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Abstract: In order to solve the coupling error problem of smart bolt, 
the coupling model of piezoelectric thin film sensor and bolt is 
established by using piezoelectric constitutive equation. The size 
parameters of ZnO piezoelectric film sensor are simulated and 
analyzed by finite element method using Comsol software M10× 
1.5 piezoelectric thin film sensor is prepared on the bolt. First, the 
sensors of different piezoelectric materials are compared, and then 
the shape, size and thickness of the piezoelectric materials of the 
sensor are simulated; the size and thickness of electrode material 
are simulated. The simulation results show that the piezoelectric 
material is ZnO, the shape is round, the piezoelectric material size 
is 10mm, the piezoelectric thickness is 1000nm, the electrode 
material size is 6mm, and the electrode thickness is 200nm. ZnO 
piezoelectric thin film sensor was fabricated with this material and 
size. 
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1 Introduction 

Piezoelectric sensors used to monitor the health of bolts are usually installed on the 

bolt surface or embedded in the bolt. At present, there are two common installation 

methods: adhesive and embedded structures. 
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According to the different positions where PZT patches are pasted, there are 

three common installation methods, as shown in Figure 1. The first is to paste PZT 

patch onto the bolt connection mechanism, mainly using ultrasonic measurement 

method[1-2], vibration analysis method[3-4], piezoelectric active sensing 

method[5-6] and electromechanical impedance method[7-8] to monitor the bolt 

looseness. The second is to paste PZT onto the washer to make smart washer [9-11], 

and identify the bolt looseness by monitoring the change of axial preload of the 

bolt. The third is to stick PZT patch to the bolt head, which can monitor the bolt 

looseness through ultrasonic time difference [12] or piezoelectric impedance 

change. 

(a) (b) (c)

 
Figure 1. PZT paste method 

Embedded structures are mainly divided into two types, as shown in Figure 2. 

The first method is to fabricate a groove on the bolt head to install the piezoelectric 

sensor inside, and monitor the pre tightening stress of the bolt using the acoustic 

elastic effect, as shown in Figure 2 (a) [13]. The second is embedded in the bolt, 

analyze the linear relationship between reflected Bragg wavelength and axial stress, 

and monitor the axial stress and shear stress of the bolt, as shown in Figure 2 (b) 
[14]. 

 
Figure 2. Two ways to embed sensors inside bolts 

The connection methods of these methods and bolts are limited to the 

adhesive type and embedded type. The adhesive type connection will not only have 

the signal interference of the adhesive layer, but also will fall off over time due to 

the timeliness of the adhesive layer. In this paper, a new type of smart bolt based on 

ZnO piezoelectric film is proposed. The ZnO piezoelectric film sensor is directly 

deposited on the bolt head surface by using magnetron sputtering technology. 

According to the virtual work principle of elastic materials and the piezoelectric 

constitutive equation, the expression of the total potential energy of piezoelectric 

materials is written. In order to facilitate the calculation, the expression is 

converted to the polar coordinate form. 
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The extended Hamilton principle and Lagrangian function are used to deduce 

and transform the expression of the total potential energy of piezoelectric materials. 

Considering that the variation of variables in the expression is not affected by 

 ,w r t  and  3
,D r t , the static coupling relationship between the potential shift 

 3
,D r t  and the output voltage  ,

a
V r t  can be obtained. The solid mechanical 

field and electrical field of the smart bolt are established by Comsol software, and 

the natural resonance frequency of the smart bolt is roughly scanned to confirm the 

approximate range of the admittance peak frequency. The design values of 

piezoelectric material, piezoelectric material shape, piezoelectric material size, 

piezoelectric material thickness, electrode material size and electrode thickness can 

be obtained through the simulation of each film layer of piezoelectric thin film 

sensor. 

2. Design and mathematical model of intelligent bolt structure 

2.1. Intelligent bolt structure 

According to the basic principle of piezoelectric effect, the smart bolt adopts sandwich 
structure, as shown in Figure 3. 

