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Featured Application: This work presents In-plane Heatwave Thermography as a new in-service
qualification method of fasteners in aircraft fuselage panels. By performing feasibility tests on a
serviceable part of an aircraft, the results of this work aim towards the application in an industrial
environment like the aircraft hangar. A benchmark and comparison with Ultrasound Lock-in
Thermography and Scanning Laser Doppler Vibrometry ranks this technology with respect to
industrial applications.

Abstract: The inspection of fasteners in aluminium joints in the aviation industry is a time consuming
and costly but mandatory task. Until today, the manual procedure with the bare eye does not
allow the temporal tracking of a damaging behavior or the objective comparison between different
inspections. A digital inspection method addresses both aspects while resulting in a significant
inspection time reduction. The purpose of this work is to develop a digital and automated inspection
method based on In-plane Heatwave Thermography and the analysis of the disturbances due to
thermal irregularities in the plate-like structure. For this, a comparison study with Ultrasound
Lock-in Thermography and Scanning Laser Doppler Vibrometry as well as a benchmarking of all
three methods on one serviceable aircraft fuselage panel is performed. The presented data confirm
the feasibility to detect and to qualify countersunk rivets and screws in aluminium aircraft fuselage
panels with the discussed methods. The results suggest a fully automated inspection procedure
which combines the different approaches and a study with more samples to establish thresholds
indicating intact and damaged fasteners.

Keywords: riveted lap joints; aerospace; in-plane heatwave thermography; scanning laser doppler
vibrometer; ultrasound lock-in thermography

1. Introduction

For decades, the development and application of non-destructive testing (NDT) ensure
the safety and reliability in many fields such as civil engineering, transportation and the
energy sector. The increasing technical know-how, the growth of personnel costs and the
advancement of hard- and software tools are the main drivers for this phenomena.

On the one hand, modern materials and structural concepts come with new and
tailored monitoring systems that are potentially embedded in the structure during the
manufacturing process. On the other hand, classic fatigue phenomena of “old-school”
materials like concrete, steel and aluminium alloys undergo advanced monitoring and
testing methods. Many of these are empowered by the developments of new sensors and
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the (on-line) data processing. This work is positioned within the latter field and applies
new as well as common technologies to a fuselage panel of a commercial aircraft.

Since the beginning of civil aviation, aluminium alloy sheets have been important
building blocks of the fuselage, and hence, its assembling, usage and fatigue behavior is
well understood. In aircraft fuselage panels, riveted lap joints build the connection between
neighboring aluminium alloy sheets established by different kinds of rivets. As in most
structural components, joints within the fuselage are critical areas. Hence, avoiding rivet
failure plays an important role in the save and reliable operation. As all critical parts,
also riveted joints are regularly checked to ensure the safe operation of the aircraft.

Nowadays, the inspection procedure to detect loose and sheared rivets in critical areas
requires a lot of manpower of certified and specially trained personnel. The manual visual
inspection is performed with the naked eye and comes with some inevitable drawbacks.
One major aspect is that the inspection and its outcome is subjective and depends on the
individual inspector. For this purpose, the comparison between inspections of the same
area at different times and objective documentation of the temporal development of each
rivet is impossible. Also, the inspection procedure requires a high concentration level of the
inspector, therefore regular breaks are required and mandatory to minimize the likelihood
of human errors.

Due to the aforementioned technical developments, the authors believe that automated
rivet inspection is possible with state-of-the-art NDT techniques enhancing safety as well
as the economic efficiency of civil aviation.

This work puts forward a proof of concept to detect and localize loose and damaged
rivets in a “real aircraft fuselage panel” with advanced NDT methods. Such a study
is necessary since many investigations are performed on test samples with parameters
not always representative for real aircraft fuselage. This work presents a novel thermal
inspection procedure which measures the surface temperature of the specimen while an
in-plane heatwave is propagating through the plate–like structure. The disturbances of
this in-plane heatwave by irregularities in heat conductivity reveals subsurface flaws and
damages. This inspection method will be tested on a commercial aircraft fuselage panel
with loose, damaged and intact fasteners. Besides this new technology, measurements
with a Scanning Laser Doppler Vibrometer (SLDV) which are realized with a commercial
off–the–shelf device and Ultrasound Lock–In Thermography (ULT) which combines a
vibrational excitation of the specimen with a thermal detection of flaws will be investigated.
By testing all methods on one sample, a comparison provides benefits and drawbacks for
each technology.

2. Literature Review

The importance of riveted lap joints in aircraft fuselage panels is reflected in a wide
range of scientific and industrial literature dealing with the manufacturing, installation,
corrosion and fatigue behavior. Reference [1] provides a good overview of the topic and
discusses the dependence of the fatigue behavior of riveted lap joints upon the processing
parameters. Some literature explicitly discusses the fatigue performance of riveted lap
joints based on numerical simulations [2–5] as well as experimental studies [6–8]. However,
the well-defined conditions of the scientific studies are rarely fulfilled in the daily aircraft
assembling processes [1].

