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We have demonstrated for the first time, to the best of our knowledge, the use of Optical Coherence Tomography
(OCT) as an analytical tool for non-destructively characterizing the individual paint layer thickness of multiple
layered automotive paints. A graph based segmentation method was used for automatical analysis of the thickness
distribution for the top layers of solid color paints. The thicknesses measured with OCT were in a good agreement
with the optical microscope and ultrasonic techniques that are the current standard in the automobile industry.
Due to its high axial resolution (5.5 pm), the OCT technique was shown to be able to resolve the thickness of
individual paint layers down to 11 pm. With its high lateral resolution (12.4 pm), the OCT system was also able to
measure the cross sectional area of the aluminum flakes in a metallic automotive paint. The range of values
measured was 300 to 1850 pm?. In summary, the proposed OCT is a non-contact high resolution technique that has
the potential for inclusion as part of the quality assurance process in automobile coating.
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However, the numerical fitting method is a computationally
intensive process to accurately extract all eight parameters
(four thicknesses and four refractive indices) from the
measured THz signal. Both the measurement accuracy and the
speed could be significantly improved with prior knowledge
about one or more of the eight unknown parameters.

1. Introduction

The application of paint to a car body is a multi-stage process.
The expensive auto body paint is usually applied in four
coatings (Fig. 1): an electrocoat, a primer, a base coat and
finally a clearcoat. The result of these successive paint layers is
a surface that exhibits complex light interactions, giving the car
a smooth, glossy and, if a metallic base coat, sparkly finish.
More importantly, these paint layers not only provide appealing
colour effects, but also have important functions such as
corrosion prevention and waterproofing. It is hence of great
interest to characterize car paint properties including thickness
and uniformity for the purpose of quality control and quality
assurance.

A number of techniques have been investigated as tools for
the quality assurance of these coatings. In the automobile
industry, the individual paint layer thickness is currently
evaluated by ultrasonic testing method [1]. Ultrasonic testing is
a contact technique and it only measures the thickness on a few
numbers of sampling points. Hence it is short of enough
information to detect localised paint defects and thickness
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distribution. Recently, terahertz (THz) pulsed imaging (TPI) has
been demonstrated as a powerful technique for quantitatively
characterizing individual paint layer thickness distribution and
drying process non-destructively [2, 3, 4]. It has been shown
that both the layer thickness and the refractive index can be
determined by comparing the experimentally measured THz
signal with the numerically simulated waveforms [3, 4].

Figure 1. Schematic of a typical automotive paint sample with
four paint layers including clearcoat, basecoat, primer coat and
electrocoat, which applied on either metallic or composite
substrate.
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Optical coherence tomography (OCT) [5] is another non-
destructive imaging technique that has better performance in
both axial and lateral resolutions. OCT has become a standard
diagnostic instrument in ophthalmological diagnosis [6].
Recently OCT has also found uses in many non-medical fields
[7], including thickness measurement of paper [8], fluttering
foils [9], and pharmaceutical tablet coating [10, 11]. In this
paper, we demonstrate for the first time that the spectral
domain OCT (SD-OCT) [12] can be used to assess the top two
layers of real-world automotive paints. While OCT has already
been demonstrated as an effective tool for imaging paint layers
and underdrawings of museum paintings [13-16], the complex
and unknown structure of these objects generally requires
skilled human qualitative assessment input to interpret. The
application of OCT to quality control for automotive paints is
quite different in the required output. The system needs to
automatically return quantitative paint layers structural
information. To achieve this automatic output, in this paper we
firstly apply image segmentation to quantitatively evaluate not
only the overall paint layers thickness but also the thickness
distribution and uniformity of the whole area under
measurement. Secondly we use thresholding to recover the
locations and sizes of metallic flakes within a paint layer. Owing
to the relative shorter wavelength and broadband nature of the
light source, SD-OCT shows to be able to measure with high
precision the layer thickness of the top paint layers in the range
from 11 um to 100 pm without any numerically fitting method.
Great consistency is shown between the results of SD-OCT
measurements and two other reference techniques, ultrasonic
testing and optical microscope. Moreover, the density (number
of flakes per unit area) and dimensions of aluminium flakes in
the basecoat layer of a metallic coloured paint sample are also
determined using the SD-OCT system. These are the most
important parameters for the sparkle effect of the automotive
paints, which are not able to be determined by any other active
industry benchmarks techniques.

