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Abstract: This paper investigates the potential of a novel vibration-based thermal health monitor-
ing method for continuous and on-board damage detection in fiber reinforced polymer sandwich
structures, as typically used in aerospace applications. This novel structural health monitoring
method uses the same principles, which are used for vibration-based thermography in combination
with the concept of the local defect resonance, as a well known non-destructive testing method
(NDT). The use of heavy shakers for applying strong excitation and infrared cameras for observing
thermal responses are key hindrances for the application of vibration-based thermography in real-life
structures. However, the present study circumvents these limitations by using piezoelectric wafer
active sensors as excitation source, which can be permanently bonded on mechanical structures.
Additionally, infrared cameras are replaced by surface temperature sensors for observing the thermal
responses due to vibrations and damage. This makes continuous and on-board thermal health
monitoring possible. The new method is experimentally validated in laboratory experiments by a
sandwich structure with face layer debonding as damage scenario. The debonding is realized by
introduction of an insert during the manufacturing process of the specimen. The surface temperature
sensor results successfully show the temperature increase in the area of the debonding caused by a
sinusoidal excitation of the sandwich structure with the PWAS at the first resonance frequency of
the damage. This is validated by conventional infrared thermography. These findings demonstrate
the potential of the proposed novel thermal health monitoring method for detecting, localizing and
estimating sizes of face layer debonding in sandwich structures.

Keywords: vibration-based thermography; fiber reinforced polymer; thermal health monitoring;
sandwich structure; face layer debonding; aerospace structures; structural health monitoring; non-
destructive testing

1. Introduction

Fiber reinforced polymers (FRP) sandwich structures are increasingly utilized for
a wide range of lightweight applications, due to their big beneficial in plate strength-
to-weight and stiffness-to-weight ratios compared to metal and monolithic structures.
Consequently, many applications can be found in the aerospace, the automotive and
the wind energy industry. However, the major disadvantages of using FRP sandwich
composites are the high initial cost due to the expensive manufacturing of molds and
the complex failure mechanisms. The latter reduces the lightweight potential because
of the high safety factors, since failure prediction is not reliable so far. In order to use
the full lightweight potential of FRP material and to guarantee the integrity of composite
structures at the same time new technologies, like structural health monitoring (SHM) are
introduced. SHM is the continuous monitoring of mechanical structures during operation
by using sensors to detect and identify damages [1]. As a consequence, damage tolerant
structures can be exchanged or repaired before catastrophic failures. Furthermore, SHM
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might allow a condition-based maintenance of mechanical structures in the future, and thus,
has the potential to reduce down times and maintenance costs dramatically. SHM methods
utilize specific measurable physical effects of damages. They can be classified into static
and dynamic methods, depending if static or dynamic physical effects are evaluated [1].
Well known dynamic methods are, for example, the electro-mechanical impedance [2,3]
and the guided waves method [4,5]. Typical static methods are the electrical impedance
tomography [6] or strain-based methods [7–9]. Thermal effects are also used for SHM,
but there has not been much research considering these effects. Only a few publications
present methods and strategies for the use of thermal effects under the term thermal health
monitoring for SHM. A thermal health monitoring concept that uses fiber optical sensors
(FOS) embedded in a composite structure as temperature sensor was published by Anna
Stewart et al. [10,11]. It applies FOS sensors to measure changes in the thermal conductivity
of a specimen due to a damage. The heating of the specimen was performed by a flash
lamp chamber.

The main motivation of the presented work is to discuss a novel vibration-based
thermal health monitoring method as a possible SHM method to detect and identify face
layer debondings in aerospace sandwich structures. Therefore, the present study considers
a simplified composite sandwich structure derived from an aircraft spoiler of a large civil
aircraft, as shown in Figure 1. Face layer debonding is a critical internal damage mechanism
of such sandwich structures [12,13]. This damage mechanism can be triggered by impact
events like bird strike or tool drop. Also small manufacturing defects which grow during
operational live time can lead to a critical face layer debonding. Therefore, the focus
of the present paper is the continuous on-board monitoring of face layer debonding in
sandwich structures.

spoiler

possible location of 
a damage, e.g., face layer debonding

Figure 1. Composite spoiler of a civil aircraft.