 
Figure 3. Structure diagram of ZnO PTFS of the smart bolt 

2.2. Mathematical model of intelligent bolt 

The structural diagram of piezoelectric membrane smart bolt is shown in Figure 4. The 
piezoelectric membrane sensor is simplified as the piezoelectric layer is directly 
connected with the bolt head, and the binding force between them meets the bolt force 
requirements. The radius of the circular piezoelectric film sensor is 

c
r , Thickness is 

c
h , Bolt head radius 

t
r  thickness is 

l
h . For other details, please refer to Figure 4. The 

electric field generated by the piezoelectric film sensor is in the same direction as the 
stress deformation. 
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Figure 4. Schematic diagram of piezoelectric thin film smart bolt structure 

In this paper, piezoelectric materials are discussed as linear materials. According to 
the virtual work principle of elastic materials, the total potential energy of piezoelectric 
body is expressed as: 

   1,2,3; 1,2, ,6p p i i

V

U S D dV i p         �

 (1) 

The piezoelectric constitutive equation is rewritten as: 

D

p pq q pi i

S

i pi p ij j

c S h D

h S D





  

     (2) 

Substitute Formula (2) into Formula (1) to get: 

      1,2,3; 1,2, ,6
D S

pq q pi i p pi p ij j i

V

U c S h D S h S D D dV i p            �

 (3) 

For the circular piezoelectric film sensor, it is more convenient to use polar 
coordinates. The rectangular coordinates are converted into polar coordinates using 
geometric relations. The corresponding relations of coordinates are shown in Figure 5. 

 
Figure 5. Schematic diagram of transformation between rectangular coordinate system and polar coordinate 

system 
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It can be seen from Figure 3 that: 
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The partial derivative of deflection w  to x and y can be written as the derivative 

form of w  to r and  : 
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Therefore, it can be concluded 

that:
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It is assumed that the piezoelectric thin film sensor model has only radial 
displacement, no circumferential displacement, but there is circumferential strain. 
Therefore, the relationship between stress and strain is: 
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Where, 
rr

S  is the radial strain, S


 is the tangential strain, and  ,w r t  is the 

neutral axis deflection. 
In the thickness direction of the bolt surface, due to the existence of the 

piezoelectric film sensor, the neutral plane (axis) will change. It can be seen from the 
position of the coordinate system in Figure 4 that the tangential strain can be ignored. 
The neutral axis does not change on the external annular surface, and the relationship 
between stress and strain remains unchanged. For the part with piezoelectric film 
sensor, the relationship between radial stress and strain is: 
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Wherein, 
lc
h  is the neutral surface formed after preparing the piezoelectric film 

sensor. 
From the radial balance equation: 
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Where, c

r
  is the stress on the sensor and l

r
  is the stress on the bolt. 

Using Hooke's theorem, equation (10) can be transformed into: 
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Wherein, 
c

E  and 
l

E  are Young's modulus of elasticity of sensor and bolt 

respectively. 
After simplifying formula (11), the expression of neutral axis 

lc
h  can be obtained: 
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 (12) 

The potential energy of the smart bolt head is divided into the piezoelectric film 
sensor part and the outer ring sensor free part, which are expressed in sections 
according to the integral in Formula (1): 
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Substitute Eq. (8) and Eq. (9) into Eq. (13) to get: 

 
   

   

 
   

 

2 2

3 32 20

2 2

3 32 2

, ,

, ,

, ,

, ,

t
r

s

s s

w r t w r t
U g r D r t D r t

r r

w r t w r t
h D r t h D r t dr

r r

   

 

   
        

   
      



�

     

 (14) 
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Similarly, the kinetic energy expression of the smart bolt model can be obtained: 

 
 

 
 

 
 

2 2

2 2 2

0

2

0

, ,1 1

2 2

,1
=
2

t c

c

t

r r

l l t c c c c l l
r

r

w r t w r t
T h r r dr r h h dr

r r

w r t
r dr

r

   

 

   
      

    

 
  

 

 


 (15) 

Where,      2 2 2 2 2

l l t c c c c l l t l l c c c
r h r r r h h r h r h           , 

l
  is the density of 

the bolt, 
c

  is the density of piezoelectric material。 

The kinetic energy formula (15) is converted into the virtual work expression as 
follows: 
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Considering the viscous damping of materials and structural damping, the 
mechanical virtual work of smart bolts is: 
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where, B  is viscous damping, C  is structural damping。 

The electric virtual work of piezoelectric film due to loading is: 
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Extended Hamilton principle formula: 
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generated by external force. 
Substitute equations (14), (16), (17) and (18) into equation (19) to obtain: 
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Transforming equation (20), we can get: 
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Since the variable change in equation (21) is not affected by  ,w r t  and 

 3
,D r t , its coefficient is zero. The equation can be obtained: 
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(22) 

Equation (22) reflects the static coupling relationship between the bolt surface and 
the piezoelectric film sensor. 
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3. Simulation model and operation steps 

3.1. Simulation model 

The object of this paper is the assembly model of single bolt structure, as shown in 
Figure 6. CAXA solid design is used to complete the creation of 3D model and import 
it into Comsol software. In order to improve the accuracy of simulation, the 
three-dimensional model is the same size as the experiment. The simulation in this 
section focuses on the stress on the surface of the bolt head. Higher excitation 
frequencies are difficult to transmit to the connecting plate. 