2. Method and Materials

A. SD-OCT system and performance

All OCT measurements presented in this paper were performed
by an in-house SD-OCT system [17]. Fig. 2 shows its schematic
diagram. A superluminescent diode light source (EXLOAS
EXS210040-01) was used. The centre wavelength is 840 nm
and the spectral full width at half maximum (FWHM) is 47 nm.
The collimated light beam was divided into a reference and a
sample beams using a broadband 50:50 beam splitter. Then the
back-scattered light from the sample was collected using an
achromatic lens and the collected light was subsequently
recombined with the back reflected light from the reference
reflector. The resultant spectral interferogram was recorded
using a high-resolution spectrometer (HR2000+, Ocean Optics).

Theoretically the spectral interferogram I(A) between the
sample and reference reflector can be expressed by:
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Figure 2. Schematic diagram of the in-house SD-OCT system. BS:
beam splitter; L1, L2, L3: achromatic lenses; C: collimator; RM:
reference mirror.

where S(A) is the spectral power density of the light source; Rr
and Rn are the reflectivity of the reference reflector and the n-
th sample interface respectively; A is the wavelength and Aznm
and Azn denotes the optical path length difference (OPD)
between sample interfaces n and m, and the reference reflector
and sample interface n, respectively. Eq. (1) contains four terms.
The first two terms are the DC component, which produces a
strong signal at the zero OPD position. The second term is the
auto-correlation between the different interfaces of the sample,
which can produce unwanted image ghosts. The last term,
which contains the desired sample structure information, is the
cross-correlation between the reference reflector and the
sample interfaces. Apart from the cross-correlation term, the
other three terms will contaminate the final OCT cross-
sectional image. In order to minimize the contamination
introduced by the mutual correlation component, the reference
reflected light intensity can be set much stronger than the back-
scattered sample beam (Rr>>Rn). Alternatively, by taking two
separate spectral interferograms with a phase shift of m on the
same sampling point, the DC and mutual correlation
components can be completely removed in their differential
interferogram [18].

The recorded discrete spectral interferogram I(A) is firstly
interpolated into equal wavenumber spacing, I(k). It is then
zero padded before applying a Fast Fourier Transform (FFT)
algorithm to generate the depth profile. Assuming the DC and
auto-correlation terms are removed by the above-mentioned
phase shift method, the OCT depth profile (A-scan) can be
expressed as:

R(z) = DFT{I(k)}
= DFT{S(k)} ®[2$ RR S(zxAz,)] (2)

where ® stands for convolution and & stands for Kroneka
Delta function. The theoretical axial resolution is determined by
the FWHM of the axial point spread function (PSF), which is
given by Fourier transforming of the power spectral density of
the light source. To experimentally measure the axial resolution,
we took the FWHM of the main peak in the depth profiles. The



blue curve in Fig. 3 (a) shows the spectral interferogram
between a glass plate and a reference reflector. After the data
interpolation, zero padding and FFT, the depth profile is
generated and shown by the blue waveform in Fig. 3(b). The
sharp cut off of the spectrum at 800 nm due to the range of the
spectrometer used introduces additional ringing (side lobe)
artefacts. These are removed by applying a Tukey window
before the FFT. The red waveform shown in Fig.3 (b) is the OCT
depth profile generated by first applying a Tukey window
function on the original measurement spectral interferogram.
The window function has no significant effect on the axial
resolution but reduces the side lobes significantly. The axial
resolution determined by the FWHM of the main peak in the
depth profile is 5.5 pm in air which is significantly better than
the typical value for TPI (30 um) method.
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Figure 3. (a)Blue - spectral interferogram between glass and
reference mirror. Red - tukey window function applied on the
spectral interferogram to reduce the side lobes in the depth
profile. (b) Depth profiles extracted from the original (blue) and
windowed (red) spectral interferogram.

In order to determine the lateral resolution of the SD-OCT
system, the USAF 1951 resolution target (Thorlabs, Germany)
was scanned. As shown in Fig. 4, the smallest bars that the SD-
OCT system cannot resolve on the resolution target are the 3rd
elements of the 6th bar group. This corresponds to a lateral
resolution of about 12.4 um.
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Figure 4. The (a) OCT enface image of the 2nd and 3rd elements

in the sixth bar group of (b) USAF 1951 resolution target
measured by the SD-OCT system.

