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Abstract 

Thermal protection system is important for structural safety and reliability of reusable space vehicles. 
Generally, a thermal panel can bear high-temperature, such as carbon-carbon, is installed to the base 
structural shell with several ∏ type bolted joints. Due to flight vibration and impact excitation, bolts 
in these joint might loosen, which greatly affect structural thermal protection performance and safety. 
In this paper, a two-step health monitoring strategy based on the principles of piezoelectric impedance 
measurement is proposed for detection of bolt loosening in a thermal protection system. The challenge 
is that the structure is complex in geometry and it needs detect loosening in multiple possible bolt 
locations. Piezoelectric sensors are used as both sensor and actuator. In the first step, a single ∏ type 
bolted joint is chosen to study the sensitive frequency and optimal sticking position of the sensor. The 
aim is to develop a method which can detect bolt loosening in multiple possible locations with less 
number of sensors. In the second step, the sensors are stick to the chosen optimal location at every ∏ 
type joint and an algorithm is to scan the structure simultaneously. The root mean square deviation 
(RMSD) of the recorded of the real part of the impedance signal is used as damage feature. 
Experimental studies are carried out. The results show that RMSD value is negatively correlated with 
the bolt tightening torque, that is, the larger the bolt tightening torque is, the smaller the RMSD value 
is. Therefore, the RMSD value of the bolt at a specific frequency can be calculated, and the bolt state 
can be judged. The experimental result shows that the method is effective for detecting the loosening 
of bolts in thermal protection structures. It also shows that it can provide a reference for identifying 
non-destructive and rapid detection of thermal protection structures. 

Keywords: aerospace thermal protection structures, piezoelectric sensor, structural health monitoring, 

root mean square deviation, impedance method 

1  Introduction 

With the rapidly development of reusable space vehicles, its repeatability is becoming more and more 

essential. Bolt jointed structures are widely used for its convenience and simple, such as thermal 

protection structures.The structure is subjected to extreme loads such as vibration, high temperature. 

In this situation, bolts joints will probably be loosed if any bolts of the thermal protection stuctures is 

loosed. High temperature air will enter the base structure of the space vehicle, and the thermal 

protection system will be failure. Hence, rapid detection of bolt loosen is very important for feasibility 

of reusable space vehicles.However, in the actual engineering application, the direct measurement of 

preload method has great limitations.  
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Modern detection techniques mainly include three methods .The first method is vibration test which 

based on the changes of  dynamics parameter will mirror the load of bolts. The second method is 

elastic wave method. The principle is the bolt load will change the amplitude , phase and frequency of  

elastic wave. And the third method  is piezoelectric impedance method  which can reflect local 

mechanical characteristics near the bolt. The three modern method are through a kind of indirectly 

parameter to reflect the condition of the bolt. The piezoelectric impedance method is more accurate 

than the method based on dynamics parameter. This method is sensitive to the damage and 

independent of the external surrounding. As these advantages, the piezoelectric impedance method is 

more suitable for complex structure and real-time monitoring. So, the piezoelectric impedance method 

is used for bolt preload detection. 

A lot of research work has been done for damage detection using piezoelectric impedance 

method.Liang[1-3] first carried out the study about the impedance analysis method and developed a 

basic 1D model of coulpling PZT transducer and host structure, which descriped the principle of 

impedance analysis in theory. Sun[4] certified the feasibility of electromechanical impedance in the 

truss structure.Bhalla[5] using the electromechanical impedance method to detect the damage in steel 

structure. Yabin Liang[6] certified the real part of impedance was more sensitive to damage by a 

series of experiment about the pin structure.  

Currently many scholars hane done the research not deep and comprehensive enough . Especialy in 

the realm of bolt structures which are widely used in space vehicles. Hence, in this paper, a systematic 

experimental study with piezoelectric ceramic transducer (PZT) is carried out for the bolt detection. 

And a detection method of loosing bolt location is proposed.  

2 Theoretical Basis 

2.1 1D model 

In the experiment, a PZT patch is boned to the surface of the structure by a high-strength adhesive to 

provide a better electro-mechanical coupling property. And it is driven by a sinusoidal voltage sweep 

to active the structure. Meanwhile this PZT is used to get the response.When a piezoelectric is 

stressed, it generates an electric charge. Conversely when an electric field is applied it generates a 

mechanical stress. The principle of interaction between PZT and host structure can be description with 

1D impedance model as Figure 1. 
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  Figure 1: 1D coupling model of piezoelectric patch 

Based on the 1-D coupling model of piezoelectric patch and the host structure, and the force 

equilibrium and the piezoelectric constitutive equations, Liang [1-3] derived the following electro-

mechanical admittance expression:  