Nowadays, reliable face-core bonding and quality control during manufacturing by
a non-destructive testing method (NDT) are employed for avoiding face layer debond-
ing. For composite delamination, the well known vibration-based thermography can be
used [14,15]. This NDT method is the basis for the presented SHM method, it works on the
same principle. Vibrations cause friction between separated face layers and the sandwich
core, which results in heat generation and an increase in local temperatures [14]. This
technique is often combined with the concept of local defect resonance (LDR) [16–20],
which represents the most efficient way to excite the damaged area. This can be realized
if the LDR frequency and the excitation frequency of the ultrasonic transducer match.
Nonetheless, the commonly used shakers and the external IR-cameras limit this technique
to a ground-based system.

This article presents a novel approach that overcomes the limitations of vibration-
based thermography as a stationary ground-based system by replacing the shaker and the
IR-camera with piezoelectric wafer active sensors (PWAS; as typically applied for various
SHM methods) and an array of surface temperature sensors that are permanently bonded
to the structure of interest and discusses its applicability as an SHM method. A challenge
of the novel vibration-based thermal health monitoring method is the weak excitation by
PWAS in contrast to heavy shakers. The lower excitation levels are compensated by the
application of the LDR principle. To evaluate the potential of the novel thermal health
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monitoring approach for face layer debonding detection and identification, laboratory
experiments with different excitation sources are performed. First, the general applicabil-
ity of vibration-based thermography for detecting and identifying this type of damage
is investigated experimentally by means of a piezoelectric stack actuator as excitation
source and an array of surface temperature sensors and an IR-camera for temperature
measurements. Notwithstanding, that this setup is a typical NDT setup, it is required to
proof the basic measurement concept, as there is a lack of research so far in NDT and SHM
literature for sandwich debonding. Furthermore, it allows the comparison of the results of
the surface temperature sensor and the IR-camera measurements. Second, the applicability
and potential of the novel vibration-based thermal health monitoring is demonstrated
experimentally using the same damaged structure by means of a small and lightweight
PWAS as excitation source and the validated surface temperature sensor array. To find the
resonance frequencies of the considered face layer debonding and to investigate local vi-
bration amplitudes and its consequent heating by the different excitation sources, vibration
measurements with a scanning laser Doppler vibrometer (SLDV) are performed.

2. Methods

Since vibration-based thermography is a scientifically well-studied NDT technique
that forms the basis of the presented SHM method, this section starts with the fundamentals
of this technique. First, the basics of heat generation caused by excitation are described, fol-
lowed by an explanation of the local defect resonance concept, and ends with an overview
of the used thermography data processing algorithms. Subsequently, the idea of the novel
thermal health monitoring method is presented.

2.1. Vibration-Based Thermography

The vibration-based thermography, also known as thermosonic testing or vibro-
thermography uses, for example, an ultrasonic horn, an electrodynamic shaker or a vacuum
attached piezoelectric shaker to excite a structure of interest by ultrasonic waves [19]. The
subsequent vibration causes friction at boundaries of the damage (where crack faces are
very close), and thus, converts mechanical energy into thermal energy. The subsequent
local temperature increase can be evaluated for damage detection and identification. Recent
investigations show high effectiveness for detection and identification of friction inducing
damages like cracks and delaminations [14,21]. Nevertheless, it should be noticed that
there exist also other heat generation sources such as the plasticity-induced heat generation,
the thermoelastic effect and the viscoelastic effect [22].

2.2. Local Defect Resonance Concept

Recent investigations showed that the use of high power ultrasonic equipment is
not necessary, if vibration-based thermography is combined with the concept of local
defect resonance (LDR) [16–20]. The concept of LDR is based on the fact that a structural
damage (e.g., the debonded face layer of a sandwich) leads to changed stiffness and
damping properties for a certain mass of the material in this region, and consequently has
its own resonance frequencies [17]. Is the host structure excited at resonance frequencies
of the damage, energy is specifically transferred into the damage, which leads to a local
temperature increase due to the before mentioned effects. Solodov et al. [16] first introduced
an analytical formula to approximate the LDR frequency of a near-surface delamination
with respect to a circular shaped damage geometry

f0 =
1.6H

r2

√
E

12ρ(1− ν)2 , (1)

where H is the residual thickness, that is,thickness of the debonded plate, r is the radius,
E is the Young’s modulus, ρ is the density and ν is the Poisson’s number. An equivalent
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solution for the resonance frequencies of square shaped delaminations with a side length s
is introduced by Solodov [18], and given by

f0 =
4πH
3s2

√
E

6ρ(1− ν)2 . (2)

The problem in practical use of these analytical equations are the assumed boundary
conditions, therefore finite element simulations (FEM) are generally used to visualize
the LDR vibration patterns and to evaluate the LDR frequencies [3,16,17]. In industrial
applications, the damage size and shape are unknown, thus their corresponding resonance
frequency is generally unknown. Therefore, broadband excitation is usually employed for
applying the concept of LDR without knowing the specific resonance frequency [19,20].
Recent investigations utilize periodic chirps or other commonly used broadband signals to
excite a damage and identify its resonance frequencies by local temperature changes. In the
present research a periodic chirp as broadband excitation together with a SLDV are used to
identify the resonance frequencies of the considered sandwich face layer debonding.