Although the in-service quality assessment of aluminium riveted lap joints is of
high interest, it is rarely discussed in scientific publications. Many authors providing
overviews of aerospace specific large-scale NDT methods support the common opinion
that maintenance of lightweight structures made from composite materials is the new
challenge for NDT [9,10]. This goes in line with many review articles in this field [10–14].
Even if the share of composite parts in new aircraft is constantly raising, riveted metal-
metal and metal-composite joints will remain the most critical structural parts. Taking the
labor-intensive work of manual rivet inspections into consideration, it is surprising that
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only a few publications discuss the automated in-service rivet inspection as a possible
application of common NDT methods.

Reference [15] discuss Ultrasound Lock-in Thermography as a suitable method for
loose rivet detection and conclude that the comparison of aluminium-aluminium and
CFRP-aluminium riveted joints shows that only damaged rivets in the latter configura-
tion are detected with ULT. In their work, the authors use unpainted specimens which
have significantly different physical parameters compared to a real aircraft fuselage part.
Others detect loose contact between riveted lap joints as a consequence of faulty fasten-
ers [16,17]. However, such a method does not provide enough information for a technician
to decide which rivets need to be replaced and which not. Given the recent technological
advancements since the aforementioned works [18], it is evident that the investigations on
thermal detection of loose rivets with modern technology in software and hardware need
to be reopened.

ULT belongs to the thermographic methods that measure the heat generated in the
defect. Other active thermographic methods like pulse thermography introduce heat at the
surface and record the thermal response at the same or the opposite surface. This reveals
defects that influence the heat diffusion and therefore cause changes in the measured sur-
face temperature. Although this concept is successfully used for various applications [19],
the authors are not aware of any application of this method to detect defected rivet.

Another well-established technology to detect surface and near-surface cracks in metal-
lic aeronautical parts is the Eddy current technique [20,21]. Even though the Eddy current
inspection is commonly used for rivet hole inspection [22–24] and specifically applied to
riveted lap joints [25,26], no work regarding the detection of loose rivets is published.

The inspection of riveted lap joints with magneto-optic imaging is described in some
work [27,28] and can be used for the automated detection of rivets [29]. However, only rivet
holes with and without surface cracks are distinguished and the authors do not discuss the
possibility of characterizing single rivets and their respective state.

Another tool which is widely used in the automotive, aerospace and many other
industries are measurements with Scanning Laser Doppler Vibrometer (SLDV) [30]. Even if
the measurement principle allows only point-wise measurements of the surface vibrations,
a sufficient scanning area and a point density plot enables a quasi-full-field measurement
which gives a detailed insight into the vibration behavior of various specimens. A vibration
analysis to detect cracks and defects in plate-like structures is used since decades and is
described in several articles, for example, Reference [31].

3. Methods

In-plane Heatwave Thermography (IPHWT) is presented in this paper for the detec-
tion and quantification of loose and damaged fasteners in lap joints and benchmarked
concerning two established methods, ULT and SLDV measurements. While SLDV mea-
surements and ULT are very established techniques which are well described in the litera-
ture [30,32–34], IPHWT is a less common technique and described in more detail.

3.1. In-Plane Heatwave Thermography

As mentioned, active thermography based on a time-varying amount of heat flux at
the specimen surface is not known as a successful method for defect rivet detection. Most of
the applications of this method are on structures with homogeneous surfaces containing
internal heterogeneities parallel to the surface. In this work, however, the thermal diffusion
perpendicular to the specimen surface is of major interest. In general, thermal diffusion
happens in all spatial directions and cannot be “steered”. However, heat diffusion in plate-
like structures experiences boundary conditions similar to “guided sonic waves” which
are regularly used in ultrasonic inspections. Far from the heat source, the heat diffusion
is mainly parallel to the plate surface. Hence, measuring the surface temperature reveals
information of cracks, inhomogeneities or thermal obstacles perpendicular to the surface
since they disturb the heat diffusion in the plate. This principle is successfully applied by
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for example, Reference [35] which detected thin (1 µm to 25 µm) infinite as well as finite
cracks in stainless steel plates [35,36]. To detect such small cracks, the aforementioned
studies applied a contactless and periodic Laser-excitation of the specimen in combination
with lock-in post-processing.

This work proposes a similar method called In-plane Heatwave Thermography
(IPHWT) which is based on the temperature change at the surface generated by a lo-
cal heat pulse. A challenging point is the signal evaluation because the relevant small
signal change must be identified within a large general temperature increase. This is due
to a different thermal excitation and requires a significantly enhanced post-processing
for the feature extraction. The thermal excitation documented in this paper is realized
with a simple pulse excitation by a Peltier element attached to the surface of the fuselage
panel. Although a contactless heat excitation as performed by Reference [35] has some
advantages, it is not an option in the framework of this work. The authors want to highlight
the common practice of the term “thermal wave” in thermal NDT.

The authors want to comment shortly on the term “wave” in the expression “In-plane
Heatwave Thermography”. The space-time behavior of the temperature is described by
a diffusion equation and not a wave equation. Especially for pulse excitation, there is no
periodicity of the temperature in time and/or space. Nevertheless, the term “heat wave” is
widely accepted in the NDT community for periodic [37] as well as pulse excitation [19].
This is partly justified, because for periodic excitation the solution has the form of a strongly
damped and dispersive wave [37] and because the pulse excitation solution can be Fourier
decomposed in a series of periodic excitations.