                                        

2
33 3

( ) ˆY( ) i a (1 i )
( ) ( )

T Es
x xx

s a

Z
d Y

Z Z

     
                                 (1) 

whereY ( )is the electrical admittance , Za  and sZ are the PZT material’s and the structure’s 

mechanical impedances, respectively, Ŷ E
xx is the complex Young’s modulus of the PZT with zero 

electric field, 3xd is the piezoelectric coupling constant in the arbitrary x direction at zero stress, T
33 is 

the dielectric constant at zero stress,  is the dielectric loss tangent of the PZT, and a is a geometric 

constant of the PZT. This equation indicates that the electrical impedance of the PZT bonded to the 

structure is directly related to the mechanical impedance of a host structure. 

2.2 Damage index 

To compare impedance spectra with the intact one and assess the presence of damage, several damage 

indexes usually have been used. The most popular indexes are the root mean square deviation 

(RMSD), the mean absolute percentage deviation (MAPD) and the correlation coefficient deviation 

according to Igor[7]. The variety of the real part of impedance (ReZ) is more obvious than other 

indexes. To reflect the variety accurately, the deviation with the baseline is be used. The baseline is 

the real part of impedance when the bolt is in full load.The relation is showed in equality (2). 

                                                                0

Re Z
Re Z= 1

Re Z
 

                                                    (2) 

The Re
0
Z  is the baseline value and the ZRe  is the deviation. 
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After getting the deviation, RMSD can be calculated by the following equation: 

                                                                    

2
Re Z

RMSD=
N


                                                      (3) 

where N is the quantity of collected data. In this paper, the quantity of collected data is selected as 800 

to have a preciser result. The RMSD value of bolt in full load is always zero, because the value of 

RMSD represents the distinction with full load condition. The bigger the RMSD is, the looser the bolt 

is. According this ,the blot loosening can be detected according to the RMSD value. 

3  Experimental Study 

3.1 Experimental setup 

The experimental setup is made up of an HIOKI IM3570 impedance analyzer and a computer. The 

HIOKI IM3570 impedance analyzer is shown in Figure 2. 

                  

  Figure 2. HIOKI IM3570 impedance analyzer                   Figure 3. The experimental Q235 steel plates 

Two steel plates were used as the experimental platform which were linked with four ∏ type steadys 

shown in Figure 3 and 5. The dimensions of the plate is 38.5cm×45cm×0.3cm and 

33.5cm×33.5cm×0.3cm. The steady was made up with steel the same with the plate, but its thickness 

was thinner than that of plate is 0.2cm whose size was shown in Figure 4. As illustrated in Figure 4, 

four groups of ∏ type steadys  are installed on the base structural shell.  
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Figure 4. (a)The define of the corner of the specimen from the vertical view. (b) The define of the location of 

PZT transducers and bolts from side view of corner 1. 

M6 bolt is used the martial of it is low carbon rigid, which can bear 13N•m moment of force 

maximum as shown in Figure 5. Because the bolt need to be assembled and disassembled frequently, 

the 8N•m preload of bolt  is considered as the tightest statue. A torque wrench was used to tighten the 

bolt whose ultimate range is 12N•m. Figure 6 is the torque wrench and ordinary wrench. The PZT 

sensor was bonded onto the specimen using the AB glue for aerospace and was counted to the 

impedance analyzer. 

               

                    Figure 5.The holder and bolts                  Figure 6.The torque wrench and the ordinary wrench 

3.2 The selection of frequency range 

In order to select an optimal frequency range for obtaining the impedance signal, bolt 1 and the 

location 1 of PZT in corner 1 is considered. There are three load conditions with 8N•m、4 N•m and 

0 N•m for bolt. While 8N•m means the bolt is in full load while 0 means empty. The PZT is scanned 

over a wide frequency range of 0-500 kHZ under different conditions of bolt. The result is shown in 

Figure 7. It can be seen that, the amplitude of the real part of the impedance in 270-370kHz is the 

highest except the amplitude at 0 kHz. The experimental results on other locations are similar with 

that shown in Figure 7. Therefore, the frequency range between 270-370kHZ is chose as the optimal 

frequency range for launching experiment. 
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Figure 7. The most suitable frequency range 

 

            Figure 8. The optimal location of PZT transducer     

3.3 The selection of location of PZT transducer 

There are four possible locations for the PZT transducer as shown in Figure 4(b). To select a best 

location for the PZT transducer which should be most sensible to bolt preload, bolt 1 and four 

locations of PZT in corner 1 are considered. There are five distinctive preloads are applied to bolt 

from 8 N•m to 0 N•m with decrement of 2 N•m.Four locations of PZT transducer are measured 

under diverse perloads on bolt.Figure 8 shows the results of PZT transducers in different locations. It 

can be seen that the location 4 of PZT transducer has the highest RMSD value in same condition. The 

same experiment is carried out on bolt 2, 3 and 4. There are the same results with bolt 1 point out the 
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location 4 of PZT is more sensitive than other locations. The conclusion is the location 4 of PZT is the 

most suitable for detecting damage. After that, there are four PZT transducers attached to the location 

4 of PZT of the foursquare of the specimen for the coming experiment.  

