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Abstract: When studying paintings with active infrared thermography (IRT), minimizing the tem-
perature fluctuations and thermal shock during a measurement becomes important. Under these
conditions, it might be beneficial to use lock-in thermography instead of the conventionally used
pulse thermography (PT). This study compared the observations made with lock-in thermography
(LIT) and pulse phase thermography (PPT) with halogen light excitation. Three distinctly different
paintings were examined. The LIT measurements caused smaller temperature fluctuations and,
overall, the phase images appeared to have a higher contrast and less noise. However, in the PPT
phase images, the upper paint layer was less visible, an aspect which is of particular interest when
trying to observe subsurface defects or the structure of the support. The influence of the spectral
range of the cameras on the results was also investigated. All measurements were taken with a
mid-wave infrared (MWIR) and long wave infrared (LWIR) camera. The results show that there is a
significant number of direct reflection artifacts, caused by the use of the halogen light sources when
using the MWIR camera. Adding a long-pass filter to the MWIR camera eliminated most of these
artifacts. All results are presented in a side-by-side comparison.

Keywords: non-destructive testing; infrared thermography; cultural heritage; paintings

1. Introduction

Active infrared thermography (IRT) can be employed to document differences in the
structure and material composition of objects. During IRT, an object is thermally excited
and the thermal response of the object is measured, on the surface, by an infrared camera.
Two main types of IRT are pulse thermography (PT), which is relatively straightforward
and easy to use, where the object is thermally excited by a short rectangular pulse and then
returns to an equilibrium, and lock-in thermography (LIT), where the object is subjected to
continuous thermal excitation by a periodic signal. LIT has a potentially higher signal-to-
noise ratio than PT [1,2], which would mean it could achieve comparable or better results
at lower temperature fluctuations. It also allows for a more gradual heating up of the
object, reducing thermal shocks [2]. This is of particular interest when inspecting cultural
heritage objects, where temperature fluctuations must be minimized in order to prevent
degradation. In preventive conservation, often a fluctuation of ±3 ◦C per 24 h is suggested
as a threshold value.

Because IRT is a contactless and non-destructive technique that can easily be used
in situ, it is of interest to conservators. It is, therefore, becoming more widely adopted
in heritage science, a field that recently reported various advances in the development of
different imaging modalities [3]. Thus far, the applicability of IRT has been explored to
inspect a variety of cultural heritage objects. The studied objects include, but are not limited

Appl. Sci. 2023, 13, 4094. https://doi.org/10.3390/app13074094 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13074094
https://doi.org/10.3390/app13074094
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-5859-8402
https://orcid.org/0000-0002-0590-2770
https://orcid.org/0000-0001-5882-2531
https://orcid.org/0000-0002-4109-8839
https://orcid.org/0000-0002-6752-6408
https://orcid.org/0000-0001-9985-0678
https://orcid.org/0000-0001-9944-520X
https://doi.org/10.3390/app13074094
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13074094?type=check_update&version=1


Appl. Sci. 2023, 13, 4094 2 of 13

to, paintings [2,4–12], frescoes [13–15], mosaics [14,16,17], marquetries [7,18,19], ancient
texts [1,6,20], ancient bronzes [1,6,20], glass-in-lead windows [15,21,22] and ceramics [15].
Specifically, for paintings, IRT has successfully been employed to detect several kinds of
defects [2,4,6,8–12,23] and hidden compositions [4–7], as well as to visualize the woodgrain
in panel paintings [4,5,7,9,10] and the weave pattern of the canvas [5,7–9]. For these
purposes, several well-known PT processing methods are employed, such as Principal
Component Thermography (PCT) [4,5,7–9], Partial Least Squares Thermography (PLST) [8],
Pulse Phase Thermography (PPT) [6,9,11], Differential Absolute Contrast (DAC) [10] and
Thermal Signal Reconstruction (TSR) [12]. The advantages and disadvantages of the most
prominently used methods have been discussed by Gavrilov et al. [23] and Meav et al. [9].

In contrast, LIT was tested to a much lesser extent [2,7]. Recently, a novel technique
called pulse-compression thermography has also been used [2], which also shows promise
as a way to minimize heat fluctuations during measurements.

Thermal cameras generally operate in the mid-wave infrared (MWIR) spectral range
(3–5 µm) or the long-wave infrared (LWIR) spectral range (7–14 µm). An added value
of MWIR cameras is that they can also be used for infrared reflectography (IRR) mea-
surements [6,7,13,24], a routine imaging technique in the museum field, which provides
complementary information. In this way, an MWIR camera setup could allow for perform-
ing both measurements with the same system, which simplifies image registration between
the different imaging modalities.