For the feature extraction of the recorded thermal heatwave propagation, two methods
are proposed. One is based on a local and the other one on a global pixel comparison.
The first method is sensitive to a local spatial gradient of the temporal surface temperature
while the latter method is sensitive to variations of pixel behavior compared to a wider
range of pixels in the video. Below, both methods will be described separately.

3.1.1. Local Gradient Method

The authors suggest extracting features like cracks or loose rivets from the recorded
videos by analyzing the local gradient of the in-plane heat diffusion. The so-called local
gradient method processes each image of the thermal video separately and extracts features
from each frame independently. As a first step, a horizontal and vertical mean filter with a
window size of three pixels is applied to every image I(x,y),t at the time t containing the
pixel values ix,y.

s(x,y) =
ix−1,y + ix,y + ix+1,y + ix,y−1 + ix,y+1

5
. (1)

From the filtered frame s(x,y), the spatial gradient in x- and y-direction are computed
using second order central differences approximation. Summing their absolute values
results in a new frame gx,y and video G(x,y),t, in which every pixel represents the local
gradient at a specific time t in the original data.

g(x,y) =
1
2
×
(
|sx−1,y − sx+1,y|+ |sx,y−1 − sx,y+1|

)
. (2)

The different steps of this calculation are shown in Figure 1 where one frame of a
thermal video shows the rivet that has a lower temperature than the surrounding plate
due to the thermal barrier caused by the gap between rivet and plate.

By performing the calculations above for every frame in the original video, a new
video G(x,y),t is obtained with the local gradient results. To reduce the dimension of the data,
one single image should be calculated from the video and is to be used for an assessment
of loose rivets. For this, different methods like temporal averaging, variance or peak-
finding can be used to transform each pixels temporal signal g(x,y),t to a single value ĝ(x,y).
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A comparison showed that the variance of the temporal pixel gradient results in easy to
interpret and meaningful images.

(a) (b) (c) (d) (e)

Figure 1. One frame from a thermal video showing a rivet in a surrounding plate. In (a), the unfiltered
data are shown, in (b) the data after applying a two-dimensional median filter (three pixel window
size) and (c,d) show the gradient in x and y direction respectively. Image (e) shows the final result
and the edge of the loose rivet.

3.1.2. Covariance of Temporal Pixel Behavior

The second proposed method which is applied to the IPHWT video is based on the
covariance matrix of the temporal behavior of each pixel and the average signal of the
pixels with similar expected behavior. In the following, the calculation that results in a
single image will be explained.

As a first step, the heat source is localized by identifying the pixels with the total
largest heating rate (dT/dt)(x,y). This identifies the area associated with the heat source.
With this information, the shortest distance d(x,y) between each pixel and the area of heat
source is calculated in pixel values. With the assumption of a homogeneous plate and a
point-like heat source, it can be assumed that all pixels with the same distance to the heat
source show similar shapes in the temperature profile. However, if a crack, flaw or any
other obstacle influences the in-plane heat flow, the temperature profile will differ from the
other pixels with the same shortest distance d(x,y). To minimize the influence of different
surface emissivity, all temperature profiles are normalized so that the absolute value of the
surface temperature becomes irrelevant but only the shape of the profile plays a role.

To calculate the similarity of each pixel profile with the averaged profile in its group of
pixels with similar d(x,y), the normalized covariance matrix or correlation coefficient matrix
R(x,y) of the pixel profile and the averaged profile is calculated. The off-diagonal scalar
elements r(x,y) ≤ 1 of R(x,y) indicate the similarity of the pixel profile and the averaged
signals the respective group. Here, values near 1 represent a high similarity whereby a low
similarity is indicated by r(x,y) � 1.

3.2. Scanning Laser Doppler Vibrometry

The principle of SLDV measurements is based on the Doppler effect, which causes a
phase shift between a reflected laser beam and a reference beam when the reflecting surface
is vibrating as described in some of the aforementioned literature [30].

For the measurement in the presented work, a piezoelectric transducer, also called a
piezoelectric waver, is glued on the fuselage panel and driven by an amplifier. In general,
any signal (most common—chirp sine wave, rectangular pulse) generated by a function
generator can serve as the input signal for the piezoelectric transducer. Based on the
frequency chosen, the vibration induced by the piezoelectric patch propagates as a guided
elastic wave through the specimen and the SLDV measures the out-of-plane vibration at
each point of a predefined grid. Here, the point density determines the spatial resolution
and, together with the covered area, the measurement time.

For the post-processing, the out of plane vibration of each grid point can be post-
processed in different ways. In this work, the root mean square (RMS) of the band-passed
filtered fast Fourier transform (FFT) of the time signal in each point is used. With this,
the time information in each point is presented in one single image, which is important for
later applications. In addition to the RMS, the coherence (COH) of the input signal and the
vibration in each point is shown in the results and indicates loose rivets.
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3.3. Ultrasound Lock-in Thermography

Lock-in measurements take advantage of a periodic excitation and advanced post-
processing. Reference [33] also explain the concept of Ultrasound Thermography where
heat production is a result of clapping and rubbing of exited defects. Both concepts are
described in many articles and reviews. The major challenge in the presented experiments
is the high thermal conductivity of aluminium. The increase of temperature with a given
energy deposition decreases with increasing thermal conductivity (k) and heat capacity
(cp) [38]. Hence, the application of ULT to materials with low k and cp is, in general, more
robust than with materials of high k and cp.

