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Abstract: The crack growth of transparent materials after laser wavelength irradiation was studied.
It is known that laser irradiation is used in many applications for the ablation of undesired material
and/or coatings. The impact of laser irradiation on cracks was studied using the digital holography
(DH) technique. Transparent samples were irradiated using near-ultraviolet, visible, near-infrared,
and infrared light. The DH system is able to detect cracks and crack growth of the transparent samples
irradiated by a range of laser wavelengths. Results also show that light with infrared to near-infrared
wavelengths has a great effect on crack growth. High-resolution photomechanical effects of laser
irradiation on material expansion or/and generation of defects due to specific wavelengths are also
illustrated. The DH system with a multispectral laser has practical applications for laser cleaning of
painted artworks.

Keywords: digital holography; laser irradiation; photomechanical effects; tip crack; transparent materials

1. Introduction

Materials are susceptible to cracking under accidental or artificially induced stress due
to structural movement. Structural movements slowly but steadily affect the integration of
materials and constructions, generating defects. Structural defects include detachments
between multilayered surfaces, loss of material-producing material voids, and loss of
continuity within the matrix of the material. Crack generation is a very common problem
of materials resulting in weak construction and material degeneration. The parameters
that affect crack growth are well studied [1–7]. Cracks lead to the fracture of a material. As
such, it is important to establish a crack fracture model for the prevention of cracks and
fractures. Frequently, finite element analysis is used for stress analysis of the material to
model the dynamic expansion of cracks [8,9].

Through the study of crack initiation and development, it has been found that cracks
are characterized by a “time window” [10]. The time window is the duration between
the application of external stress or environmental changes and the generation of the first
crack. The time window required for the consequent cracks is shortened and will decrease
exponentially. As such, it is important to achieve early detection of cracks and provide
intervention strategies for the cracks [11,12]. The growth of cracks is able to be predicted
using deep learning methods [13]. Novel sensing technology is important to achieve early
and precise crack detection.

Oil paintings represent a structure of stretched textiles on a rigid frame with adhesive,
painting layers, and varnish [14]. It is crucial to protect the outermost protective layer of
varnish to prevent irreversible damage (e.g., mildew, peeling of pigment layers) to the
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painting. Cracks of a painting are generated on the surface of the varnish layer due to
multiple factors, including aging over time, external mechanical vibrations [14], gradients
or drastic changes in humidity [15,16] and temperature [7,17], and chemical contamination.
It is also known that laser cleaning, widely adopted for oil painting, is actually capable
of generating cracks [18–23]. Furthermore, laser irradiation itself is also able to generate
cracks [24–27]. Laser cleaning is a process for restoring the aesthetic of the painting through
the photothermal, photochemical, and photomechanical effects [28,29]. The unwanted
layer in paintings could be removed by laser of different wavelengths, including ultraviolet,
visible, and infrared light [30]. A real-time monitoring system of short-term and long-term
effects of laser cleaning could better explore which frequency bands of light may cause
harm to achieve safe laser cleaning [31,32].

Deterioration of precious works of art cracking can result in loss of aesthetic appear-
ance, depreciation of value, and destruction of irreplaceable cultural heritage and identity.
Previous methods for crack detection have been proposed, including the nanoindentation
technique [33] and the three-dimensional (3D) scanning technique [14]; however, mea-
surement errors are common for nanoscale techniques [34,35], which may be caused by
trace wear of the measurement including microscopic defects on the specimen surface, and
slight changes in the experimental environment. Furthermore, such a technique cannot be
performed in real-time, and is thus inefficient. In addition, 3D scanning technology also
has limitations [36] in terms of accuracy and scale, which can be time-consuming. The
application of digital holography in the field of high-precision inspection of transparent
materials has been well established [37]. As a micro and nano-level detection technique,
DH has been used to nondestructively detect the shape of cracks on the material surface in
real-time [38]. Both the phase and intensity of the object could be numerically reconstructed
by only one hologram. Hence, DH has a fast computational process that is faster than
nanoindentation and 3D scanning techniques [39]. Digital holographic microscopy for
cracking in transparent materials has also been successfully conducted by our team [40],
showing that digital holography is suitable for crack detection in transparent materials.
The fundamental principle of DH to detect crack growth is explained in Section 2.