2.3. Thermography Data Processing Algorithms

A typical vibration-based thermography procedure results in a sequence of IR-images
reflecting the evolution of temperature in time: T(xi, yj, tk), where xi,yi are the surface
coordinates of the pixels and tk are the discrete time steps. Mathematically, such a sequence
of IR-images can be regarded as a 3D matrix Tijk of temperature data, where i (row), j
(column) are pixels of the 2D IR-image and k (frame) is the discrete measurement time.
Data processing algorithms for IR-image data can be classified into 1D algorithms, being
applied to pixel-based temperature evaluations in time Tk, or 2D algorithms, being applied
to single 2D IR-images Tij without considering the change over time [23]. Due to the lack of
information resulting from the 2D single image algorithms, pixel-based methods that con-
sider the evolution of temperature over time are commonly used. These 1D pixel-based Tk
methods reach from very simple ones like averaging algorithms [23,24] to more advanced
ones like the principal component analysis (PCA) method [23,25–27]. The PCA method is
commonly used to reduce data dimensions and extract main features and patterns from
the IR thermography image sequences. This is done by using either selected principal
components or PCA scores of the original images as features with improved properties, for
example the ability to detect deep defects. Another commonly used thermography data
processing algorithm to suppress slow uneven heating phenomena caused by environmen-
tal conditions and enhance the visibility of damages like delaminations that are located
within the investigated structure is the discrete Fourier transformation (DFT) [23,28].

2.4. Thermal Health Monitoring

To overcome the limitations of vibration-based thermography as a stationary ground-
based system the shaker and the IR-camera can be replaced by PWAS and temperature
sensors. For the practical application of this novel method in large sandwich structures,
several options to monitor the temperature of the structure are feasible. Temperature
monitoring can be realized by an array of local surface temperature sensors, temperature
sensitive thin films or fiber optical sensor (FOS) [10,11]. Nanocomposite thin films, such
as carbon nanotube (CNT) thin films, which are very sensitive to temperature deviations,
could be used. In addition, the combination of CNT thin films and the electrical impedance
tomography (EIT) enables the thermal imaging of surfaces [29,30]. The presented method
would be generally applicable to curved structures typically used in aerospace applications.
The array of local surface temperature sensors used in this experimental investigation, or
the alternative sensors mentioned previously, would also be applicable to curved surfaces.
In contrast, the PWAS used for excitation in this investigation are not suitable for mounting
on highly curved surfaces, instead piezoceramic patch transducers that are flexible and
bendable could be used in practical aerospace applications.
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3. Experimental Investigation
3.1. Investigated Structure

The composite sandwich structure with the dimension of 1× 0.38× 0.016 m3 repre-
sents a simplified 2:1 model of a large civil aircraft. Figure 2 shows the sandwich structure
composed of glass fiber reinforced plastic face layers, a Nomex R© Aramid honeycomb core
(Grade 5) and adhesively bonded aluminum brackets. The glass fiber reinforced polymer
(GFRP) face layer laminate is built up of four prepreg fabric plies [0, 45, −45, 0], with a total
thickness of 0.5× 10−3 m. The Nomex honeycomb core has a total thickness of 0.015 m.

face layer debonding

clamping device

temperature

sensor array
exciting PWAS

aluminum

brackets

exciting

piezoelectric

stack actuator

y

z

x

(a)

GFRP face layer laminate

Nomex honeycomb core

aluminum insert

0
.0

1
5

m

0
.0

1
6

m

(b)

Figure 2. Investigated structure: (a) The investigated sandwich structure with the face layer debond-
ing, excitation devices and surface temperature sensors (b) Cross-section of the investigated structure
at the artificially introduced face layer debonding.