4. Experimental Setup

In the following subsections, the riveted plate on which all measurements have been
performed and the experimental setups for each of the three methods (IPHWT, ULT and
SLDV) which are shown in Figure 2 will be described.

(a) (b) (c)

Figure 2. A sketch of the three different measurement setups. The setup of the Ultrasound Lock–In Thermography (ULT) (a),
the setup of the In-plane Heatwave Thermography (IPHWT) (b) and the setup of the Scanning Laser Doppler Vibrometer
(SLDV) measurements (c).

4.1. Riveted Plate

The riveted plate used in this study is a painted panel from an Airbus A230 aircraft
fuselage with a little door for accessing a pressure release valve and was used during
regular checks of the aircraft. A full view of the test specimen is shown in Figure 3a. At the
inner side, visible in Figure 3c, the door cut–out is surrounded by a supporting frame
which provides additional stiffness to the panel. The specimen is made from aluminium
alloy AL2024-T3 and is painted with a primer after assembling. The outer surface of the
panel is painted with a conventional coating used for civil aircraft.

Two spots of the joint supporting frame and panel are intentionally damaged to test
the proposed inspection methods. Figure 3b,c show a close-up of area I from the outer
and inner side respectively. The middle rivet (“rivet 0”) in area I is hammered from the
backside and turned with pliers until the gap between the rivet and the panel is sufficient
to move it with the fingers. The neighboring rivets, rivet “−1 and “1”, are not intentionally
damaged but have experienced some stress due to the modification of the surrounding
region. Additionally, rivet “3” is turned with pliers to loosen the rivet slightly. Figure 3d
shows area II with five screws. The nut of the screw “5” is loosened and the screw is slightly
hammered (one soft hit) from the back. As visible in Figure 3d, this results in a small gap
between the screw and the panel which is visible due to the lifting of the screw. However,
the screw is still tight and it is impossible to move or shake it.

Figure 4 shows a sketch of the cross-section of area I and II. Both, the outer skin and
the supporting frame have a thickness of d = 2.5 mm. The supporting frame and the panel
are riveted with countersunk aluminium rivets and the hinges are joined with countersunk
screws and a screw nut from the inside as depicted in Figure 4.
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(a) The test specimen

(b) Area I − front

(c) Area I − back

(d) Area II − front

Figure 3. The two areas of a fuselage panel from an AIRBUS A320 aircraft with modified rivets which
are inspected in this study.
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Figure 4. A sketch of the cross section of area I and II.

4.2. In-Plane Heatwave Thermography

For the measurements of the IPHWT, a highly sensitive IRC906SLS broadband infrared
camera with a spectral response of 2.00 µm to 11.25 µm wavelength by IRCameras from
the US is used. This camera has a high spatial resolution (640× 512 pixels), low noise-
equivalent delta temperature of NETD = 35 mK and was operated with a frame rate of
100 fps [39]. As described in Section 3.1, the heat source is a 40 mm× 40 mm× 3.9 mm large
Peltier element by Farnell. The Peltier element is driven with its maximum input current
of Amax = 15.4 A at Vin = 5 V. The absolute temperature rise of the test specimen was not
recorded during the measurements as the IPHWT is based on relative temperature changes.
The Peltier element is directly clamped to the surface of the test specimen. To increase its
efficiency, a brass block is attached to the backside (not attached to the panel) and serves as
a thermal reservoir. As the length of the heat pulse (∼10 s) is not crucial for later processing,
the Peltier is driven by a power source that can manually be switched on/off. The recorded
videos are then processed with Python 3.1 and result in single images for the covariance
and local gradient method respectively. As both methods should reveal the loose rivet,
the two images can be joined together to achieve a single image as a result of the IPHWT.

4.3. SLDV Setup

For the excitation of the specimen, in the SLDV as well as the ULT setup, a conven-
tional piezoelectric element by Farnell is glued to the surface close to the area of interest
(some cm next to the rivet line). The piezoelectric transducer is a circular plate with a
thickness d = 0.5 mm and a radius r = 35 mm and has a nominal resonance frequency
of fres = 2.8 kHz. It is worth mentioning that this is the designed resonance frequency
according to the datasheet provided by the manufacturer.

The SLDV measurements of the fuselage panel were performed with a short wave-
length infrared (SWIR) SLDV head from the company Optomet GmbH from Germany.
This scanning head has an integrated function generator which simplifies the synchro-
nization between the excitation and data acquisition. With a wavelength of 1550 nm, this
scanning head operates in the short-wave infrared range (SWIR) which allows an output
power of 10 mW while eye safety laser class 1 is still fulfilled. As mentioned before, SLDV
performs point-wise measurements on a predefined grid. The total grid area and points
density are linearly influencing the measurement time. In this work, the focus lies on a
high spatial accuracy which leads to a high point density of 12 points per mm.

