deformation of component material
[12]. In the process of blank preparation, mechanical
processing, heat effect treatment, and electronic assembly,
residual stress will be produced [13]. The residual stress is
generally harmful; sometimes, it will not immediately appear
as a defect, but when the total stress which is superposed of
working stress and residual stress exceeds the strength limit,
it will cause sudden damage, which will seriously affect the
size of the component stability, machining accuracy, and
static strength. The residual stress also has beneficial aspects,
which can improve the fatigue strength and wear resistance
of the hemispherical resonator by appropriate controls [14].

3.3. The Simulation with Stress Analysis of Hemispherical
Resonator

3.3.1. Preprocessing of Simulation. The model of the hemi-
spherical resonator is drawn by Solid Works and imported
it into ANSYS; the paper defined the parameters of fused
silica glass and then divided the grid of the hemispherical
resonator as shown in Figure 2:
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Figure 1: The structure diagram of the hemispherical resonator.

2 Journal of Sensors



3.3.2. Simulation of Stress Change. In the paper, all the
degrees of freedom of the upper end of the support rod are
limited, the hemispherical shell and the following parts are
free, and the structural static analysis of the hemispherical
resonator is carried out in ANSYS. The stress variation of
the hemispherical resonator is analyzed by applying a pres-
sure of 0.5MPa on the hemispherical spherical surface and
a tension in the direction perpendicular to the spherical
surface. The constrained diagrammodel of the hemispherical
resonator is shown in Figure 3.

3.3.3. Postprocessing of Simulation. After defining the mate-
rials, applying loads and constraints, and adding results, the
model is ready to be solved. Once the solution is completed,
the solution results can be viewed and the postprocessing
solution results are as follows.

According to the simulation diagram of the equivalent
stress of residual stress (Figure 4), the maximum value of
equivalent stress is 569.43MPa at the fixed constraint end,
and the minimum value of equivalent stress is 1.6795e-5MPa.

According to the simulation of residual stress intensity
(Figure 5), the maximum value of residual stress intensity is
576.62MPa at the fixed constraint end, and the minimum
value of equivalent stress is 1.9098e-5MPa.

4. The Analysis of Crack Propagation and
Fatigue Life

4.1. The Fatigue Life of Hemispherical Resonator. Fatigue life
is the number of cycles experienced by the hemispherical
resonator when fatigue damage occurs under stress or the
duration of time subjected to stress. The fatigue life is mainly
affected by the size of the material, the concentration of the
loading stress, the surface finish of the material specimen,
and the frequency of the type of loading load [15].

The traditional method of fatigue life determination is
based on fatigue damage theory and a large number of life
test data. The fatigue data of the hemispherical resonator

are obtained by using the same or similar experiments with
the actual situation of the component [16]. Then, the fatigue
life of different schemes is analyzed by using the fatigue life
to check whether the fatigue life of the hemispherical resona-
tor component meets the design requirements, and the
fatigue life prediction model and method are established
and carried out scientific processing in the process of com-
ponent processing to effectively improve the fatigue strength
of materials [17].

4.2. The Analysis of Crack Propagation. In practical engineer-
ing applications, fatigue crack propagation is also an impor-
tant part of fatigue life prediction. The fatigue propagation
is caused by the cyclic alternating load. The fatigue propaga-
tion is generated from the surface, and it will propagate along
the direction perpendicular to themain stress of the crack. The
crack propagation accelerates, and the stress increases gradu-
ally [18]. When it reaches the limit of the stress intensity of
the material, the ultimate instantaneous fracture will occur.

The coordinate system of three-dimensional crack and
tip in the hemispherical resonator can be abstracted as shown
in Figure 6.

According to the mechanical analysis of the surface
cracks by linear elastic fracture mechanics, the relationship
between the displacement field near the crack tip generated
by any accidental load and the stress intensity factor can be
expressed as follows:
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where r is the crack propagation length; θ is the crack
cracking angle; and K I, KII, and K III are stress intensity
factors of different types. u, v, and w are the radial displace-
ment, normal displacement, and tangential displacement of
the crack tip. G is the shear modulus; K is the constant
related to the material.

If the displacement of a point between the upper and
lower crack surface is known, the crack stress intensity factor
can be obtained as follows:

0.000 10.000 (mm)

2.500 7.500

5.000

Figure 2: The grid finite element model of the hemispherical
resonator.
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Figure 3: The constrained diagram model of the hemispherical resonator.
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Figure 4: Simulation of the equivalent stress of residual stress.
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Figure 5: Simulation of residual stress intensity.
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In this paper, the model-based finite element method is
used to analyze the stress intensity factor of HRG subsurface
crack under residual stress state, which provides the theoret-
ical basis for the fatigue life prediction of HRG.

According to the elliptical surface crack (Figure 7), the
main radius of the crack is 0.3mm and the secondary radius
is 0.1mm. The X-axis is the direction of crack propagation,
the Y-axis is the normal direction of crack propagation,
and the Z-axis is the dominant direction of elliptical crack.
After loading, the equivalent stress deprogram and stress-
intensity factor diagrams of type I, IIs and III fractures are
shown in Figures 8 and 9.

It can be seen from Figure 8 that there is a small stress
change at the connection between the support rod and the
hemispherical shell. According to Figure 9, the stress inten-
sity factor of type I K I = 0:13932Mpa ⋅mm1/2, type II K II =
−33:446Mpa ⋅mm1/2, and type III K III = −12:098Mpa ⋅
mm1/2 was calculated by ANSYS.