This paper focuses on the detection of face layer debondings in sandwich structures.
The severity of such type of damage is typically non-critical for structural integrity if it
is smaller than a specific critical size, that is, the structure is damage tolerant to a certain
extent. Typical definitions of critical sizes for circular shaped damages have a diameter
between one and two inches [31]. In the sandwich panel under study a face layer debonding
with a diameter of 0.025 m (approximately one inch) was artificially introduced during
the manufacturing process via an insert. Using an aluminum or Teflon insert to imitate a
delamination or face layer debonding for thermography investigations is a well established
technique [10,15]. For the present investigation a circular aluminum foil with a thickness of
0.01 mm was used as insert. Compared to Teflon foils, aluminum foils disturb the laminate
layup less because they are thinner. Aluminum also has a higher thermal conductivity,
which avoids heat accumulation. Furthermore, untreated aluminum foil gets bonded to
the laminate when cured, and thus, a single and well defined surface of separation can
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be produced by applying release agent on only one side, the outer (negative z-direction,
side oriented to the sandwich core) of the inserted foil. Figure 2b shows a section of the
manufactured artificial debonding. Nonetheless, it has to be noted that the contact situation
as well as thermal properties, of the artificially introduced debonding, deviate from a real
delamination or debonding.

3.2. Experimental Set-Ups

For the present investigation, three different experimental set-ups are used separately
from each other to prevent the measuring devices of the different set-ups from influencing
each other. First, measurements with a SLDV are performed to visualize the vibration
modes of the debonded face layer, identify its corresponding resonance frequencies and to
compare the amplitudes caused by different excitation sources. Second, experiments for
temperature-based damage identification are performed to examine the applicability of
vibration-based thermography for face layer debonding detection and identification. The
temperature monitoring is done via an IR-camera and surface temperature sensors. For
excitation a piezoelectric stack actuator is used. Third, the applicability and potential of
the novel vibration-based thermal health monitoring method is experimentally demon-
strated by means of an array of surface temperature sensors and a PWAS (for excitation)
permanently bonded to the considered structure.

The first experimental set-up is depicted in Figure 3. It consists of the different
excitation sources (piezoelectric stack actuator type Piezosystem jena PSt 1000/25/40 and
adhesively bonded PWAS transducer type PI ceramic PIC255), the SLDV (Polytech PSV-
500-HV) and the structure under investigation. The circular shaped PWAS transducer has a
diameter of 25 mm and a thickness of 1 mm. The signal-to-noise level of the measurements
is increased by amplifying the voltage excitation signal of the function generator (Tektronix
AFG3022C) with the help of a linear power amplifier(AE Techron 7224). To identify the LDR
frequency of the debonded face layer, (i.e., the damage) experimentally, the out-of-plane
velocity at 16 SLDV scan points located horizontally (x-direction) along a line across the
damage (with 2 mm spacing, which sufficiently resolves the considered 1st axisymmetric
flexural mode shape) is analyzed. The SLDV uses a sampling rate of 250 kHz. The time
signals are averaged 26 times for each scan point to increase the signal quality.

The experimental set-ups for the demonstration of the applicability of the vibration-
based thermography for face layer debonding detection and identification and the investi-
gation of its SHM potential are shown in Figure 4. In the first step, the sandwich structure
is excited by the piezoelectric stack actuator (setup demonstration LDR for face layer
debonding). The position of the piezoelectric stack actuator is selected to provide the most
efficient excitation of the damage. For this purpose, measurements were made with the
SLDV with varying piezo stack actuator positions and the amplitudes were compared. The
position with the highest amplitude response at constant excitation voltage was selected.
To demonstrate the SHM potential of the presented method, the glued PWAS transducer
is used for excitation (setup demonstration of SHM potential; piezoelectric stack actuator
was removed). The bonded PWAS transducer was positioned along the centerline of the
structure to maintain symmetry for possible future experiments. Further care was taken
to ensure that there was enough distance between the damage and the PWAS so that the
temperature rise of the exciting PWAS would not affect the temperature sensor results. The
temperature monitoring was performed by an array of four surface temperature sensors
(CeLaGo TS-LM03) and an IR-camera (Micro-Epsilon TIM Connect T450), which monitors a
surface area of approximately 109 mm by 83 mm in x-direction and y-direction, respectively.
The four surface temperature sensors are arranged in a rectangular pattern with a side
length of 45 mm on the sandwich face layer. One of the sensors is directly located on
top of the debonded area of the face layer, see Figures 2–4. The evaluation of the surface
temperature sensors is done by two Wheatstone half bridges, shown in Figure 4. The
first half bridge, which consists of the two temperature sensors RA,1 and RA,2 is located
at the undamaged structure, whereas temperature sensor RB,2 of the second half bridge,
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which consists of RB,1 and RB,2, is directly located at the damage. The measurement signal
acquisition of the two Wheatstone bridges is done by a HBM Quantum X MX840A. Apply-
ing these half bridge circuits enables to measure only the temperature difference between
the connected temperature sensors, and thus allows compensating global temperature
fluctuations of the structure. Global temperature changes of the structure can result from
changes of the surrounding temperature, thermal radiation, warming of the structure due
to loading, and so forth.