Our research goal was to examine the cracks on the surface of oil paintings and their
irradiation growth. We used dammar varnish as an experimental material [13], which
plays a critical role in increasing the brightness of the image as well as in protecting the
oil painting layer from cracking. In contrast to previous work, it only involves a 532 nm
laser to both pump and probe cracks aiming to monitor the potential generation and
growth of cracks on Dammar varnish [41]. In our research, a novel optical geometry
with a multispectral pulsed laser to achieve both irradiation and crack detection using
DH is designed (see Section 3). A new switching operation was used to select the pump
irradiation path or the probe interference monitoring path.

2. Fundamental Principle

Digital holography records the amplitude and phase information of an object simulta-
neously. The complex amplitude distribution on the CCD plane is shown as follows:

H1(x, y) = |O1(x, y) + R(x, y)|2. (1)

The complex amplitude distribution of the object light O1(x, y) = O0(x, y) exp[j∅O1(x, y)]
and the reference light R(x, y) = R0 exp[j∅r(x, y)] , where O0(x, y) , R0 represent the intensity
of object light and reference light, respectively; and ∅01(x, y) and ∅r(x, y) represent the phase of
object light and reference light, respectively.

After being irradiated by laser, the crack underwent slight deformation. The intensity
of the light wave reaching CCD remained unchanged, and only the phase distribution
changed. In this case, the object light can be expressed as follows:

O2(x, y) = O0(x, y) exp[j∅O2(x, y)] (2)
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if the reference light, R(x, y), is a constant, the complex amplitude distribution will
be H2(x, y) = |O2(x, y) + R(x, y)|2.

The holograms H1(x, y) and H2(x, y) are reconstructed through the reference light R(x, y).
The reconstructed complex amplitude distribution is as follows:

U1(x, y) = R(x, y)H1(x, y)
= R(x, y)

[
|R(x, y)|2 + |O1(x, y)|2 + O1(x, y)R∗(x, y) + R(x, y)O∗(x, y)

]
,

(3)

U2(x, y) = R(x, y)H2(x, y)
= R(x, y)

[
|R(x, y)|2 + |O2(x, y)|2 + O2(x, y)R∗(x, y) + R(x, y)O∗(x, y)

]
.

(4)

the hologram can be reconstructed using the angular spectrum method with the transfer

function T expressed as follow T = exp
[
−i
(

2πd
λ

)√
1− (λfx)

2 −
(
λfy
)2
]

.

Where d is the reconstruction distance; λ is the wavelength of the detected light
source; and fx, fy are the coordinate expressions in the frequency domain. The initial phase
∅O1(x, y) is as follows:

∅O1(x, y) = tan−1
{

Im

[
U
′
1(x, y)

]
/Re

[
U
′
1(x, y)

]}
. (5)

Similarly, the phase ∅O2(x, y) of the sample after being irradiated by the laser is as
follows:

∅O2(x, y) = tan−1
{

Im

[
U
′
2(x, y)

]
/Re

[
U
′
2(x, y)

]}
. (6)

To measure the growth distance of the crack, only the phase difference of the crack
sample needs to be measured: ∆ϕ(x, y) = ∅O2(x, y)−∅O1(x, y).

As the laser passes through the transparent material, the phase difference is corre-
lated with the laser wavelength, the refractive index of the object, and the optical dis-
tance difference. The crack growth length is computed through the following equation:
∆l(x, y) = λ

2πn ·∆ϕ(x, y), where n is the refractive index of Dammar varnish, n = 1.48951.
In this experiment, the phase changes resulted from irradiation are obtained through

unwrapping the phase of the holograms to extract the results of phase differences. Phase
differences are used to measure the changes in phase growth, which is caused by the growth
of the tip crack in varnish oil. By calculating the phase differences, the distance of the tip
crack growth is obtained.

3. Experimental Setup

In this experiment, an SC-PRO multispectral pulsed laser as the light source was used.
The output wavelength was adjusted from 430 nm to 1450 nm, and the working power was
8 W. The frequency adjustment range was 0.1–80 MHz. DHC-MER-500-7UM CCD pixel
size 2.2 µm × 2.2 µm; a resolution of 1544(H) × 1944(V) was used to record the hologram.
The calibration magnification of the digital holographic interference system was 1.976 [42].

