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Abstract 
This paper is based on a complex tests program in which specimens representing spacecraft 
structures, defined by aluminum discs with central bonded piezoelectric wafer active sensors 
(PWAS), were subjected to laboratory simulated harsh conditions of outer space, namely to 
extreme temperature variations, radiations, and vacuum. The purpose of these tests was to 
demonstrate the operability, survivability, and durability of the PWAS in extraterrestrial 
environment conditions in order to be used in the structural health monitoring (SHM) 
technology. The signature of structure’s health is seen as the real part of the electromechanical 
impedance spectroscopy (EMIS). The simulated mechanical damages were fabricated in each 
specimen in the shape of a narrow through-the-thickness slit cut with a laser. The paper also 
outlines the effects of extreme temperature variations, radiations and vacuum on PWAS 
transducer. Moreover, a method for online identification of the damages based on neuronal 
network is presented. 
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1. INTRODUCTION 

Every year, billions of dollars are spent for the inspection and the maintenance of various civil, 
aircraft, and military infrastructure. For example, 50.1 billions of dollars were spent in 2015 
for the maintenance of the aerospace vehicles [1]. In the perspective of reducing these costs, 
the structural health monitoring (SHM) methodology is in the attention of the researcher and 
engineers. SHM is applied successfully in the (aero) space industry, and, also, in the 
maintenance industry of bridges, buildings, and nuclear plants. Among the SHM advantages, 
in addition to the costs reduction, there are: real time monitoring of structure’s health, 
inspecting places with a difficult accessibility, and with complex geometries, identifying early 
damages with their localization, reducing of the time dedicated to maintenance and inspection, 
the overall weight reduction [2], [3]. 

For the development of the space programs, it is required to determine and quantify the 
effects of the cosmic environmental conditions (extreme temperatures, radiations, vacuum) on 
the materials and the equipment dedicated to space applications. These effects can be analysed 
by direct evaluation in the space or by simulating them in the laboratory from Earth.  

In this paper, a complex test protocol was established. The experimental objects were 
aluminium disc specimens with central bonded Piezoelectric Wafer Active Sensor (PWAS). 
The elaborated mathematical model was validated by numerical simulations done in the 
framework of Finite Element Method. The damages identification methodology is based on the 
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electromechanical impedance spectroscopy (EMIS) [4]-[9]. The laboratory tests developed at 
INCAS and IFIN HH (National Research Institute for Physics and Nuclear Engineering “Horia 
Hulubei”) simulated the harsh environmental conditions met in the extraterrestrial space. 

2. TESTS PLAN 

The SHM methodology was validated at a TRL 5 (http://www2.lbl.gov/dir/assets/docs/TRL 
guide.pdf) by testing aluminium discs with central bonded PWAS. Two major directions were 
followed: 

1) The first one was to confirm that the chosen sensors survive to the environmental 
conditions from outer space, and, also, that they keep at high standards the monitoring 
functions in view of their employment in the future space missions as structural health 
interrogators for space vehicles. To accomplish these objectives, the conditions from outer 
space were simulated in laboratory: large variations in temperature, radiations, vacuum. The 
temperatures considered in the test ranged from −1960C ÷ +2000C. Near Earth the temperatures 
vary from +120 0C for the surfaces exposed to the sun, to less then −183 0C for the unexposed 
areas [10]. The maximum irradiation dose per irradiation step was set to 2.35 kGy. The 
reference value for the determination of the radiation’s amount was the irradiation dose 
absorbed in a Mars mission during a minimum solar activity, 15 µGy/h [11].    

2) The second one was to prove the capability of EMIS based SHM methodology to 
identify early damages, and to release warnings if a mechanical damage occur. EMIS was 
measured by the impedance analyzer HP 4194A. 

The damage consisted in a laser cut through the thickness of the disc at different positions 
from the center of the disc (7 mm, 15 mm, 25 mm, and 45 mm). In a first stage, 35 disc 
specimens and 35 free PWASs were subjected to all the three environmental factors: extreme 
temperatures, radiations, vacuum. The protocol contained 5 experimental cycles. One cycle 
was formed by three phases: the first one was an exposure for 0.5 h at cryogenic temperature 
of −196 0C, pressure of 1÷10-2 Pa, and a radiation dose of 2.35 kGy; in the second phase, the 
specimens were kept for an hour at room temperature (RT) with no excitation factors; finally, 
in the third phase, the discs and the PWASs were tested at high temperature of +100 0C, 
1÷10- 2 Pa, and 2.35 kGy. 