 
Figure 6 Three-dimensional model of single bolt simulation 

3.2. Operating steps 

(1) Parameter setting 

After importing the model, set the relevant materials. The piezoelectric film sensor 
is ZnO, the bolt is GH4169 high temperature alloy steel, and the connecting plate is 
Q345 steel plate. Its parameters are shown in Table 1 and Table 2. 

Table 1. Simulation parameters of piezoelectric materials 

Parameter  Value

Piezoelectric flexibility matrix (
2
/m N ) 

12

20.97 12.11 10.51 0 0 0

12.11 20.97 10.51 0 0 0

10.51 10.51 21.09 0 0 0
10

0 0 0 4.43 0 0

0 0 0 0 4.24 0

0 0 0 0 0 4.24

 
 
 
 

 
 
 
 
 
 

Piezoelectric stress constant matrix (
2

/C m ) 

12

0 0 0 0 11.34 0

0 0 0 11.34 0 0 10

5.43 5.43 11.67 0 0 0



 
 

  
   

 

Relative dielectric matrix 8.55 0 0

0 8.55 0

0 0 8.55

 
 
 
 
 

 

Elastic modulus (GPa ) 110-140 

Density  (
3

/kg m ) 3
5.61 10  

Dielectric constant 8.66
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Table 2. Simulation parameters of ZnO piezoelectric thin films 

 Material Elastic modulus 
GPa  

Density 
3

/kg m  

Poisson's 

ratio 

Bolt GH4169 199.9 8240 0.3 

Protective layer/insulation layer SiO2 73 2230 0.2 

electrode NiCr 60 8400 0.2 

(2) Physical field settings 
After completing the 3D model import and material attribute setting, complete the 

boundary setting, bolt pre tightening force operation and continuity operation necessary 
for simulation, as shown in Figure 7. Open the solid mechanics module and set the 
piezoelectric properties of the piezoelectric film sensor, so that the piezoelectric partial 
differential equation will take effect in the sensor area. Then, set the contact surface 
between the bolt head and the connecting plate in Figure 6 as relative sliding. The 
augmented Lagrangian method is used to solve the problem. The initial value of the 
contact pressure is. The contact pair is added to the contact sub column of solid 
mechanics and takes effect. At the same time, the consistent pair is added to the 
continuous sub column. The lower end face of the nut is adjusted as a fixed constraint, 
and the bolt rod is adjusted as a spring property, which can effectively ensure the 
convergence of the augmented Lagrangian calculation. 

(a) (b)

 
Figure 7. Fixed constraint of nut lower end face and piezoelectric property setting of piezoelectric thin film 

sensor 

During the simulation operation, the nodes are set with the preload parameters 
provided by the software for scanning. Then use the cross section set in advance in the 
bolt, as shown in green in Figure 8 (a), and the applied pre tightening force is set 
mainly through this section, which can make the bolt produce tensile stress while 
exerting pressure on the coupling plate. In addition, the spring condition is set at the 
bottom of the bolt, as shown in Figure 8 (b). 

After the mechanical setting of the mechanical part is completed, the electrical 
module is further set to make the piezoelectric film sensor have piezoelectric 
characteristics. Open the electrostatic module, apply electric field to the piezoelectric 
sensor, set the upper surface as voltage, and use the Linper() function to set the voltage 
value as 0.2V. Set the lower surface of the piezoelectric sensor to zero potential, as 
shown in Figure 9. 

