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Abstract Although transparent materials with birefringent
properties (e.g., solar panels and separator films for secondary cells) are common, damage detection during the
manufacturing process is crucial to economically realize
high-quality materials. Herein a method using a pulsedlaser and a high-speed polarization-imaging camera is proposed to rapidly detect damage, including scratches and
dents, in transparent materials. Specifically, as stress waves,
which are generated by a non-contact impulse excitation
from laser ablation, propagate through a material, the stress
concentrations induced around damage are measured as the
two-dimensional birefringent phase differences using a highspeed polarization-imaging camera with a microsecondorder temporal resolution. When stress is dominant, the distribution of the measured birefringent phase difference can
be considered the relative distribution of stress. Using acrylic plates as a representative transparent material with several
hundred micrometers of damage (e.g., a dent or a scratch),
we demonstrate that the proposed method detects damage in
a very short timeframe of several microseconds.

Keywords Damage detection . Non-contact laser excitation .
Nanosecond laser ablation . Transparent material .
Two-dimensional birefringent distribution . High-speed
polarization-imaging camera

Introduction
In recent years, the demand for transparent optical materials
with birefringent properties (herein “transparent materials”)
has greatly increased. For example, transparent materials are
used in solar panels and separator films for secondary cells,
including lithium-ion batteries in the energy field, as well as in
phase difference films for liquid crystal displays such as
smartphones and tablet devices in the information technology
field. To economically fabricate high-quality optical materials,
detecting damage (e.g., scratches, dents, cracks, and throughholes) during the manufacturing process is critical. Although
many damage detection methods have been developed, they
cannot detect damage smaller than about several micrometers.
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Fig. 2 Experimental system to visualize the two-dimensional
birefringence using LA

manufacturing process. In addition, increasing the lens magnification should allow damage less than about several micrometers to be detected.

Materials and Methods
Laser Ablation (LA) [33–36]
Although LA can generate a very small crater on an irradiated
surface, the proposed method adopts a pulsed high-power laser to trigger instantaneous LA on an irradiated surface, yielding an ideal impulse excitation input. Figure 1 shows the principle of LA excitation. A solid absorbs the illuminated laser
beam, releasing atoms, molecules, and their ions from the
solid, which subsequently absorb the laser beam to form a
high-temperature, high-density plasma plume composed of
Visualization area
(13.15 mm 1.65 mm)

50
5

Laser beam
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Many damage detection technologies use vibration and
acoustic testing. Traditional methods range from those based
on hammer tapping to those that use a combination of lead
zirconate titanate (PZT), an acoustic emission (AE) sensor, a
strain gauge, an accelerometer, a laser Doppler vibrometer
(LDV), an optical coherence tomography (OCT), and a laser
ultrasonic [1–26]. These methods capture the changes in an
object’s dynamic characteristics (e.g., frequency response
function measurements, and wavelet and modal analyses)
[5–9], or visualize Lamb waves [10–25]. Unfortunately traditional contact-type input–output measuring devices cannot detect damage in transparent materials during the manufacturing
process (e.g., a film fabrication process that includes melting,
casting, extending, and rolling).
Although optical output measuring devices (e.g., LDV) can
be used to detect damage (e.g., a damage detection method
based on a Lamb wave [10, 13, 16, 18–22, 24, 25]), they
provide time-consuming point (one-dimensional) measurements, which are not applicable to actual manufacturing processes. On the other hand, stress waves tend to concentrate
around damage. This phenomenon can be used to detect damage as waves propagate inside a material.
Laser ablation (LA), which is a process where a highpower laser is focused and irradiated onto a solid, can generate
waves. Because the surface temperature of the solid rapidly
increases, the surface explosively releases atoms, molecules,
ions, etc. [26–36]. LA has been applied to various fields, including the propulsion of flying objects [27], acoustic waves
focusing in water [28], generation of multiple stress waves
[29], surface modification [30, 31], and sound source generation in acoustic tests [32]. Previously, we proposed a noncontact vibration test to measure the frequency response functions in target structures [33–36].
In this study, stress waves are generated by non-contact
impulse excitation using LA (herein after referred to as “LA
excitation”) [29, 33–36]. Then damage is detected by measuring the stress concentrations as the birefringent phase difference (hereafter referred to as birefringence) using a high-speed
polarization-imaging camera [37, 38] with a microsecondorder temporal resolution. Although birefringence depends
on a variety of factors (e.g., the structure, orientation, object
form, stress, etc.), when stress is predominant, the distribution
of the measured birefringence can be considered the relative
distribution of stress. Thus, the photographed birefringence
realizes a two-dimensional measurement. The proposed method can detect minute damage induced during the
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Fig. 1 Principle of the impulse excitation force generated by LA
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Table 1 Configuration of
damage