piezoelectric

stack actuator

scanning head

investigated

structure
PWAS

RA,1

RB,1 RB,2

RA,2

face layer

debonding

face layer

debonding

detail A

detail A

data

acquisition

device

y

x

Figure 3. Experimental set-up of the scanning laser Doppler vibrometer measurements (detail A is a
scaled magnification of the area of interest).

input 1

piezoelectric

stack actuator

data acquisition

device

IR camera

PWAS

input 2

RA,1

RB,1 RB,2

RA,2

face layer

debonding

face layer

debonding

detail B

detail B

investigated

structure

y

x

Figure 4. Experimental set-up of the temperature-based damage identification experiment (detail B
is a scaled magnification of the area of interest).
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4. Results and Discussion
4.1. Local Damage Vibration Results

Figure 5b shows the dynamic responses in the frequency range of interest measured at
the debonding center (cf. Figure 5a) by means of the SLDV (experimental setup depicted in
Figure 3) for both, piezoelectric stack actuator and PWAS excitation, excited with a periodic
chirp signal from 1 to 100 kHz. The first resonance frequencies f0 of the debonded area can
be identified for both excitations as highest amplitudes in the corresponding spectra shown
in Figure 5b. The peaks occur at 5.641 kHz and 5.562 kHz for PWAS and piezoelectric
stack actuator excitation, respectively. Although the frequencies differ slightly, the modal
shapes of the first eigenmode, as shown in Figure 5a, are found to be almost identical.
The difference in the first resonant frequency can be explained by the increasing contact
non-linearity for the piezoelectric stack actuator compared to the PWAS excitation [18,32].
Nevertheless, this effect was neglected in this study, and the same resonance frequency
was selected for both excitations. Figure 5a shows the first bending mode of the considered
face layer debonding excited with the PWAS.

(a) (b)

Figure 5. Illustration of dynamic responses of the debonded area to a broadband excitation via the piezoelectric wafer active
sensors (PWAS) by the scanning laser Doppler vibrometer (SLDV) results. (a) Eigenmode of debonded face layer at the first
damage resonance frequency f0. (b) Velocity amplitude of dynamic response at the SLDV scan point at the center of the
debonding for both excitations.

Additional resonance frequencies of the debonded area are identified for PWAS excita-
tion at f1 = 11.438 kHz and f2 = 17.828 kHz for the second and third bending eigenmodes,
respectively. Nonetheless, for the present investigation only the first eigenmode is consid-
ered. To analyze the differences in the dynamic response between the excitation with the
piezoelectric stack actuator and the PWAS transducer, which have a significant effect on
the heating of the excited damage, the measurement results are analyzed in the center of
debonding (cf. Figure 5a). The excitation is a sinusoidal voltage signal with the frequency
of the first debonding resonance f0, resulting from the experiments with the PWAS used
as excitation source. The voltage signal amplitude is selected as 40 V for the piezoelectric
stack actuator and 150 V for the PWAS transducer. Figure 6 shows the resulting frequency
spectra of the dynamic velocity response measured by the SLDV. The maximum veloc-
ity response amplitudes of the damage caused by the excitation with the piezoelectric
stack actuator is 338.42 mm/s. The response amplitude resulting by the excitation with
the PWAS is 75.64 mm/s, which is approximately 4.5 times smaller than the response
to the piezoelectric stack actuator. A summary of the maximum dynamic out-of-plane
velocity response for the considered excitation sources is presented in Table 1. Although
the excitation voltage is smaller, the piezoelectric stack actuator introduces much more
power (current is much higher) to the sandwich structure, and thus, the resulting velocity
responses amplitude of the debonded area is much higher compared to the excitation with
the PWAS transducer. As expected, both frequency spectra show the highest response
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at the first harmonic. Furthermore, strong higher harmonic response to the sinusoidal
excitation can be observed. This is an expected result due to excitation signal distortion of
the amplifier and contact acoustic non-linearity between debonded face layer and sandwich
core. For the temperature-based damage detection experiments with the IR-camera and the
surface temperature sensors, the excitation signal parameters according to Table 1 are used.