G. Mo et al. / Design and Simulation of Smart Bolt Based on Zno Piezoelectric Thin Film Sensor124



 

(a) (b)

 
Figure 8. Bolt axial preload section and bolt spring condition 

 
Figure 9. Electrical setting of piezoelectric thin film sensor 

(3) Gridding 
After the solid mechanics and electricity settings are completed, the model needs 

to be meshed, the area to be analyzed needs to be miniaturized, and the structure is 
calculated in this way. Of course, the smaller the micro cells are divided, the closer the 
result obtained after merging is to the true value. However, the finer the grid is, the 
higher the computing capacity of the computer is required. At the same time, it may be 
difficult to converge. Therefore, the grid division shall be determined based on the 
comprehensive consideration of solution accuracy and laboratory computer ability. 

During the axial preload test of the bolt, the natural frequency of the bolt needs to 
be scanned in advance. The relationship between the wavelength and the maximum 
grid size is as follows: 

max
3

mesh

v
l

f
 (23) 
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Where, 
mesh
l  is the maximum size of the grid, v  is the speed of sound 

propagation in the structure, and 
max
f  is the voltage frequency excited during 

scanning. The maximum frequency selected in this section is 0.9215 MHz, and the 
sound velocity in steel is 5920 /m s . According to Formula (23), the maximum grid 

size is 2.14 mm. 
The software provides quadrilateral, hexahedron, tetrahedron, triangle and other 

mesh elements. The mesh division required by the model can be obtained by using free 
mesh, swept mesh and mapped mesh. In this section, the piezoelectric film sensor, bolt 
head and bolt rod are meshed manually, and then the operation is completed by 
sweeping. The result after partition is shown in Figure 10. 

Figure 10. Results of model mesh generation 

3.3. Piezoelectric response of ZnO piezoelectric thin film sensor 

In order to study the relationship between the peak admittance frequency (impedance) 
of the smart bolt and the axial preload of the bolt, it is necessary to scan the frequency 
of the smart bolt when it is not loaded to determine the range of its peak admittance. 
The scanning frequency range is 0.6MHz~1.0MHz, and the step size is 100Hz. The 
scanning results are shown in Figure 11. 

Figure 11. Coarse frequency scanning results of intelligent bolt admittance 

It can be seen from the figure that there is a strong admittance peak near 
0.972MHz. It is fixed to set 0.95MHz~1.0MHz as the frequency band for simulation 
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research, and the step size is 100Hz. With the theoretical derivation results as reference, 
the minimum torque in the simulation process is. At this time, the obtained admittance 
results are shown in Figure 12. 

 

Figure 12. Admittance diagram at torque of 15N m   

4. Simulation results and discussion 

4.1. Effects of different piezoelectric materials 

ZnO, AlN, and PZT are commonly used materials in preparing piezoelectric thin film 
sensors. Therefore, this paper uses comsol software to simulate the piezoelectric 
properties of piezoelectric materials before the preparation of smart bolts, in order to 
guide the experiment. The output characteristics of voltage and impedance of the three 
piezoelectric materials with the same size and the same parameter settings under 
excitation frequency are studied respectively, as shown in Figure 13. 

 
Figure 13. Schematic diagram of positive piezoelectric effect 
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Figure 13 (a) shows the output voltage of three piezoelectric materials at the 
excitation frequency. It can be seen that under the same excitation frequency, the output 
voltage value of PZT is much higher than that of the other two materials, and the output 
voltage values of ZnO and AlN are relatively close. The output voltage of piezoelectric 
materials is mainly related to the piezoelectric coefficient, which is also consistent with 
the literature. Figure 13 (b) shows the impedance changes of the three materials at the 
excitation frequency, with the highest AlN and the lowest PZT. 

According to the comprehensive consideration of laboratory experimental 
conditions and simulation results, although PZT has the strongest piezoelectric output 
performance, its preparation requirements are high, the proportion of multiple materials 
is difficult to control, and ultimately it is difficult to achieve the ideal piezoelectric 
output. AlN materials require high vacuum when preparing piezoelectric films, and 
AlON is easy to form in actual preparation. Finally, ZnO is selected as the piezoelectric 
material of piezoelectric thin film sensor. 

4.2. Influence of piezoelectric material shape 

Piezoelectric thin film sensor is prepared at the head of the bolt. Since the bolt head is 
circular, the piezoelectric thin film sensor is also considered to be circular, but the 
selection of solid circle or circular ring needs to be verified through simulation to 
reduce the experimental workload. According to the actual diameter of bolt head 
(16mm), the specific dimensions of circular and annular piezoelectric materials are 
selected as shown in Figure 14. 