_6
=,

s=l

B. Automobile paint samples

In this study, automotive paint samples with four different
basecoats were measured. The first three sets are solid colour
automotive samples with white, black and onyx basecoats
respectively. These three paint samples are non-metallic. The
fourth set of paint sample is a silver metallic colour sample,
which has sparkle effect due to aluminium flakes in the
basecoat layer. Each set consists of two individual paint
samples. One applied on metal substrate and the other one
applied on carbon fibre composite material substrate that is
increasingly being used in the automobile industry due to its
stiffness and lightweight nature. As shown in Fig. 1, all of these
samples were prepared with four layers to be representative of
real-world automotive paint layer structures. The individual
thickness of each paint layer is typically ranges from 10 um to
100 pm depending on different function of each layer. The total
thickness of all the four layers is in the range from 170 um to
240 pm.

3. Results and Discussion

A. Solid colour paint samples

In each experiment, the OCT took one B-scan consists of 200 A-
scans over a lateral range of 1 mm. Hence the distance between
each A-Scan is 5 pm. Fig. 5 shows the typical cross-sectional
images of the solid colour samples.

The light penetration depth in the sample depends on the
scattering and absorption properties of different layers. For all
samples the transparent clearcoat can be seen in their cross-
sectional image due to the low scattering and low absorption of
this pigment free paint layer. For the black and onyx basecoat
samples shown in Fig. 5(a) and Fig. 5(b), the basecoats appear
almost as transparent as their clearcoats. The absorption and
scattering of the NIR light by these pigmented basecoat layers
are not sufficient to stop the OCT from being able to see
through them. Below the basecoat layers, the highly absorbing
primer coat absorbs most of the incident light, hence neither of
the primer coat nor electrocoat could be resolved by the OCT
system in this wavelength region (850 nm). The cross-sectional
image of the white basecoat sample shown in Fig. 5(c)
demonstrates that it has a transparent clearcoat layer as well.
However, different from the black and onyx samples, the
strongly multiple scattering property of the titanium dioxide in
the white basecoat limits the penetration depth of the incident
light [19]. Light entering this layer is scattered many times
within a short distance, meaning no structure underneath it can
be resolved. So far, for non-metallic paints, this only appears to
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Figure 5. OCT cross-sectional images of automotive paint samples with (a) black, (b) onyx, (c) white basecoat. Averaged depth profile

of automotive paint samples with (d) black, (e) onyx, and (f) white basecoat.

1 - surface; 2 - clearcoat/basecoat interface; 3 -

basecoat/primer coat interface. All the solid colour samples have transparent clearcoat. The basecoat of black and onyx samples are

transparent as well but the white basecoat is

cloudy due to the strongly

scattering of the titanium dioxide.

be an issue with white or near white basecoats with high
titanium dioxide content. One method of increasing penetration
in the white and highly reflective base coats is to select a
wavelength of light where these are more transparent. Recently
both the time-domain and Fourier-domain OCT have been
developed that uses 1960 nm infra-red light [20, 21], where
titanium dioxide white paint layers have been shown to be
transparent. [20].

The coating thickness of each paint layer is one of the most
important parameters for characterising the painting quality in
automobile industry. Ideally, the individual coating thickness of
a sampling point can be determined by finding the interface
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peaks in the OCT depth profile. In practice, it is actually difficult
to distinguish the interface peaks with pigment-introduced
peaks in a single OCT depth profile. By averaging the
neighbouring depth profiles of a sample, the interface peaks
will be significantly enhanced as shown in Fig. 5(d) - (f). The
average thickness of each paint layer can be worked out by the
distance between the boundaries of each layer divided by their
refractive indices [3] (1.56 for clearcoat and 1.64 for basecoat)
respectively. However, the averaging of depth profiles/a-scans
loses spatial information useful to access the distribution and
uniformity of an individual paint layer.
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Figure 6. Thickness distribution information of solid colour automotive paint samples. Top raw: black; bottom raw: onyx. (a) (c) (e) (g)
- surface and interfaces of extracted by graphic segmentation; black - surface; pink - interfaces. (b) (d) (f) (h) Thickness distribution

of clearcoat and basecoat.