The schematic diagram of the optical system is shown in Figure 1. It is a Mach-Zehnder
off-axis holographic interference system and the wavelength of the light source is 633 nm.
The systems have two major components: the pump and the probe. The reflective mirror
M1 can move in a direction perpendicular to the optical axis and is used as a switch
between the irradiation optical path and the optical detection path. As shown in Figure 1,
when the mirror M1 is placed at the position represented by the solid line, the optical path
LASER-M1-M4-L3 would form an irradiation system for the sample. The focal length of the
lens L3 is 150 mm. When the mirror M1 is placed at the position represented by the dotted
line, a Mach-Zehnder off-axis holographic interference system is established to image the
transparent sample. In this system, SF is the spatial filter, and the transmission-to-reflection
ratio of the beam splitters BS1 and BS2 is kept at equal 50:50 intensities.
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Figure 1. Schematic diagram of the optical path system, both legs of the optical setup are seen
LASER-M4-L3 as pumping and LASER-M1-BS1-CCD as probe.

For holographic detection, the laser light passes through the spatial filter SF and is
divided into two beams through the beam-splitting prism BS1. First, the object light passes
through the reflective mirror M2, the cracked sample, and the convex lens L1. Second, the
reference light passes through the reflective M3 and the convex lens L2. Two beams are
thus sent subsequently to interfere with the CCD plane using the beam splitter BS2. Here,
the focal lengths of the lens L1, L2 is 120 mm, p equal to the focal lengths of L1 and L2
and is called the object distance, and q is called the image distance. According to the lens
imaging principle, after passing through the lens, the actual size of the sample is magnified
q/p times.

The experiment was run in two phases. The first phase examined which laser wave-
length band has the greatest influence on crack by provoking crack growth. In the second
phase, the maximum-impact-irradiation crack analysis was performed. Accordingly, the
two groups of samples were made in the same way. To verify the significance of the pres-
ence of cracks on the phase transition in transparent media, a crack-free sample was used.
The tested samples are shown in Figure 2. Figure 2a,b are produced from Dammar varnish
coated on coverslips with known cracks, and Figure 2c is set as a crack-free sample.

Figure 2. (a) Crack sample in the first phase, (b) crack sample in the second phase, and (c) crack-
free sample.

In Figure 2a,b, the area of the cracked sample inside the red rectangle is about 85 mm2,
and the white ellipse in Figure 2a–c shows the field captured by the CCD.
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4. Experiment and Results

In the first phase, three groups of light sources to irradiate the tested sample were
chosen. In order to increase the irradiation energy of the sample and to obtain a better crack
growth effect, each group included two different wavelengths including 430 nm + 440 nm
(near-ultraviolet light source, UV), 500 nm + 510 nm (visible light source), and
740 nm + 750 nm (near-infrared light source, IR). The irradiation duration of every group
was 5 min.

Before the start of the irradiation experiment, digital holographic measurement was
performed on the sample yielding an initial state hologram. The initial state measurement
is shown in Figure 3a.

Figure 3. Hologram phases: (a) initial state; (b) 740 nm + 750 nm laser irradiation; (c) 430 nm + 440 nm
laser irradiation; (d) 500 nm + 510 nm laser irradiation. Red Circle highlights the changes.

The experiments on the same sample were performed. Figure 3b shows the new phase
after the sample was irradiated with a 740 nm + 750 nm laser; then, the same region was
irradiated with a 430 nm + 440 nm laser and the phase is shown in Figure 3c. Furthermore,
the same region was irradiated with a 500 nm + 510 nm laser and the new phase is shown
in Figure 3d.

Figure 3b has an obvious change compared with Figure 3a; however, Figure 3b to
Figures 3c and 3d to Figure 3c have almost no change. It is therefore concluded that the
largest phase change occurred in the crack head following the irradiation of 740 nm + 750 nm
hybrid laser. The results of the phase images indicate that the laser in the near-infrared wave-
length has a greater effect on crack growth than the light sources in the visible and near-
ultraviolet wavelengths.

To further investigate the effect of laser irradiation on cracked samples from near-
infrared wavelengths to infrared wavelengths, four different irradiation lasers are selected,
namely, 740 + 750 nm hybrid laser, 840 + 850 nm hybrid laser, 940 + 950 nm hybrid laser,
and 1040 + 1050 nm hybrid laser. The irradiation duration is also kept at 5 min, and the
irradiation frequency is set as 5 MHz.

The control sample is shown in Figure 2c as a control variable in this stage.
Additional irradiation experiments are performed on the sample with a known crack

and obtain the phase difference between the samples after irradiation and the initial state.
The unwrapped phase results are shown in Figure 4.
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Figure 4. Post Irradiation phase difference of the tip crack. (a) Post irradiation at 740 nm + 750 nm;
(b) after irradiation at 840 nm + 850 nm; (c) after irradiation at 940 nm + 950 nm; (d) after irradiation
at 1040 nm + 1050 nm.