It can be seen from Figure 15 (a) that the output voltage of circular piezoelectric 
materials is much greater than that of rings, which also reflects that circular 
piezoelectric materials will generate more charges when they are excited. Fig. 15 (b) 
shows that the amplitude of annular impedance is greater than that of circular 
impedance, that is, the amplitude of impedance increases when the area decreases [15]. 
In addition, considering the difficulty of the preparation process of the circle and the 
ring, this paper chooses the circle as the shape of the experiment. 

10 10 4

(a) (b)

 
Figure. 14. Piezoelectric material shape: (a) circular, (b) annular 
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Figure. 15. Output voltage and impedance characteristics of circular and annular piezoelectric materials 

under excitation frequency 

4.3. Piezoelectric material size effect 

In this paper, the piezoelectric film sensors with diameters of 6mm, 8mm, 10mm and 
12mm are selected to analyze the output voltage and impedance curves of piezoelectric 
film sensors with different sizes, as shown in Figure 16. Figure 16 (a) shows that the 
output voltage of piezoelectric film sensor increases with the increase of diameter 
under different diameters. Figure 16 (b) shows that the smaller the diameter, the greater 
the impedance of the piezoelectric film sensor, which is consistent with the theoretical 
model of energy trapping [16]. Considering the variation curve of voltage output and 
impedance and the limitation of bolt head surface size, the diameter of piezoelectric 
material selected in this paper is 10mm. 

 
Figure. 16. Output voltage and impedance characteristics of piezoelectric materials with different sizes under 

excitation frequency 

4.4. Influence of piezoelectric material thickness 

In order to study the influence of the film thickness on the output voltage and 
impedance of the piezoelectric film sensor, Comsol software is used to simulate and 
analyze the piezoelectric material thickness of 600nm, 800nm, 1000nm and 1200nm. 
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The results are shown in Figure 17. Figure 17 (a) shows that the output voltage of the 
sensor increases with the increase of the film thickness. Figure 17 (b) shows that when 
the thickness is 1200nm, the impedance is large, which exceeds the legend. However, 
with the increase of film thickness, the film tends to peel. Therefore, 1000 nm is 
selected as the thickness of the sensor in this paper. 

 
Figure 17. Output voltage and impedance characteristics of piezoelectric materials with different thickness 

under excitation frequency 

4.5. Effect of electrode material size 

Because the process for preparing NiCr in the laboratory has been mature, NiCr is 
selected as the electrode material in this paper. According to the size of piezoelectric 
film, study the effect of electrode size on voltage output and impedance change. Select 
the electrode material size and choose the diameter of 4mm, 6mm and 8mm for 
research. The results are shown in Figure 18. When the electrode size is 6mm, the 
piezoelectric thin film sensor has a higher output voltage. At this time, when the 
impedance value is large, the piezoelectric impedance frequency is small. Therefore, 
6mm is selected as the experimental electrode size in this paper. 

 
Figure 18. Output voltage and impedance characteristics of different size electrodes under excitation 

frequency 
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4.6. Influence of electrode material thickness 

After the electrode size is determined, it is necessary to study the electrode thickness 
and select the appropriate thickness. Three thicknesses with diameters of 100nm, 
200nm and 300nm were selected for analysis, and the results are shown in Figure 19. 
Figure 19 (a) shows the output voltage under three electrode thicknesses. When the 
electrode thickness is 100nm, the maximum output voltage is obtained. Figure 19 (b) 
shows the change of output impedance under three electrode thicknesses. The electrode 
thickness of 300 nm has the maximum output impedance. The thickness of electrode 
material will generate heat due to its ohmic effect, which will affect the adhesion of 
devices. Therefore, 200nm is selected as the electrode thickness for the experiment. 

 
Figure 19. Output voltage and impedance characteristics of different electrode thickness under excitation 

frequency 

5. Conclusions 

The solid mechanical field and electrical field of the smart bolt are established by 
Comsol Multiphysic software, and the natural resonance frequency of the smart bolt is 
roughly scanned to confirm the approximate range of the admittance peak frequency. 
Through the simulation of each film layer of piezoelectric thin film sensor, it can be 
concluded that the piezoelectric material is ZnO, the piezoelectric material is circular in 
shape, the piezoelectric material size is 10mm, the piezoelectric material thickness is 
1000nm, the electrode material size is 6mm, and the electrode thickness is 200nm. ZnO 
piezoelectric thin film sensor was fabricated with this material and size. 
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