Figure 6. Dynamic out-of-plane velocity response to a sinusoidal excitation at the local resonance
frequency f0 = 5.641 kHz for considered excitation sources and scan point at the debonding center.

Table 1. Summary of maximum dynamic out-of-plane velocity response to a sinusoidal excitation at
the the local resonance frequency f0 = 5.641 kHz for selected excitation sources and scan point at
debonding center.

Excitation Source
Excitation

Voltage
Amplitude

Offset Voltage
Velocity

Response
Amplitude

[V] [V] mm/s

piezoelectric stack actuator 40 V 20 V 338.42
PWAS 150 V 0 75.64

4.2. Temperature-Based Damage Identification

The results of the temperature-based sandwich debonding detection and identification
are subdivided into two sections. First, the measurement results of the experiment with
the excitation with the piezoelectric stack actuator are analyzed with typical NDT data
processing algorithms, to demonstrate the applicability of the LDR concept for sandwich
debonding identification. Additionally, the measurements of the surface temperature
sensors are analyzed and verified. Second, the surface temperature sensor measurements
of the PWAS excitation are analyzed to demonstrate the local heating of the damage due
to resonance. This shows the potential of the presented thermal monitoring method for a
possible SHM set-up.

4.2.1. Demonstration of LDR Concept for Face Layer Debonding Detection

The demonstration of the LDR concept (excitation at a resonance frequency of a
defect or damage causes local heat generation) is realized by a piezoelectric stack actua-
tor combined with an amplifier for excitation and an IR-camera for spatial temperature
measurement (cf. Figure 4). The infrared temperature measurement is analyzed by typi-
cal thermography data processing algorithms. The excitation frequency was selected as
5.641 kHz in order to match the first resonance frequency f0 of the debonded face layer
(cf. Section 4.1). The excitation is applied sequentially, where one minute with excitation
follows one minute without excitation and so on. This procedure is repeated three times
during a measurement to verify the repeatability of the results. The resolution Ni × Nj of
the IR-camera was Ni = 288 and Nj = 382 pixels, and the sample frequency fs was speci-
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fied as 0.5 Hz. This leads to an array Tijk, where i = 1, ..., Ni and j = 1, ..., Nj are the image
pixels discretizing the surface coordinates and k = 1, ..., Nk is the time step according to
k = tk/∆t = tk/(1/ fs). The array has thus the dimension Ni× Nj× Nk = 288× 382× 180,
c.f. Section 2.3 and can be defined as

Tijk = T(xi, yi, tk). (3)

The measured IR-images and temperature sensor signal are post-processed by Matlab
R2019a R©. As described in Section 2.3 there are several common analyzing algorithms for
thermography data. For the present investigation different algorithms are used for analysis.
First, the spatial temperature difference ∆Tij is calculated by subtracting IR-images from
before (tex,on is the time when excitation starts, kex,on = tex,on/(1/ fs)) and at the end (tex,off

is the time when excitation ends, kex,off = tex,off/(1/ fs)) of the first excitation period. To
reduce measurement noise, five consecutive images Na = 5 are averaged [23,24,33]. Let
us define

Tex,off
ij =

1
Na

kex,on

∑
k=kex,on−Na

Tijk (4)

as the averaged temperature data of five consecutive images before the first excitation
period starts and

Tex,on
ij =

1
Na

kex,off

∑
k=kex,off−Na

Tijk (5)

as the temperature data of the five consecutive images at the end of the first excitation
period. Consequently, the spatial temperature difference ∆Tij can be defined as

∆Tij = Tex,off
ij − Tex,on

ij . (6)

Figure 7a depicts the normalized temperature difference results ∆Tij. This simple
post-processing algorithm enables already to make the artificially introduced face layer
debonding visible. Figure 7c and d shows the normalized temperature profile according
to the pixel-lines L1 and L2 marked in Figure 7a. For a better differentiation of regions in
IR-images that show a deviating thermal behavior to the surrounding structure (typical
for defects and damages) the more complex PCA method proposed by Bin Gao et al. [25]
(cf. Section 2.3) is used as second data analysis algorithm. The results of this algorithm
depicted in Figure 7b demonstrate the ability of the PCA technique to extract abnormal
patterns in IR-images and enhance the contrast of a damage. Summarized can be noted
that the results of both data processing algorithms show clearly the temperature increase
caused by the excitation with the local resonance frequency of the debonded face layer, and
thus, demonstrate the applicability of the combined concept of LDR and thermography for
sandwich debonding detection, localization and quantification.