Table 1. Tests protocol 

1st stage 2nd stage 

one 
experimental 

cycle:  

time temperature vacuum irradiation 1. RT EMIS reading 

0.5 h -196 0C 1÷10-2 Pa 2.35 kGy 2. Low temperatures tests: down to −70 0C 

1.0 h RT - - 3. High temperatures tests: up to +200 0C 

0.5 h +100 0C 1÷10-2 Pa 2.35 kGy 4. Irradiation tests: 3.71 Gy/h 

The signatures of the electromechanical impedance for each free PWAS were recorded in 
the frequency domain 100 Hz ÷ 2.5 MHz, with a frequency step of 500 Hz, before and after 
each cycle tests. For every system made by aluminium disc with bonded PWAS, the frequency 
domain was from 100 Hz to 100 kHz, with a frequency step of 10 Hz. In this study, only the 
real part of the electromechanical impedance was analysed, due to its sensitivity to damage 
occurrence [4]. 

In order to highlight the effects of the environmental factors on the EMIS signature, in the 
2nd stage were developed individual tests for each stress factor, both for the free PWASs, and 
for the disc specimens. Firstly, the EMIS was measured at RT being the reference signature for 
the entire experiment. In the aging process, the specimens were exposed to variations of 
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temperature over several consecutive hours. 5 discs were introduced in the INSTRON 5982 
environmental chamber and the EMIS was measured at RT, +25 0C. Then, the temperature was 
gradually reduced to 0 0C and thus maintained for an hour followed by the EMIS recording. 
The process was repeated until the temperature of −70 0C was reached. After the low 
temperatures tests, a new EMIS was recorded at the RT, in order to validate the operability of 
the PWASs. The high temperature tests were conducted in the FD 115 Binder thermostatic 
chamber, following the same protocol. The chosen step was 25 0C. The maximum temperature 
reached was + 200 0C.  

The entire experiment, with its two stages, is schematically presented in Table 1. 

3. RESULTS AND DISCUSSIONS 

The obtained results from the first stage experiments show that the EMIS signature was not 
significantly changed after running all the tests of radiations, vacuum, and extreme 
temperatures, which conduct to the validation of the survivability and operability of the 
specimens in harsh environmental conditions regarding their application in space vehicles of 
EMIS based SHM technology, see Fig. 1. From the second stage experiment, the effects on 
EMIS signature induced by the environment can be differentiating from the effects specific to 
the mechanical damage. 

a)  b)  
Figure 1. EMIS recordings for (a) a PWAS, and for (b) a disc specimen  

A synthesis of the second stage experimental protocol, with the related results, is given in 
Fig. 2. The EMIS signatures corresponding to the discs exposed to extreme temperatures 
present resonance frequencies shifts to smaller frequencies as the temperature increases 
(Fig. 2a). The radiations, given by a 60-Co source in the Hot Room no. 1 from IFIN HH, 
doesn’t produce any changes (Fig. 2b). Instead, the mechanical damages leave their fingerprint 
on the EMIS signature: few splittings of the resonance frequencies occur (Fig. 2c). The new 
resonance peaks are more numerous as the distance from the damage to the sensor decrease. In 
the paper [12] two algorithms for damage identification are presented. 

Using neural networks (NN), the damages can be identified in real time. The NN is based 
on two fundamental functions: learning and training. NN learning algorithm will be trained to 
recognize the healthy form of the EMI spectrum in a specified frequency band. In the case of 
significant changes occurrence in the spectrum, the algorithm will notify this as a significant 
error. The notified error is important to be recorded and communicated in real time as a warning 
to the general SHM system. Then, the NN adapts and learns in principle the new EMIS form. 
At this time, the algorithm is initialized with the last weights corrected representing the healthy 
system, thus mimicking a real situation. The algorithm give at output a quasi-instantaneously 
increased error, which in fact will mark the appearance of the damage (Fig. 3). 
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Figure 2. Complex tests protocol: (a) extreme temperatures (INSTRON 5982 environmental 

chamber set up at -70 0C, and the 5 discs after the exposure at low temperatures), (b) 
radiations (the hot room from IFIN HH), (c) mechanical damage (a pristine disc and a disc 

with line type damage situated at 15 mm from PWAS) 

4. CONCLUSIONS 

The SHM challenge is to permanently monitor the structure, to real time identify the 
occurrence of damages, and to emit warnings to remedy the problem minimizing, thus, the 
maintenance costs of space and aerospace vehicles. This paper comes in this view. The tests 
performed on disc specimens had the objective of validating the EMIS based SHM 
methodology to be applied in (aero) space programs. The results show that the sensors, the 
adhesive, and the disc specimen with bonded PWAS had passed with success the tests in harsh 
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environmental conditions (like extreme temperature variations, radiations, and vacuum) 
keeping at high standards their capability of structure’s health monitoring. Moreover, 
algorithms of real time damages identification were developed. 

a)  b)  

c)  d)  

e)  f)   

Figure 3. Online damage identification, over one resonance peaks, using NN: a) EMI 
recording; b) zoom on a resonance peak; c) algorithm training on the window of one 

resonance peak representing healthy structure; d) learning validation, use of mean square 
error criterion; e) online identification of damaged structure; f) damage identification, using 

mean square error criterion 
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