The input signal of the piezoelectric wafer is a τ = 23 ms long linear chirp signal with
a frequency of 1 kHz to 350 kHz. For every point in the grid, three measurements with a
sampling rate of 1.4 MS/s are recorded and averaged. For each time signals vx,y, the FFT
for each point (FFT(x,y)) is calculated and exported from the operating software for further
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processing and visualization with Python 3.1. For optimal feature extraction, the data is
then frequency filtered before the root mean square (RMS) of each FFT(x,y) is calculated and
normalized to the maximum RMS in the respective measurement. Additionally, the color
bar for the representation of the individual frequency bands is optimized for good visual
feature recognition. The lowest 0.8 % of measurement points are shown red and the highest
0.5 % of measurement points are in saturation. This promotes an intuitive judgment of the
features like loose or damaged fasteners.

4.4. Ultrasound Lock-in Thermography

For the ULT, the same piezoelectric transducer as for the SLDV measurements is used
to excite the specimen with linear sine chirp signals with a length of τ = 5 s. To excite the
defect fasteners in the riveted aluminium plate, measurements with different frequencies
between 3 kHz to 150 kHz have been performed. The lowest frequency is set to 3 kHz
because of the small excitation time of 5 s which is kept constant for all measurements.
Hence, low frequencies will only allow a very limited number of periods in an excitation
time window. The higher frequency of 130 kHz underlies the used electronics and stimulat-
ing piezoelectric waver which does not allow a sufficient excitation at higher frequencies.
To enhance the signal-to-noise ratio (SNR) despite the high thermal conductivity and heat
capacity of the specimen (AL2020-T3), the piezoelectric waver is driven with an input
voltage of 100 V which is provided by a piezoelectric driver (FLC Electronics AB FA20).
To increase the emissivity of the specimen and capture the low temperature increase at the
surface, some chalk spray (KD Check SD-1), which is normally used as the developer in
dye penetrant testing, is applied to the surface. This spray is approved to DIN EN ISO
3452-2 and is therefore suitable for the use in an industrial environment.

For the measurement of the surface temperature, the same thermal camera as for the
IPHWT which is described above is used. The captured videos are processed with an
in-house written plugin for the open-source image processing software platform ImageJ,
which calculates the phase and amplitude response of each pixel to the periodic excitation of
the specimen based on the thermal video and the chirp length of the excitation signal. In this
work, no synchronization between the video capturing and the piezoelectric transducer
excitation was necessary as it was not intended to receive accurate phase information but
to grasp the general periodic thermal response of the specimen to the excitation signal.

5. Results

In the following, the results of each inspection method will be discussed separately.

5.1. In-Plane Heatwave Thermography

In Figure 5, the result of IPHWT of area I is shown. The covariance analysis and local
gradient methods are shown in Figure 5a,b respectively. In Figure 6c, the two methods are
shown in one image where green corresponds to the covariance analysis and the red to the
local gradient analysis. Here, also the black region at the top left indicates the identified
heating area where the Peltier element is attached to the panel.

The IPHWT is also applied to area II and results are shown in Figure 6. Figure 6a,b
show the result of the global covariance and local gradient method respectively and Figure 6c
the composed image. All three images show the modified screw 5 as well as the tight
screws 2–4. Additionally, a rivet at the left of the heating area indicated in black in Figure 6
bottom is visible. Another rivet at the right of the loose screw is only visible in the result of
the global covariance method.
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(a) (b) (c)

Figure 5. The measurement of area I (rotated by 90°) with the IPHWT results in two images based on
the covariance analysis (a) and local gradient method (b). Combining both methods results in an
image in which green corresponds to the covariance analysis and red corresponds to the local gradient
method (c). Additionally, the identified heating area is indicated in black at the top left region.

(a) (b) (c)

Figure 6. IPHWT of area II with the resulting covariance analysis (a) and local gradient method (b).
In (c), both outputs are composed and green corresponds to the covariance analysis and red to
the local gradient method. Additionally, the identified heating area is indicated in black at the top
right region.

5.2. SLDV

As described in Section 3.2, the analysis of the SLDV data results in one image that
depends on the frequency filtering of the calculated FFT for each point. Figure 7a shows
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the map of coherence of each measurement point with the input signal where a threshold
of COH > 0.8 separates the red and green points. Figure 7b–f shows the RMS of the FFT of
area I in some representative frequency bands. A detailed discussion about the calculation
of the coherence can be found in Reference [40]. Each image indicates different features to
a different extent. The most dominant spot in all six images is rivet 0 that appears red in
the coherence as well as in all frequency bands. This indicates the low coherence and low
RMS of the loose rivet respectively. The other eight rivets are not visible in the coherence
representation and are somehow visible in the different frequency bands. In the lowest
frequency band, rivet 1 and 3 show resonances and are visible as blue spots corresponding
indicating a high vibration amplitude. In Figure 7d, a stripe-like artifact between 10 cm
to 15 cm can be seen. The high frequency band with frequencies from 280 kHz to 330 kHz
also reveals the intact rivets.

Figure 7. The coherence analysis (a) and band pass filtered and normalized RMS for different frequencies for area II
(b–f) of the fuselage panel. The color bar at the bottom refers only to (f) as it is adapted for each filter according to the
description above.