As discussed, there already exist a variety of studies where IRT is used for the evalua-
tion of cultural heritage objects. In these studies, various cameras that operate in different
wavelength ranges are used, but the effect of the selected wavelength range on the results
is almost never considered [7,25]. LIT could potentially operate with lower temperature
fluctuations than PT, but these techniques have not been compared for the inspection
of paintings.

In this study, the performance of LIT was compared with that of PPT, a prominently
used PT technique that is closely related to LIT. In order to investigate the influence
of the spectral range of the camera, measurements were taken with both MWIR and
LWIR cameras. All the measurements were performed on three paintings with different
compositions. The results are presented as a side-by-side comparison, so a reader can easily
assess the differences.

2. Materials and Methods
2.1. Test Sample Description

In order to compare the observations made with the different instruments and tech-
niques, three paintings with differing materials and compositions were examined. The first
is a 19th century Russian icon that depicts Saint Nicholas of Myra (Figure 1a), painted on a
wooden panel of 14 cm × 18 cm. The painting’s surface shows various small surface defects
and, previous IRR demonstrated the presence of an underlying preparatory underdrawing
in pencil. For reference, this painting has also been investigated using Macroscopic Fourier
Transform Infrared scanning in Reflection mode (MA-rFTIR) [26] and PT [7].

A portrait of unknown origin, painted in the style of Rembrandt on a wooden panel
of 18 cm × 21 cm (Figure 1b), was also examined. This portrait is considered to be a
reduced-size copy of a self-portrait of Rembrandt of 1633, now in the collection of the
Louvre Museum, Paris (inv. 1745). In contrast to many original works by Rembrandt,
where often a thick (impasto) paint is employed in the lighter tones, this copy is very
thinly painted.

The third work is a 20th century icon painting depicting St. George slaying the dragon
on a gilded background (Figure 1c). It was painted on canvas that was glued on to a wooden
panel with a fixed frame, measuring 35 cm × 42 cm in total. The painted surface is heavily
cracked, and there are large paint lacunae where the canvas is exposed in several locations.
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(a)

(b)

(c)

Figure 1. (a) RGB image of the 19th century Russian icon showing St. Nicholas (14 cm × 18 cm).
The paint’s surface shows various small surface defects and there is a preparatory sketch in pencil
beneath the painted surface. (b) RGB image of a reduced-size copy of an auto-portrait by Rembrandt
(18 cm × 21 cm), with the frame removed. (c) RGB image of the St. George painting (35 cm × 42 cm).
The surface shows several large paint lacunae, exposing the canvas substrate that was glued onto
the panel.

2.2. Setup and Instrumentation

The paintings were thermally excited by two 2 kW EDEVIS halogen lamps. These
lamps are covered by a double glass plate, which helps reduce the IR emissions from the
lamps. Halogen lamps can be used for both LIT and PPT measurements, since the emitted
intensity can easily be controlled by adjusting the voltage, and they are convenient to use in
situ. In these experiments, the intensity of the lamps was adjusted with a 0–10 V controller.
The lamps were positioned at 1 m distance to the painting, at a 60◦ angle to the surface.
The distance between the camera and artwork was adjusted so the entire artwork fitted
into the camera frame. A detailed schematic of the setup is shown in Figure 2.

Two different cameras, one with a spectral response in the MWIR range and one in
the LWIR range, and a total of three distinct camera setups were used to measure the
paintings. The first setup used a FLIR X6540sc actively cooled thermal camera. This camera
is sensitive in the 1.5–5.5 µm spectral range, has a Noise Equivalent Temperature Difference
(NETD) of <25 mK (typically 18 mK), which is the minimum temperature difference a
thermal camera can resolve, and a 640 × 512 pixel resolution. An L1009 25 mm lens was
used, which has a spectral range of 2.5–5 µm and an Angular Field Of View (AFOV) of
22◦ × 17◦. This setup, referred to as “A-MWIR_O”, has a large amount of overlap with the
emission spectrum of the halogen lamps. The second setup, referred to as “B-MWIR_F”,
used the same camera, with a long-pass filter, which was used to block most of the light
emitted by the halogen lamps. The cut-on wavelength of this filter is 4.1 µm. The final setup,
referred to as “C-LWIR”, used a FLIR A655sc thermal camera. This camera is sensitive in
the 7.5–14.0 µm spectral range, has an NETD of <30 mk and a 640 × 480 pixel resolution. A
24.6 mm lens was used, which has an AFOV of 25◦ × 19◦. Table 1 shows a summary of
the three camera setups and their most important characteristics. All measurements were
performed at a 50 Hz framerate, which is the locked framerate of the A655sc camera, in
order to eliminate the influence of the framerate on the results. Using a higher framerate
would increase the amount of frames for a certain time period, which reduces the noise in
the processed images.
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Figure 2. (a) Schematic of the measurement setup. Either a short pulse (PPT) or a modulated
sinusoidal wave (LIT) is sent to the light controller. The distance between the painting and the
camera depends on the size of the painting. (b) RGB image showing the measurement setup during
experiments, on the Saint-George icon.