4. Experimental results 

During the experiment, there are two stages in the whole experiment. In the first stage, there is only 

one corner (corner 1) of the plate considered.The first stage is to vertify there is relation between the 

bolt and RMSD value from PZT transducer. The second stage is based on the whole specimen. The 

purpose is to confirm we can determine which corner has bolt loosen though RMSD of PZT 

transducers.  

4.1 Stage 1 

During this stage, there are nine distinctive preloads of each bolt which were from 8 N•m to 0 N•m 

with decrement of 1 N•m. At any time there will only one bolt is beard alterative preload with others 

are full load. To prevent the pretightening load existed in the bolt having influence of the result, the 

bolt needed to be loosed absolutely everytime before tightening to the requested torque. The 

frequency range is from 270-370kHz. The result is shown by as Figure 9. 

 

Figure 9. The RMSD value with loads of bolt from location 4 of PZT during 270kHz-370kHZ 
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From the figure, it can be seen that the RMSD decreases with the bolt torque. The reason is RMSD 

value reflects the deviation between condition of bolt and the full load. According to the result, 

RMSD can reflect the preload, so that there can be a conlusion whether the bolt is loose or not. 

4.2 Stage 2 

Though the seconde stage, it is expected to verify the feasibility of positioning damage according to 

RMSD. During the second stage, the bolt only have two preloads with 8N•m and 0N•m. In the whole 

specimen, there is one corner has bolts loose while in other three corners the bolt are in full load. Here 

the corner 4 has bolts loose. Among the three bolts in corner 4, there are six conditions as showed in 

the Figure 10. 

 

Figure 10. The RMSD values acquired from the PZT transducer 

From Figure 10, the conclusion can be arrived that the loose of bolts is happened in the corner 4 

where has the highest value of RMSD. After that there are eight groups repeatability verification with 

every different four location twice carried out. The result all confirms it is feasible to fix position of 

the corner have bolt loosen using the RMSD value from the PZT transducer.  
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Figure 11. The RMSD values acquired from the PZT transducer on  loosening  two bolts 

 

Figure 12. The RMSD values acquired from the PZT transducer on  loosening  only one bolt 

For another way, the result can be shown by histogram as the Figure 11and 12. The Figure 11 is 

showing the result with two bolts are loosen, while the 12 is one. From the six groups with different 

conditions, the RMSD from PZT in corner 4 all are highest. So, it can assret that there are bolts of 
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corner 4 loosen. Compared with the actual situation, it can be certified the feasibility to locate damage 

by measuring the RMSD value. In addition, it is easy to find the RMSD value would more sensitive to 

the loose of  No.2 bolt. This can get explained from Figure 4(b). It can be seen that the bolt of No.2 is 

nearest the PZT 4. Hence, the loose of No.2 will affect PZT transducer more. 

5. Conclusions 

In this paper, a bolt preload health monitoring method based on piezoelectric impedance measurement 

is proposed for detection of bolt loosening in a thermal protection system. There are two stages 

carried out, and the first stage is to confim RMSD and preload of bolt have a negative relationship. 

And this is the foundation of the second stage. Though the second stage, there is a conclusion that it is 

feasible to location the damage using the RMSD value. Though this experiment not judge which one 

or which two bolts are loose, it help reduce the scope of the damage. In the detection of space vehicles, 

this will help save a lot of time and money.Experimental result indicates that the RMSD is a sensitive 

and useful index of damage influence estimation. A higher RMSD signifies the loosening exists in the 

area more possibly. In fact the RMSD generated by the real loosening is much greater than the other 

areas. By designing the experiment ,there was a negatively relation between the RMSD value and the 

load of bolts through the experiment testifying. Expect that, using the RMSD value from the PZT 

transducer location the loosen bolt can be implemented. Therefore, the bolt state can be judged by 

calculating and contrasting the RMSD. The method is effective for detecting the loosening of bolts in 

thermal protection structures, and it can provide a reference for identifying non-destructive and rapid 

detection of thermal protection structures. 
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