Damage

Shape

Case 1

Dent

Ellipse

Major axis: 845

Minor axis: 574

Depth: 12

Case 2

Scratch

Triangle

Base: 109

Height: 577

Depth: 37

free electrons, ionized atoms, etc. When mass Δm is released
at velocity v from a solid, a momentum (Δmv) is generated,
which induces stress waves within a transparent material. Because the plasma plume is released normal to from the solid
surface’s tangent plane, the impulse direction is normal to the
solid surface. LA is produced when the laser fluence reaches
1012–1014 W/m2 [32–36, 39].
Experimental Setup
This study aims to realize non-contact damage detection by
evaluating the propagation of stress waves (the propagation of
the birefringence) generated by LA. In this study, damage in
acrylic, which is used a representative transparent material, is
detected by generating a stress wave using LA excitation.
Then the propagation of birefringence is photographed using
a high-speed polarization-imaging camera. Figure 2 shows
our two-dimensional birefringent distribution measurement
system and a test piece. This system consists of an Nd:YAG
pulsed-laser (Continuum surelite III-10, wavelength:
1064 nm, beam diameter: 9.5 mm, pulse duration: 5 ns, maximum output: 1 J, and divergence: 0.5 mrad) and a high-speed
polarization-imaging camera to measure birefringence
(Photron Limited CRYSTA PI-1P) (Fig. 2). This device is
set on an optical surface plate.
The test piece is an acrylic plate (size: 50×50×5 mm)
(Fig. 2). Irradiating the plate with a laser beam (pulse energy:
900 mJ) induces LA on the side surface, which generates a
stress wave inside the piece. The beam is concentrated using a
convex lens (focal length: 100 mm). In addition, an aluminum
plate (size: 5×5×0.5 mm) is attached on the irradiated part of
the test piece with adhesive as an ablation material. However,
an ablation material is unnecessary in real conditions because
LA can be generated against a high-polymer material, metal,
etc.
Photographs are acquired with a high-speed polarizationimaging camera (photographing speed: 930,000 fps, exposure
time: 0.8 μs, and pixel count: 128×16 (in 13.15×1.64 mm)).
Figure 3(a) shows the photographed area. The light source is a
green LED (operating wavelength: 480–540 nm, bandwidth
of the band path filter: 520±10 nm, and power of the incident
light: 75 W/m2). Laser irradiation and the initial opening of the
camera’s shutter are synchronized. After 100 ns of a TTL
signal from the pulsed-laser system, a laser beam is irradiated.
Using the camera’s trigger mode “Random Reset”, the first
image is photographed by the camera after 250 ns of the laser

Size [μm]

beam irradiation (350 ns of the TTL signal from the pulsedlaser system).
Damage
Figure 3 and Table 1 show the two different types of damage
investigated: a dent (Fig. 3(b) and a scratch (Fig. 3(c)). Both
occur around the surface. This system should be applicable to
damaged areas less than 2 μm by increasing the lens magnification of the high-speed polarization-imaging camera because such a camera with a 20-fold lens can visualize the
two-dimensional birefringence in a measurement area less
than 2 μm. However, to verify the fundamental detection performance of this system, the induced damage in the experiments is about 100 μm and 5 mm away from the excitation
point (Fig. 3(a)).

Results and Discussion
Figure 4 shows the detection performance of the system for
pieces with (a) no damage, (b) a dent, and (c) a scratch. Images
were acquired before and after laser irradiation (0.250 μs after
and above). A larger number indicates a larger measured birefringence [37, 38]. Additionally, the stress waves generated
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Fig. 4 Time-resolved birefringent images of LA excitation at 900 mJ on
an acrylic plate recorded with seven different delay times
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by LA excitation are photographed; the waves propagate in a
circular-arc-like shape centered at the excitation point, which
is similar to previous findings [29].
The birefringence spreads throughout the visualized areas
(#1 (0.250 μs) of Fig. 4(a)), whereas the area with a large
measured birefringence gradually moves to the left. The propagation velocities of the longitudinal wave and transverse
wave are 2690–2756 and 1340–1401 m/s, respectively [40].
The velocity of the transverse wave agrees with the calculated
velocities based on Fig. 4 (approximately 1500 m/s), indicating that the visualized stress waves detected by measuring the
birefringence with this system include the transverse wave.
Because the longitudinal wave velocity is 2690–2756 m/s, it
must be visualized in #1 and #2 of Fig. 4. Due to the insufficient time-space resolution to visualize the longitudinal wave,
calculating the longitudinal wave velocity by image analysis
based on Fig. 4 is difficult.
The damaged areas in Fig. 4(b) and (c) have relatively large
measured birefringences at #1 (0.250 μs) and #4 (3.476 μs)
because the stress waves that propagate within the test pieces
(longitudinal and transverse waves) are concentrated around
the damage and are measured as birefringence. Longitudinal
waves should be able to detect more minute damage because a
larger birefringence is generated as longitudinal waves propagate. In addition, measurements prior to LA excitation (#0 in
Fig. 4(b) and (c)) indicate that the birefringence measured
around the damage is similar to the birefringence measured
in other areas, suggesting that the measured birefringence
plays an important role in damage detection. These results
demonstrate that this system can detect damage in transparent
materials in a very short timeframe of several microseconds.
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