Table 1. Summary of the used camera setups and their most important characteristics.

Name Model Spectral Range (µm) NETD (mK)

A-MWIR _O FLIR X6540sc 2.5–5.0 <25
B-MWIR _F FLIR X6540sc 4.1–5.0 <25

C-LWIR FLIR A655sc 7.5–14.0 <30

2.3. Measurement and Processing

In LIT [27], the object is submitted to a frequency-modulated, sinusoidal thermal
excitation. In the stationary regime, the thermal response of the object to this excitation is
also sinusoidal, with a phase and amplitude that depends on the characteristics of the input
wave. Higher modulation frequencies confine the thermal response to the surface of the
object, while lower frequencies have a deeper depth range [28]. The minimum measurement
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duration is one full period, but ideally the measurement lasts multiple modulation cycles,
until the object reaches a stationary regime [27].

The paintings were measured at a modulation frequency of 0.2 Hz and an amplitude
of approximately 1.4 kW lamp power per lamp. Decreasing the frequency further did
not seem to reveal additional information, and eventually led to blurry images because
of increased lateral heat transfer. The paintings were measured for only one full heating
period, in order to limit the heating up of the painting as much as possible. The maximum
temperature fluctuation during the measurement was 1.8 ◦C. The signal that was used to
control the lamps is shown in Figure 2, while Figure 3 shows the pixel intensity fluctuation
during the measurement. The intensity plot clearly indicates that the thermal response of
the object is not entirely sinusoidal. There is also a slight delay between the lamps receiving
the signal and the object heating up.

          



































Figure 3. Pixel intensity evolution during a measurement. For the LIT measurement, the entire
measurement cycle is shown. For the PT measurement, the cool-down process is shown.

Phase and amplitude images can be derived from just four thermograms, located
equidistantly on the sinusoidal modulation cycle [27,28]. However, because of the very
limited amount of data points, this method produces noisy images. An alternative process-
ing method was used [27,29], where the entire measured image sequence was multiplied
by two reference functions of known phases, differing by 90◦, and the products were then
added, in order to produce the in-phase and out-of-phase components for each pixel:

0◦ = ∑
t

sin(2πωt +
3π

2
) ∗ T(t), (1)

90◦ = ∑
t

cos(2πωt +
3π

2
) ∗ T(t). (2)

where ω is the modulation frequency and T(t) is the measured thermal response at a specific
time. Both reference functions are phase-shifted by 3π

4 , so the in-phase component has the



Appl. Sci. 2023, 13, 4094 6 of 13

same phase-shift as the sinusoidal wave that is used for thermal excitation. The amplitude
and phase components for each pixel can then be calculated as follows:

A =
√
(0◦)2 + (90◦)2, (3)

φ = tan−1(
90◦

0◦
). (4)

In PPT [28,30–32], the object is thermally excited by a rectangular pulse, varying from
several milliseconds to a few seconds, depending on the thermal properties of the object
under inspection. When an object undergoes pulse excitation, thermal waves of various
phases and amplitudes simultaneously excite the object in a transient regime. This is in
contrast with LIT, where the object is excited by a single frequency and amplitude in a
stationary regime. PTT is able to probe multiple depths in one measurement, while LIT
requires a separate measurement for each depth [28].

Each of the three paintings were thermally excited by a 2 s rectangular pulse at
approximately 1.4 kW lamp power per lamp. The maximum temperature fluctuation
during the measurement was 2.7 ◦C. The subsequent cool-down process was captured for
5 s. Increasing the cool-down time reduced the noise in the processed images but also made
them blurrier. The signal that was used to control the lamps is shown in Figure 2, while
Figure 3 shows the pixel intensity fluctuation during the cool-down process.