Table 1. Individual paint thickness (um) measured by SD-OCT, ultrasonic testing and optical microscope

Mean Std Ultrasonic Optical Mean Std Ultrasonic Optical
99.8 1.33 102.4 103.3 20.9 1.71 19.8 20.6
72.3 1.58 74.9 74.4 15.3 1.45 15.2 14.7
44.6 1.81 45.7 45.5 11.8 2.1 11.4 12.2
85.5 1.46 87.4 87.9 15.4 2.43 17.5 18.0
In this study, a graph based segmentation algorithm was (a)
used to detect the position of surface and interfaces on all L
sampling points in an OCT cross-sectional B scan image [22]. E
More specifically, the image is represented as a graph whereas -3
each pixel of the image is regarded as a node of the graph. Now 2
the surface / interface segmentation problem becomes to find ~ S g
the shortest path from the left to the right of the image "oo%?"\ g'
according to an energy functional as defined by the gradient %, =
information of the image. The surface and interfaces will be o?,./ : B icn direction (ktesal) 2
detected one by one by repeatedly applying this segmentation
approach. Hence the coating thickness of all the sampling
points can be worked out rather than an averaging value. As (b)

shown in Fig. 6, the black and pink lines in the images stand for
the extracted surfaces and interfaces respectively. The
clearcoat and basecoat thickness distribution of the solid colour
paint samples were calculated by the distance between the
extracted surface and interfaces and shown in the histograms at
the right hand sides of their corresponding images. The
thinnest resolved basecoat thickness is 11.8 pm. Furthermore,
our OCT method also provides the standard deviations of each
paint layer which can be used to evaluate its uniformity.

In order to validate the OCT measured thickness, two
currently used reference techniques, optical microscope and
ultrasonic (LP501A PELT multi-layer thickness gauge) testing,
were applied independently on the samples to measure the
thickness of individual paint layers. The mean OCT measured
thicknesses, and the optical and ultrasonic measured
thicknesses are listed in Table 1 for comparison. The OCT
measured thickness shows a good agreement with the
reference techniques. The maximum difference between the
OCT measured thickness and the two reference techniques is
less than 3.5 pm.

B.

The effect of sparkly finish of an automotive paint lie on the
dimensions and the orientations of the aluminium flakes in the
metallic basecoat layer. In order to characterise the dimensions
of the aluminium flakes in the metallic basecoat paint samples,
a lateral area of 1 mm x 0.1 mm scanned with the OCT. As
shown in Fig. 7 (a), ten B-scans were taken in this area and the
distance between each B-scan was 10 um. For each B-scan, OCT
measured 200 spectral interferograms (A-Scans) covering a
length of 1 mm that is the same as the solid basecoat samples.
Fig. 7(b) shows the cross-sectional image generated from one of
the measured B-scan data sets. As discussed above, the
clearcoat is transparent. In the basecoat, there are high
intensity reflections from the aluminium flakes. This high
reflectance causes an image artefact, due to the multiple
reflections between the flakes and surface of the clearcoat, to be
visible under the basecoat in the cross-sectional image. Fig. 7(c)
shows the peak intensity map of the
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Figure 7 (a) OCT scanning scheme for the metallic basecoat
paint sample. (b) OCT cross-sectional image. (c) 2-D peak
intensity map of the metallic basecoat. (d) Fifteen selected
aluminium flakes by thresholding.

basecoat. High intensity corresponds to reflection from flakes.
In order to determine the boundary of the aluminium flakes,
the simplest image method, namely thresholding, was applied
on the intensity map. The thresholding parameter used in this
work is an empirical value. Pixels located at the boundaries of
clearly distinguished flakes were manually selected. The mean
intensity of these boundary pixels was subsequently used as
the thresholding parameter. After thresholding, 15 flakes were
detected and are shown in Fig. 7(d). By counting the pixels for
selected flakes, the biggest flake in the area contains 37 pixels



that equivalent to 1850 um?2 and the smallest one contains 6
pixels equivalent to 300 pm2. The mean area for the flakes is
930 um2. Therefore the OCT technique reported here may
provide an unique way for determining the size and orientation
of the metal flakes within the automobile coatings. To the best
of our knowledge, there is currently no other techniques
capable of doing this.

4, Conclusion

Firstly, SD-OCT is a new method to measure the upper layer
thicknesses of automobile paints. The thickness of the clearcoat
is always resolvable. For non-metallic and non-white samples
the thickness of the basecoat is also resolvable. The range of
layer thicknesses resolved was 11.8 to 100 pum. The OCT
thickness measurements were consistent with those measured
by ultrasound and optical microscopy. Furthermore, because of
its high spatial resolution OCT is able to provide the thickness
distribution and uniformity information for each individual
layers of the car paints.

Automobile coating quality assurance is a new application for
OCT. The technique has benefits over current methods, such as
being non-contact and providing far more spatial information.
It may also complement other new methods, such as Terahertz
imaging.
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