Figure 4 shows that the cracked samples have all been expanded under laser irradiation
in the near-infrared to infrared wavelength bands. The difference in the degree of extension,
however, is not significant.

For further detailed analysis, the intercept lines at the head, middle, and tail positions
of the cracks were extracted in each phase difference map in Figure 4 for contour analysis.
The positions of the intercept lines in Figure 4d are shown in Figure 5. Three intercept lines
are located at 457, 1625, and 2525 pixels of the x-axis on each map, respectively.

Figure 5. Position of the contour line of the phase difference.

Taking contour lines for the four-phase difference results yield the results shown in
Figures 6–8.
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Figure 6. Contour line of phase difference at X = 457 for the position of the intercept line: (a) experi-
mental results; (b) control experimental results.
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Figure 7. Contour line of phase difference at the intercept position of X = 1625: (a) experimental
results; (b) control experimental results.
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Figure 8. Contour line of phase difference at the intercept position of X = 2525: (a) experimental
results; (b) control experimental results.

Note that during the processing of the experimental results, different numbers of
y-axis pixels are taken for the head, middle, and tail according to the size of the crack and
transparent media cavity, with 200 pixels for the head and 950 pixels for both the middle
and tail. In addition to considering the crack size, the significant change of contour line in
the phase result is shown in Figure 6.

By comparing the phase changes in Figures 6–8, the results show that the presence of
tip cracks in the samples at different wavelengths of irradiation is an important factor in
the phase transformation of the measured region. According to the pixel size and system
magnification calculation, the crack growth distance for each of these groups (shown in
Table 1) is obtained.
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Table 1. Crack growth distance between experimental and control groups at different irradiation
wavelengths (unit: µm).

Irradiation Wavelength (nm) 740 + 750 840 + 850 940 + 950 1040 + 1050

Experimental group X = 457 0.072 0.087 0.090 0.101
Control group X = 457 0.001 0.001 0.005 0.004
Experimental group X = 1625 0.136 0.138 0.134 0.176
Control group X = 1625 0.016 0.016 0.023 0.018
Experimental group X = 2525 0.168 0.166 0.163 0.198
Control group X = 2525 0.008 0.013 0.006 0.014

Analyzing the growth distance of the cracks given in Table 1, the combined laser
irradiation of 1040 nm + 1050 nm has increased the growth distance of the crack head by
40.2% compared with the combined laser irradiation of 740 nm + 750 nm. The growth
distance in the middle of the crack is 29.4% more than that of the combined laser of
740 nm + 750 nm. The growth distance at the tail of the crack is 17.9% more than that of
the combined laser of 740 nm + 750 nm. By comparing the changes of different parts of the
tested material exposed to different wavelengths of light, it is concluded that the head of
the tip crack is more sensitive to the change of irradiation wavelength than the middle and
tail of the crack. In addition, the middle and tail parts of the tip crack with a larger area
within the tip crack are subjected to a larger phase change of laser irradiation under the
same wavelength irradiation.

Comparing the growth distances of the middle, tail, and head of the tip crack under the
same wavelength irradiation, it is evident that the growth distances of both the middle and
tail of the crack are larger than those of the head of the crack, but the growth direction of the
head of the crack is more definite. The reason could be that the complex map and internal
energy conduction of the middle and tail parts of the crack trigger a more disordered phase
transition and growth direction compared with the head of the tip crack.

5. Conclusions

DH has the advantages of having high resolution, being non-destructive, and operating
in real-time in the imaging study of crack growth; therefore, DH is used to study the effect
of laser irradiation on crack growth at the highest resolution. With this study, a method
for detecting crack growth using a single-pulse laser with DH is proposed. The effect of
different wavelengths of laser on crack growth is also investigated for Dammar varnish
material, which is commonly used as an oil painting sealant.

It is concluded that near-infrared and infrared light irradiation is more effective than
near ultraviolet and visible light irradiation for Dammar varnish materials. In addition,
further experiments were conducted to study the phase changes of different parts of the
crack under laser radiation. Based on this experimental study by DH, it is found that if
there are tiny cracks on the surface material of the oil painting, the cracks easily expand
and deteriorate under infrared radiation, thus causing damage to the oil painting; therefore,
the light environment of infrared irradiation should be avoided as much as possible for
preserving oil paintings. Similarly, in laser cleaning of older or more fragile oil paintings,
the infrared wavelength laser needs to be used with caution to avoid irreversible damage
to the artwork.