The frequencies for each pixel of the PPT measurement can be extracted from the
cool-down sequence by using the discrete Fourier transform:

Fn =
N−1

∑
k=0

T(k)e
2πikn

N = Ren + iImn. (5)

where T(k) is the measured thermal response of frame k, and Ren and Imn are the real
and imaginary parts of the transform, and subscript n designates the frequency increment.
The amplitude and phase components for each pixel and frequency increment can then be
calculated with:

An =
√

Re2
n + Im2

n, (6)

φn = tan−1(
Ren

Imn
). (7)

This results in a stack of n phases and a second stack of n amplitude images, where
lower frequencies can penetrate deeper into the object. In our experience, only the lower
frequency phase images are usable, while the others mainly contain noise. For the purpose
of comparison, the images at the lowest frequency, 0.2 Hz, were selected, which is also the
modulation frequency used for the LIT measurements.

Both the LIT and the PPT methods produce amplitude and phase images. Phase images
are less influenced by heating and optical non-uniformities, and their depth penetration is
about twice the depth penetration of amplitude images [30]. However, phase images are
affected more by noise than amplitude images, especially at high frequencies [32].

3. Results and Discussion

For the A-MWIR_O camera setup there was a substantial overlap between the emission
spectrum of the halogen lamps and the spectral range of the sensor. As a result, reflections
of the primary radiation of the halogen lamps by the object caused direct reflection artifacts
during the measurement. LIT measurements were affected the most, since the lamps
were turned on for almost the entire duration of the measurement. Nevertheless, the PPT
measurements were significantly hampered by these artifacts as well, which were caused
by infrared radiation being emitted by the lamps even after they were turned off. The
effect of these artifacts was most noticeable for the measurements of the St George painting,
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with the surface composition being clearly distinguishable, even in the phase images
(Figure 4). This type of artifact is a known issue that is covered in the literature [33,34]. The
measurements of the other artworks were also affected by these artifacts, but to a lesser
degree (Figures 5 and 6). Adding a long-pass filter with a cut-on wavelength of 4.1 µm to
the MWIR camera (setup B-MWIR_F) eliminated most, if not all, direct-reflection artifacts.

After these artifacts had been eliminated, the spectral range of the sensor did not
seem to have much of an impact. As shown by Figures 4–6, the phase images for the
measurements taken with B-MWIR_F and C-LWIR all look very similar to each other.
However, B-MWIR_F phase images had a slightly better contrast compared to C-LWIR
ones, which resulted in a more pronounced visualization of the wooden support structure
(Figure 5). This was likely caused by the lower NETD of B-MWIR_F compared to C-LWIR.

In the phase images of the Rembrandt copy, the upper paint layer became almost
entirely invisible and the structure of the wooden board below was revealed (Figure 5). For
the purpose of visualizing the wooden structure of the board, PPT seemed to be preferable
to LIT, since less of the upper paint layer remained visible in the PPT phase images. On
the other hand, the lines of the pencil drawings of the painted icon and other small surface
defects appeared to have a higher contrast in the phase image of the LIT measurement
(Figure 6). Overall, the LIT images appeared to have a higher contrast, and appeared to be
less noisy, when compared to the PPT images.

A-MWIR_O B-MWIR_F

LIT

PPT

(a)

(d)

(b)

(e)

(c)

(f)

C-LWIR

Figure 4. LIT and PPT phase images of the St George painting for all camera setups. Both LIT and PPT
measurements were heavily influenced by reflections from the halogen lamps (a,d). The influence of
these reflections was eliminated when using a long-pass filter (b,e) and the results look very similar
to those of the LWIR camera (c,f).
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B-MWIR_F

LIT

PPT

C-LWIR
(b) (c)

(e) (f)

A-MWIR_O
(a)

(d)

Figure 5. LIT and PPT phase images of the Rembrandt copy for all camera setups. The upper paint
layers are almost entirely invisible and the structure of the wooden board is revealed. PPT phase
images (d–f) show less of the paint layer when compared to LIT phase images (a–c). The wood grain
contrast seems higher for the images obtained with the B-MWIR setup _F setup (b,e) when compared
to the C-LWIR setup (c,f).