To validate these promising results the local surface temperature difference changes
are also evaluated by means of the four applied surface temperature sensors. Figure 8a
shows the temperature difference ∆TA = TA,2 − TA,1 in the undamaged region and ∆TB =
TB,2 − TB,1 for the debonded area measured by means of the Wheatstone half-bridges over
time (cf. Figure 4). Both, ∆TA and ∆TB reflect the phases with and without excitation.
The signals of ∆TB are significantly higher than those of ∆TA , which clearly indicates
the heating due to the debonded face layer excited at its first resonance frequency. The
reflection of the excitation in the temperature difference measurement at the undamaged
region is expected to be caused by a slight increase of the temperature over the whole
considered sandwich structure due to the excitation. Consequently, the temperature at the
sensor RA,1 is higher as it is closer to the excitation source. The minimal higher temperature
increase of the sensor RA,1 is not visible at the temperature difference profile of the pixel-
line L1, depicted in Figure 7c, because of the low temperature difference and the low
signal-to-noise level. Due to high noise, this measurement cannot be directly validated
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by the thermography results. To overcome this issue and to enable the comparison of
the temperature difference measurement results of the surface temperature sensors with
the results of the IR-camera, spatially averaged values over the debonded area and the
remaining bonded area with respect to the time are used. The set of pixels of the debonded
area, cf. dashed circle in Figure 7a,b, is defined as Ωd, and Nd is defined as the total
number of pixels in this area. The set of pixels of the bonded area is defined as Ω \Ωd

and Np = Ni × Nj − Nd is defined as the total number of pixels in the bonded area. To
illustrate this approach, let us call

Td
k =

1
Nd ∑

(i,j)⊆Ωd

Tijk (7)

is the averaged temperature data of pixels which are located inside the debonded area
Ωd, and

Tp
k =

1
Np ∑

(i,j)⊆(Ω\Ωd)

Tijk (8)

the temperature data array of pixels which are located outside the debonded area. Conse-
quently, the difference of the averaged temperature profile ∆Tk, depicted in Figure 8, of the
debonded and bonded area with respect to the time is defined as

∆Tk = Td
k − Tp

k . (9)

(a) (b)

(c) (d)

Figure 7. (a) Temperature difference ∆Tk of five consecutive images before excitation and five consecutive IR-images at
the end of the excitation sequence. (b) Thermography results of the principal component analysis (PCA)-based feature
extraction algorithm. (c) Normalized temperature difference profile with respect to the pixel-line L1, whereas (d) shows
the profile with respect to the pixel-line L2. In both temperature profiles the gray shaded areas indicate the location of the
surface temperature sensors.
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Due to the fact that the increased temperature is not uniformly distributed over the
whole debonded area (cf. Figure 7a,b,d), a comparison of the absolute temperature values
is not meaningful. Moreover, the IR results show a very high noise level. Nonetheless,
it should be noted that the absolute temperature increase of the IR-camera results ∆Tk is
of a similar order of magnitude compared to the temperature increase of approximately
1 K displayed by the temperature difference measurements using the surface sensors. The
normalized temperature difference results for both surface sensors and spatially averaged
IR-images correlate very well, as shown in Figure 8a. Both temperature profiles measured at
the debonded face layer clearly shows heating and cooling phases, depending on whether
the structure, particularly the damage, is being excited or not. Due to the fact that most
of the noise and structural temperature drifts caused by the environment are equally
distributed over the whole structure during the experiment the subtracting step in this
presented procedure reduces the noise in the IR-camera results significantly. Furthermore,
it can be seen hat due to the slower cooling compared to the heating phases in a cycle, the
structure heats up continuously over the subsequent cycles.

(a) (b)

Figure 8. (a) Shows the normalized temperature profile of the averaged difference of the pristine and damaged area ∆Tk
resulting of the IR-images compared to the results of the surface temperature sensors ∆TA and ∆TB at the experiment, in
which the piezoelectric stack actuator is used as excitation source, whereas (b) shows the results of the experiment with the
PWAS bonded on the structure used as excitation source. The excitation trigger signal is schematically shown whether the
excitation is on (1), or off (0).