The vibration analysis of area II is shown in Figure 8. As stated above, the nut of
the screw 5 is loose. However, the screw this still tight in the surrounding plate and no
loose parts are visible from the front side. Hence, the analysis of the coherence does not
show any features and is not shown here. This can also be conducted from the fact that
no or only very small clustered red areas are visible in the frequency filtered RMS images
which indicates a good coupling between the piezoelectric transducer patch and all points
in this field of view. As in area I, the different frequency bands reveal different features
that resonate at different frequencies. At 15 kHz to 65 kHz, screw 5 with the loose nut is
visible. However, also the other screws, which built a tight connection between the two
plates, are visible due to the bright areas around them. As for the rivets, a second vibration
mode of screw 5 can be seen at higher frequencies (115 kHz to 165 kHz) where the outer
edge and the cross slot in the screw head are visible. At high frequencies above 260 kHz,
all screws become visible and even a sixth feature, a rivet at the right of screw 5 shows
some resonance and confirms the characteristic observed in area I.
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Figure 8. The band pass filtered and normalized RMS heat map for different frequencies (a–d) for area I of the fuselage
panel. The color bar at the bottom refers only to (d) as it is adapted for each filter according to the description above.

5.3. ULT

As described in Section 4.4, the ULT measurements have been performed with various
frequencies in the range of 3 kHz to 130 kHz. However, the lock-in analysis of only a
few frequency bands results in an amplitude and phase image that show some features.
These frequency bands are 20 kHz to 30 kHz and 110 kHz to 120 kHz (periodicity: 5 s) for
the area I and area II respectively. The amplitude and phase images for these frequency
bands are shown in Figures 9 and 10 and highlight the presence of the resonating and
periodical heating defect rivet and screw which have also been visible in Figures 7b and 8a.

(a)

(b)

Figure 9. The amplitude (a) and phase image (b) of area I for a frequency range of 20 kHz to 30 kHz
and a periodicity of τ = 5 s. The dark spot in both images corresponds to the damaged rivet.
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(a)

(b)

Figure 10. The amplitude (a) and phase image (b) of area II for a frequency range of 110 kHz to
120 kHz and a periodicity of τ = 5 s. The dark spot in both images corresponds to the screw with the
loose nut.

6. Discussion

As described before, this work aims to compare three NDT techniques that can detect
and quantify loose and damaged rivets and nuts. Multiple measurements on one single
specimen being a commercial aircraft fuselage panel allow a great principle comparison of
the three techniques. Each technique has its advantages and disadvantages concerning the
sensitivity, accuracy and applicability in an industrial environment like an aircraft hangar.
These aspects will be discussed and compared in the following.

The results obtained from the measurement of area I which contains a loose, as well
as sheared rivets, underline the possibilities of inspections with SLDVs. In this area,
the SLDV measurement is able to detect, visualize and distinguish loose, sheared and
intact rivets. The loose rivet is badly coupled to the surrounding plate and appears as
the red area in a broad frequency range (1 kHz to 350 kHz) associated with low vibration
energy. Additionally, the visualization of the coherence between the input signal and
the vibration highlights loose parts in the investigated area. At the same time, due to
their reduced tightness, sheared and damaged rivets appear as resonances in the low
frequency range below ≤200 kHz. Reference [41] proposes to call these resonances local
defect resonances (LDR). LDRs result from the fact that the presence of a defect leads to a
local decrease in stiffness of a certain mass of the material in the area of the resonance.
Reference [31] also introduces the so-called effective rigidity Ke f f and effective rigidity M of a
defect which determine its fundamental resonance frequency f0. A higher mass decreases
the fundamental resonance frequency f0 and a higher stiffness increases f0.

f0 =
1

2π

√
Ke f f

M
. (3)

The LDR behavior of the damaged rivet is confirmed by a close-up at different fre-
quencies which is shown in Figure 11. The different patterns correspond to the different
vibrational modes of the system with a fundamental frequency 25(1) kHz and higher
harmonics at 51 kHz, 76 kHz, 89 kHz, 125 kHz and 169 kHz.
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(a) (b) (c) (d) (e) (f)

Figure 11. Different vibration modes of the middle left rivet (area I) for the fundamental frequency (a) 25(1) kHz and higher
harmonics (b–f) 51 kHz, 76 kHz, 89 kHz, 125 kHz and 169 kHz. Additional vibration patterns are shown in Reference [40].

This is in agreement with the excitement of intact rivets at high frequencies above
≥200 kHz. For low as well as intact rivets, the connection between rivet and plate gen-
erates a weak spot in the plate-like structures which experiences vibrational excitement.
The tighter the connection between rivet and plate, the higher the stiffness and LDR
resonance frequency.

This is also confirmed by the measurement results of area II (Figure 8) where the screw
with the loose nut as well as the intact screws are visible. Again, the loose screw associated
with a low stiffness is visible at low frequencies (15 kHz to 65 kHz and 115 kHz to 165 kHz)
while the tight screws (high stiffness) are visible at high frequency band images (260 kHz
to 310 kHz).