(a) (b) (c)

(f)

A-MWIR_O

(d) (e)

B-MWIR_FA-MWIR_O C-LWIR

LIT

PPT

Figure 6. LIT and PPT phase images of the St. Nicholas icon for all camera setups. By eliminating
the influence of the reflections, we can clearly visualize the pencil drawing (b,c,e,f). In the LIT phase
images (a–c) the pencil drawing and smaller surface defects have a higher contrast, and the images
appear less noisy overall, when compared to the PPT phase images (d–f).
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As previously discussed, phase images are affected less by thermal and optical non-
uniformities. This includes non-uniformities caused by the uneven heating of the upper
paint layer, because the different paints absorb different amounts of illumination during
thermal excitation [11]. As a result, the upper paint layer is also less visible, which is of
particular interest when inspecting the wood grain of the support (Figure 7f). On the other
hand, some of the surface defects are more pronounced in the amplitude images of the
St. George painting (Figure 7a) and St. Nicholas icon (Figure 7b). This may be explained
by the damaged areas absorbing and emitting radiation differently from the sound areas,
which the amplitude images are more sensitive to. Appendix A, Figures A1–A3 contain all
phase and amplitude images of each painting, for each method and camera setup.

Amplitude

Phase

(a) (b)

(d) (e)

(c)

(f)

Figure 7. LIT amplitude and phase images of each painting for the B-MWIR_F setup. Some of the
surface defects are more pronounced in the amplitude images (a,b) when compared to the phase
images (d,e). Several defect areas are circled in red. Phase images (f) are influenced less by the upper
paint layer than amplitude images (c).

4. Conclusions

We compared LIT and PPT techniques, and how their results are affected by the
wavelength range of the used camera, with respect to qualitative inspections of paintings.
For this purpose, three paintings of different natures were measured with different com-
binations of measurement techniques and camera setups. The measurement results are
presented as a side-by-side comparison.

With two different thermal cameras, an MWIR and LWIR camera, three different
camera setups were arranged, each with a different spectral range. It was shown that
the camera setup in the 2.5–5 µm range suffers from direct reflection artifacts, caused by
reflections from the halogen lamps. As discussed, these artifacts were most severe for the
continuous illuminated LIT measurements, but were also observed in PPT measurements,
due to the residual heat of the lamps. Restricting the wavelength range to >4.1 µm with a
long-pass filter has effectively reduced the appearance of these artifacts. When combined
with the long-pass filter, the images obtained with the MWIR camera looked very similar
to those of the LWIR camera. An additional advantage of MWIR cameras is that they can
be simultaneously used for IRR measurements. In this way, the same measurement setup
can be used for both IRT and IRR measurements, while only having to swap out filters.
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The NETD, or thermal contrast, of the cameras also appeared to have a noticeable
impact on the processed results, with the camera setups with a lower NETD producing
higher contrast images.

The maximum temperature fluctuation for the LIT measurements was 1.8 ◦C, com-
pared to 2.7 ◦C for the PPT measurements. LIT and PPT measurements produce both phase
and amplitude images. It has been shown that, in the phase images, the paint layers were
nearly completely invisible, revealing the structure of the underlying wooden support. The
upper paint layers were least visible in the PPT phase images. On the other hand, the pencil
drawings were most clearly visible in the LIT phase images. Overall, LIT images appeared
to have a higher contrast and appeared to be less noisy. Another attractive feature of LIT
is its ability to tune the depth resolution based on the modulation frequency. This could
potentially be useful when trying to determine the stratigraphy of multi-layered paintings,
and is a possible avenue for future research.
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Abbreviations
The following abbreviations are used in this manuscript:

IRT Infrared thermograpy
PT Pulse thermography
LIT Lock-in thermography
PCT Principal component thermography
PLST Partial least squares thermography
PPT Pulse phase thermography
DAC Differential Absolute Contrast
TSR Thermal signal reconstruction
MWIR Mid-wave infrared
LWIR Long-wave infrared
MA-rFTIR Macroscopic Fourier transform infrared scanning in reflection mode
NETD Noise equivalent temperature difference
AFOV angular field of view

Appendix A

This appendix contains an overview of all phase and amplitude images of each
painting for each method and camera setup.
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Amplitude Phase

LIT

PPT

C-LWIR
Amplitude Phase

A-MWIR_O
Amplitude Phase

B-MWIR_F

Figure A1. All measurement results for the icon, grouped by camera and technique.

Amplitude Phase

LIT

PPT

A-MWIR_O
Amplitude Phase

B-MWIR_F
Amplitude Phase

C-LWIR

Figure A2. All measurement results for the portrait in the style of Rembrandt, grouped by camera
and technique.

Amplitude Phase

LIT

PPT

A-MWIR_O
Amplitude Phase

B-MWIR_F
Amplitude Phase

C-LWIR

Figure A3. All measurement results for the St George painting, grouped by camera and technique.
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