4.2.2. Potential of Vibration-Based Thermal Health Monitoring

The evaluation of the potential of the novel thermal health monitoring method is done
by temperature difference measurements at the debonded and bonded face layer by the
surface temperature sensors while being excited by a PWAS transducer (cf. Figure 3). In
this experiment, each excitation and non-excitation phase in a cycle was extended to two
minutes to overcome the smaller dynamic response (compared to the piezoelectric stack
actuator; cf. Figure 6), and correspondingly expected slower and smaller heating of the
damage. The excitation cycle is again three times repeated and the results depicted in
Figure 8b show the normalized measured surface temperature difference ∆TA and ∆TB
over time. The temperature differences ∆TA and ∆TB show clearly a temperature increase
at the debonding during the excitation phase and a temperature decrease back to the
initial temperature when not excited. To verify the results of the surface temperature
sensors by the thermography results, the same spatial averaging procedure as described in
Section 4.2.1 is used. The difference ∆Tk of the averaged temperature data at the debonded
face layer area and at the bonded area are again calculated and compared to the surface
temperature sensor output ∆TA and ∆TB, see in Figure 8b. Thermography and surface
temperature sensors show clearly the same behavior, that is, heating of the debonding
when excited and cooling down to the initial temperature when not excited. Nevertheless,
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the thermography results, although being averaged, are very noisy compared to the surface
sensor results. The maximum temperature difference increase ∆TB measured by the surface
sensors at the debonded face layer is approximately 0.05 K at a very good signal-to-noise
level. This temperature increase is much lower than the temperature increase caused by
the excitation via the piezoelectric stack actuator due to the lower excitation power. The
temperature difference measured by the surface sensors at the bonded sandwich area do
not show any reaction to the excitation state. Moreover, the temperature difference increase
presented in Figure 8b shows convergence to a static value for excitation with the PWAS
transducer. This behavior would indicate that the heating has reached a maximum for
the given excitation, which was not given for the excitation with the piezoelectric stack
actuator (cf. Figure 8a).

In summary the applicability of the presented novel thermal health monitoring method
for sandwich debonding is demonstrated for the considered sandwich structure equipped
with small and lightweight temperature sensors and a conventional adhesively bonded
PWAS transducer as excitation source. Furthermore, the very high excitation voltage and
duration that was used with the PWAS transducer could be reduced for the given setup
due to high sensitivity of the used temperature sensors and the very good signal-to-noise
ratio. However, it should be mentioned that these results may vary with different setups
of sensors, excitation sources, structures, and damage. Nevertheless, with a sufficiently
dense array of surface temperature sensors and PWAS transducers for excitation the novel
thermal health monitoring method is capable of detecting, localizing and quantifying
debonding of sandwich face layers.

5. Conclusions

The present paper presents a novel vibration-based thermal health monitoring method
for face layer debonding detection in aerospace sandwich structures. The novel approach
extends the vibration-based thermography NDT method to a continuous and on-board
SHM method with high potential for detection, localization and quantification of face
layer debondings in composite sandwich structures. The method employs well known
NDT methods for SHM, by replacing the large and heavy excitation sources (e.g., shaker
or piezoelectric stack actuator) and temperature sensing devices (IR-camera) by small
and lightweight PWAS transducers and surface temperature sensors, respectively. To
demonstrate the applicability and potential of the novel method several experiments, with
a component level sandwich structure and different excitation sources (PWAS transducer
and piezoelectric stack actuator) were performed. First, the basics of the LDR concept and
the vibration-based thermography NDT approach was demonstrated for identification
of sandwich face layer debonding by means of an IR-camera and a piezoelectric stack
actuator for excitation. Additionally, the proposed use of surface temperature sensors was
validated by the IR-camera results. Second, the applicability of the novel thermal health
monitoring method was experimentally demonstrated by using the surface temperature
sensors and replacing the piezoelectric stack actuator by a PWAS transducer. The results
of the surface temperature sensors show clearly the heating of the debonded face layer
of approx. 1 inch diameter when excited and the cooling down to the initial tempera-
ture when not excited. The presented method shows highest potential for continuous
and on-board damage detection, due to the high sensitivity and the low noise level of
the surface temperature sensors compared to an IR-camera. Nonetheless, it should be
noted that the presented method was demonstrated for laboratory conditions only. The
application of this novel method in large sandwich structures requires modifications and
improvements of the technique, for example, by using a broadband excitation to identify
the local damage frequency or by using more suitable temperature sensors. Nevertheless,
the paper showed that it is possible to detect a relevant damage of approx. 1 inch diameter
by using lightweight on-board sensors and actuators in a possible SHM set-up. A further
advantage of the presented novel method is that it enables a multi-sensor approach, as the
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PWAS transducers used for excitation could also be used for other SHM methods, (e.g.,
guided waves or electromechanical impedance method).
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