Besides the different frequency range in which intact and damaged connections are
visible, also the appearance differs in the two cases. For intact rivets, only a small area
at the edge of the rivets becomes visible while the two damaged rivets show large area
LDRs. A similar phenomenon can be seen at area II where intact screws show only small
LDRs and the loose screw appears as a large area LDR. This can be explained with the
increasing excitation frequency that comes with a shorter wavelength. The shorter the
wavelength, the smaller LDRs can be exited and appear in the image. Especially the
detection of intact rivets and screws should be highlighted as it is of big advantage in an
industrial environment. Here, safety and reliability are crucial and the detection of intact
parts serves as a evidence that the inspection tool works and is used in the correct way.
In such conditions, the inspection of riveted joints will show both, intact and damaged
rivets. Hence, the detection of intact rivets serves as a cross-check of the measurement and
the likelihood of false negatives is reduced.

Also the ULT measurement of area I reveals the damaged rivet. However, as this
technique is based on the heat production due to rubbing and clapping of vibrational exited
parts, the loose rivet which experiences no vibrational excitation is not detected. While the
SLDV measurement covers a broad frequency spectrum in one measurement, the experi-
mental setting only allows ULT measurements of frequency bands with a bandwidth of
10 kHz. As the LDR frequencies of damaged rivets are a priori unknown, the scanning
of a broad frequency band coming with multiple measurements is required. Such a mea-
surement procedure scanning wide frequency ranges could be automatized for industrial
applications but will always increase the inspection time compared to small frequency
range measurements. As described before, the high heat conductivity and heat capacity of
aluminium is an additional challenge for this technique. Even if lock-in processing leads to
a high SNR of the measurement, the defect rivets and screws are barely visible. This could
be improved by more sensitive recording IR cameras or an increase of the vibrational
excitation which leads to an increase in heat production. Both could potentially be realized
with at higher costs due to more expensive equipment.

The presented experiment is performed in laboratory conditions with an IR camera
setting that has an NEDT = 35 mK. Taking into account that an industrial environment
implies a lot of noise increasing factors like surface reflections, hot or cold air flow and other
heat radiating apparatus, it is unlikely to achieve a better SNR while keeping an economical
benefit. Hence, an increase of heat production by a higher vibrational excitation should
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be the aim for further developments. This includes a profound coupling of the exiting
piezoelectric transducer to the specimen as well as the proper selection of piezoelectric
transducer patch and amplifier. However, even with an improved excitation setup and
a sufficient measurement SNR, one critical aspect being the in-service reliability check
remains. As discussed earlier, the ULT technique only detects damaged rivets and is not
sensitive to intact or loose rivets. Therefore, hardware problems for example, with the
coupling of the piezoelectric waver to the specimen easily result in false negative results
in which present defects may not be detected. To minimize the risk of false negatives,
some kind of calibration during the measurement at the specimen under test is needed to
indicate a proper inspection. A removable artificial defect being attached to the specimen
could serve this purpose. In this case, measurement is only classified as valid if the artificial
defect is visible in the result.

IPHWT visualizes loose, damaged and intact rivets as well as tight and loose screws.
As the method relies on the in-plane heat flow and its disturbance due to loose or damaged
fasteners, no direct information of the tightness of a fastener is acquired. Without a more
profound study including some statistics, it is difficult to distinguish between damaged
and intact rivets. In comparison to the SLDV measurement, this method is much faster and
the full-field character allows the inspection of large areas in one measurement. The maxi-
mum size of the inspected area is dependent on the heat source and the thermal material
properties. In the first order, the heatwave generated by a point-like source has a cubic
decay with distance from the heat source. A low temperature profile results in a low SNR
for both analysis methods and results in a decreasing SNR for larger distances to the heat
source. The maximum surface temperature increase depends on the injected energy and
the heat capacity of the specimen. As the latter is fixed in industrial applications such as
the in-service aircraft inspection, further investigations should focus on the optimization
of the stimulating heat source. Although a contactless heat excitation as proposed by
Reference [35] has some advantages, this study uses a Peltier element for the local heating
of the specimen. The drawback of a Peltier element in comparison to a Laser-excitation is
the required access to the surface and its spatial dimension. The latter is much larger than
for the focused laser spot used by Reference [35] (∼0.35 mm) which reduces the point-like
behavior of the excitation and the resulting heat dispersion.

However, three advantages of the Peltier element outweigh its aforementioned dis-
advantages. Firstly, Peltier elements are very cheap while being easy and safe to operate
which avoids the safety restrictions coming with the use of (high-power) lasers. This point
plays an outstanding role for applications in industrial environments like daily aircraft
maintenance. Secondly, the thermal energy induced into the specimen by the Peltier ele-
ment is orders of magnitudes larger than the thermal energy of the laser. This has several
benefits like a higher SNR of the data, a possibly large distance from the heat source to
the crack and the option to thermally excite thick plates. And thirdly, Peltier elements
come with the positive side effect of cooling after switching off. Peltier elements also
called the thermoelectric heat pumps, transfer the heat energy from one to the other side.
After switching off, the two sides of the element strive for thermal equilibrium which
results in a cooling of the hot side. This phenomenon influences the shape of the thermal
wave which shows a steep negative slope after the switch-off of the Peltier element.

A sequential multi-point measurement with a relocated heat source could make some
of the aforementioned advantages redundant (e.g., large inspection area). A contactless
heat source would simplify the technical realization and hence encourage such a measure-
ment procedure. Contactless heat sources are used in most fields of NDT such as flash
thermography or Eddy current thermography. Even if most established heating methods
come with a more complex hardware setup than a power source and an easy to handle
Peltier element, such adaptations could be easily realized.