The proposed digital holography system can be made compact and portable and is thus
feasible for cultural heritage preservation. The unique advantages of digital holography
have been proved to be applicable to the study of minor damage in the field of cultural
heritage; therefore, future work will include the study of tiny defects of non-transparent
objects using digital holographic systems.



Appl. Sci. 2022, 12, 7799 11 of 12

Author Contributions: Conceptualization, V.T. and W.Z.; methodology, V.T. and W.Z.; investigation,
Z.C.; data curation, Y.L. and Y.C.; writing—original draft preparation, W.Z. and Y.L.; writing—editing,
Y.L.; writing—review, V.T., Y.Y. and H.Z. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 61975112
and No. 52075314), the Major State Research Development Program of China (2020YFE024600), and the
Shanghai Key Laboratory of Intelligent Manufacturing and Robotics.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tomkins, B. Fatigue Crack Propagation—An Analysis. Philos. Mag. 1968, 18, 1041–1066. [CrossRef]
2. Zweig, D.; Venugopalan, V.; Deutsch, T.F. Stress generated in polyimide by excimer-laser irradiation. J. Appl. Phys. 1993, 74, 4181.

[CrossRef]
3. Gerasimov, A.B.; Chiradze, G.D.; Kutivadze, N.G. On the physical nature of a photomechanical effect. Semiconductors 2001, 35,

72–76. [CrossRef]
4. Paltauf, G.; Dyer, P.E. Photomechanical Processes and Effects in Ablation. Chem. Rev. 2003, 103, 487–518. [CrossRef]
5. Perez-Gutierrez, F.G. Photomechanical, Photothermal and Photothermomechanical Mechanisms of Interaction of Nanosecond

Laser Pulses with Artificial Tissue Models and Pigmented Melanoma Cells in Medical Applications. Ph.D. Thesis, UC Riverside,
Riverside, CA, USA, 2010.

6. White, T.J. Photomechanical Effects in Materials, Composites, and Systems: Outlook and Future Challenges. In Photomechanical
Materials, Composites, and Systems: Wireless Transduction of Light into Work; Wiley: Hoboken, NJ, USA, 2017; pp. 393–403.

7. Miguel, P.; Robert, M.; Mattheij, M. Crack Propagation Analysis; Technische Universiteit Eindhoven: Eindhoven, The Netherlands,
2017.

8. Bosco, E.; Suiker, A.S.J.; Fleck, N.A. Crack channelling mechanisms in brittle coating systems under moisture or temperature
gradients. Int. J. Fract. 2020, 225, 1–30. [CrossRef]

9. Menouillard, T.; Song, J.-H.; Duan, Q.; Belytschko, T. Time dependent crack tip enrichment for dynamic crack propagation. Int. J.
Fract. 2010, 162, 33–49. [CrossRef]

10. Tornari, V.; Tsiranidou, E.; Bernikola, E. Crack-Growth on Canvas Paintings during Transport Simulation Monitored with Digital
Holographic Speckle Interferometry. Adv. Res. 2014, 2, 967–986. [CrossRef]

11. Dias-da-Costa, D.; Valença, J.; Júlio, E.; Araújo, H. Crack propagation monitoring using an image deformation ap-proach: Crack
Propagation Monitoring Using an Image Deformation Approach. Struct. Control. Health Monit. 2017, 24, e1973. [CrossRef]

12. Réthoré, J. Automatic crack tip detection and stress intensity factors estimation of curved cracks from digital images: Automatic
crack tip detection and SIF estimation of curved cracks. Int. J. Numer. Methods Eng. 2015, 103, 516–534. [CrossRef]

13. Rezaie, A.; Achanta, R.; Godio, M.; Beyer, K. Comparison of crack segmentation using digital image correlation measurements
and deep learning. Constr. Build. Mater. 2020, 261, 120474. [CrossRef]

14. Elkhuizen, W.S.; Callewaert, T.W.J.; Leonhardt, E.; Vandivere, A.; Song, Y.; Pont, S.; Geraedts, J.M.P.; Dik, J. Comparison of three
3D scanning techniques for paintings, as applied to Vermeer’s ‘Girl with a Pearl Earring’. Heritage Sci. 2019, 7, 1–22. [CrossRef]

15. Pouli, P.; Melessanaki, K.; Giakoumaki, A.; Argyropoulos, V.; Anglos, D. Measuring the thickness of protective coatings on
historic metal objects using nanosecond and femtosecond laser induced breakdown spectroscopy depth profiling. Spectrochim.
Acta Part B At. Spectrosc. 2005, 60, 1163–1171. [CrossRef]
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