4.3. The Fatigue Life Analysis of HRG

4.3.1. TheMiner Theory. It is assumed that the stress reaching
the fatigue stress limit will not damage the hemispherical

resonator components, and the loading sequence of the
variable amplitude stress load has no effect on the accumu-
lated fatigue damage. According to Miner’s theory,

(1) when the component is subjected to constant ampli-
tude load, the damage of the component caused by
one cycle is

D = 1
N
, ð7Þ

where N is the fatigue life corresponding to the current
load level

The damage caused by N cycles is as follows:

D = n
N
: ð8Þ

At that n =N , fatigue failure occurred.

(2) The component is subjected to variable amplitude
loads of different stress levels Δσi and undergo
several ni cycles under the action of stress levels.
The damage caused by per cycle is 1/Ni, and then, the
fatigue damage of each ni cycle is Di = ni/Ni. When
fatigue damage occurs after damage accumulation,
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Figure 6: The coordinate system of the crack tip.
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Figure 7: The elliptical surface crack.
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Figure 8: Overall and local stress nephogram.
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Figure 9: The stress-intensity factor diagrams.
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D = 〠
k

i=1
Di = 〠

k

i=1

ni
Ni

= 1, ð9Þ

whereNi is the number of cycles corresponding to stress level
Δσi on the S-N curve

4.3.2. Fatigue Resistance Curve. The fatigue life prediction
method of HRG is based on the S-N (stress cycle-number)
curve to estimate the life, and the total life can be obtained
directly. At present, in fatigue life prediction engineering,
Basquin formula is commonly used to express the relation-
ship between fatigue life and stress under constant amplitude
load. The expression is as follows:

σa = σf′ 2Nf

� �b = EΔεe
2 , ð10Þ

whereNf is the number of fatigue life cycles until the compo-

nent is destroyed; σa is the stress amplitude; and σf′ is the

fatigue strength coefficient of the component, in which σf
′ is

consistent with the real stress coefficient σf under static
tensile fracture. b is the fatigue strength index.

The power function expression of the corresponding S-N
curve can be obtained from the above equation as follows:

σmN = C, ð11Þ

where N is the number of fatigue life cycles and m and C are
the parameters related to material properties and loads.

During the normal operation of gyro, the position where
HRG is most prone to fatigue failure is the fixed constraint
end of the rod. Based on the results of finite element analysis,
MSC fatigue analysis and design tool are used to calculate the
stress value of the hemispherical resonator, and the S-N
curve is interpolated with the stress value to obtain the
fatigue life of the hemispherical resonator. The S-N curve is
shown in Figure 10.
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Figure 10: S-N curve.

0.000 10.000 (mm)

5.000

x

y

z
0.000 10.000 (mm)

5.000

x

y

z

B: Static structural
Figure
Type: Total deformation

0.96312 Max
0.85611
0.74909
0.64208
0.53507
0.42805
0.32104
0.21403
0.10701
0 Min

Unit: mm
Time: 1
2021/1/15 19.19

B: Static structural
Figure
Type: Total deformation

0.96312 Max
0.85611
0.74909
0.64208
0.53507
0.42805
0.32104
0.21403
0.10701
0 Min

Unit: mm
Time: 1
2021/1/15 19.21

Figure 11: Deformation simulation diagram.
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The S-N curve is the relationship between alternating
stress and fracture cycles of the material, which is generally
obtained by experiments. The logarithm of the stress inten-
sity of the standard specimen of fused silica material is taken
as the ordinate, and the logarithm of the fatigue life is taken
as the abscissa to represent the relationship between the
fatigue strength and the fatigue life of the standard sample
under certain cyclic characteristics.

4.3.3. The Simulation of Fatigue Life. Miner cumulative
fatigue criterion is used for fatigue calculation. Under the
hypothesis of this theory, deformation simulation, damage
simulation, and safety factor simulation are shown in
Figures 11–13.

According to the cloud image analysis, there is almost no
deformation in the constraint end of the model, while there
are different degrees of deformation in other parts of the
model, with the maximum value up to 0.96312mm.

According to the cloud image analysis, the existence of
0.5MPa residual stress would cause different degrees of dam-
age to different parts of the model, and the maximum value
can reach 3.032E5. In addition, there is slight damage near
the contact surface between the ball and the rod, ranging
from 33778 to 67456.

The results of fatigue life solution are shown in Figure 13.
According to the analysis of fatigue life simulation dia-

gram, under the action of residual stress, the position with
the shortest life is the red area in the figure, and the life cycles
in this area is 3298.1. The blue area has the longest life, and
the life cycle is 1e7 times, which indicates that the blue area
can work indefinitely in the presence of residual stress.

5. Conclusion

The most common failure mode of failure is the fatigue
damage. In this paper, ANSYS software is used to simulate
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Figure 12: Damage simulation diagram.
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Figure 13: Fatigue life simulation diagram.
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the effect of residual stress on the damage and crack propaga-
tion of the fused silica hemispherical resonator. The maxi-
mum residual stress of the hemispherical resonator is
569.43MPa. Due to the existence of residual stresses, the
hemispherical resonators will produce different degrees of
deformation and damage in the parts outside the constraint
area. The Miner cumulative fatigue criterion is used for the
end fatigue calculation. The shortest life is 3298.1 times,
and the longest life cycle is 1e7 times. The fatigue hazard area
caused by residual stress is determined as the fixed restrained
end of the hemispherical resonator rod, and the crack prop-
agation analysis is performed at the fatigue area, and three
crack stress intensity factors KI = 77:656Mpa ⋅mm1/2, KII =
−272:34Mpa ⋅mm1/2, and KIII = −23:82Mpa ⋅mm1/2 are
obtained, which provide theoretical support for structural
design and engineering applications of hemispherical
resonators.
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