Another aspect that should be taken into account for the comparison of the different
technologies is a potential fusion of them. One hybrid solution could include the IPHWT
and ULT measurement as both are based on thermal videos. In such a case, only the
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excitation unit which is a relatively cheap part of the setup needs to be modified, while the
thermal camera can be used for both techniques simultaneously.

Table 1 summarizes the key aspects of the three different technologies being the
feasibility to detect intact, loose and damaged fasteners as well as an estimate of the costs
in time and money. In addition, Table 1 lists a qualitative estimate of the clarity of detection
which includes the interpretation complexity as well as how explicit the measurement data
is. The listed costs rating is based on an approximate estimation and only indicates the
costs relative to each other. The same holds for the inspection time which highly depends
on the hardware setting, the measurement accuracy and procedures and only provides a
tendency for each technique. It should be highlighted that these statements are based on
the experiments and results presented in this work.

Table 1. This table summarizes the key aspects for each individual inspection technique as well as
the respective detection clarity and cost in time and money. ∗ As described before, IPHWT detects
intact and damaged rivets but does not enable the distinction between the two.

Detect Fasteners Detection Costs

Method Intact Damaged Loose Clarity Time Money

SLDV yes yes yes good slow high
ULT no yes no poor medium medium

IPHWT yes ∗ yes ∗ yes medium fast medium

The presented results show the feasibility of detecting and qualifying loose, damaged
and intact fasteners in aircraft fuselage lab-joints with state-of-the-art NDT techniques.
For possible applications in an industrial environment such as an aircraft hangar, each
technology requires further studies to clarify some individual aspects which will be dis-
cussed in the following. For all technologies, a comparison study which includes a digital
in parallel to a manual inspection by a certified aircraft technician is advisable. This allows
the establishment of validated thresholds that are crucial for the automated classification of
fasteners. Besides this, every technique requires some specific fine-tuning prior to further
commercial exploration.

The SLDV measurements show great potential and enable the distinction between
loose, damaged, and intact rivets. However, the coupling of the piezoelectric transducer
patch to the fuselage has to be reversible and at the same time provide a reliable connection.
As discussed previously, the fundamental LDR resonance frequency of rivets might serve
as a parameter that allows a classification of intact and damaged rivets. However, for this,
an extended study with sufficient statistics has to establish thresholds that can be used for
this classification. Another aspect for further studies is to strive to a fully contactless setting
with an air-coupled excitation. This enables fast and automated inspection procedures that
can possibly be performed fully remotely by for example, a drone.

The presented ULT results do not show sufficient clarity for industrial applications
which might be tackled with some additional post-processing and advanced visualization.
By increasing the vibrational power, increased heating of defected fasteners should be
targeted in further experiments. This might be realized with a higher input voltage at
the piezoelectric transducer as well as an optimization of the exiting actuator which does
not necessarily have to be a piezoelectric patch. Hence, it can be said that the presented
experimental setup for ULT not easily able to detect loose rivets and provides only limited
clarity regarding the detection of damaged rivets.

The most innovative measurement technique in this paper is IPHWT. This technique
requires further studies addressing the varying SNR with increasing distance to the heat
source and a possible contactless, sequential multi-point excitation approach. Additionally,
an advanced combination of the two post-processing methods that reveal different physical
properties of the specimen should be investigated. By doing so, the missing distinction
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between damaged and intact rivets might be realized and the method would become very
effective and economically attractive.

7. Conclusions

In this work, the digital assessment of loose, damaged and intact fasteners in riveted
lab-joints of commercial aircraft fuselage panels are investigated with three NDT methods.
Besides well-established methods being SLDV and ULT, a novel inspection technique
based on in-plane propagation of heatwaves, named In-plane Heatwave Thermography is
explored and compared with the aforementioned techniques.

The measurements on a serviced aircraft panel serve as a feasibility study under
conditions being close to the ones in an industrial environment. In comparison to the
thermographic inspection methods, the SLDV measurement provides the clearest results
that enable the distinction between loose, damaged and intact rivets. However, this method
is also the slowest and most expensive inspection method. In the presented experimental
configuration, ULT only detects sheared but tight rivets which appear in the phase as
well as amplitude image of the post-processing. The advantage of this method is the
full-field character with an equally distributed SNR. In contrast to this, the novel IPHWT
has heterogeneous SNR being high close to the heat source and decreasing with increasing
distance from the heat source. Nevertheless, the full-field character enables the detection of
all kinds of fasteners in a large area and shows a clear signature distinguishing loose from
intact and damaged rivets.
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Abbreviations
The following abbreviations are used in this manuscript:

NDT Non-Destructive Testing
AMM Aircraft Maintenance Manual
SLDV Scanning Laser Doppler Vibrometry
ULT Ultrasound Lock-in Thermography
FC Flight Cycle
CFRP Carbon Fibre Reinforced Plastic
IPHWT In-plane Heatwave Thermography
RMS Root Mean Square
SWIR Short-Wave Infrared Range
FFT Fast Fourier Transform
NEDT Noise Equivalent Temperature Difference
LDR Local Defect Resonance
SNR Signal-to-noise ratio
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