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Abstract

and repeatable way.

of coatings from hyperspectral imaging data.

Background: Hyperspectral imaging is a technique that enables the mapping of spectral signatures across a
surface. It is most commonly used for surface chemical mapping in fields as diverse as satellite remote sensing,
biomedical imaging and heritage science. Existing models, such as the Kubelka-Munk theory and the Lambert-Beer
law also relate layer thickness with absorption, and in the case of the Kubelka-Munk theory scattering, however
they are not able to fully describe the complex behavior of the light-layer interaction.

Methods: This paper describes a new approach for hyperspectral imaging, the mapping of coating surface
thickness using a coefficient-independent scattering model. The approach taken in this paper is to model the
absorption and scattering behavior using a developed coefficient-independent model, calibrated using reference
sample thickness measurements performed with optical coherence tomography.

Results: The results show that this new model, by considering the spectral variation that can be recorded by the
hyperspectral imaging camera, is able to measure coatings of 250 um thickness with an accuracy of 11 um in a fast

Conclusions: The new coefficient-independent scattering model presented can successfully measure the thickness

Keywords: Absorption, Scattering, Coating thickness measurement, Hyperspectral imaging, Quantitative imaging

Background

Non-destructive evaluation and metrology of engineer-
ing and natural materials are of interest and a challenge
in many industry sectors, including engineering, manu-
facturing, biomedical, cultural heritage and research. In
the paints and coatings industry, layers of paints and
coatings, with a typical thickness in the range of micro-
meters to millimeters, are applied to substrates of differ-
ent materials. In some cases, multiple layers are applied
either with different material properties, or to facilitate
the drying process when applying a thick coating. It is of
interest both directly after application and for in-situ
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assessment of cracks and delaminations to measure the
coating layer thickness, to confirm the application
procedure and to decide when repainting is needed.
Techniques for structural and thickness measurements of
paints and coatings can be classified as point measurement
or field measurement. Point measurement techniques
include destructive sampling and inspection under a
microscope, ultrasonic techniques based on pulse-echo ul-
trasonics [1], spectroscopic ellipsometry and low-coherence
interferometry [2]. Field measurement techniques include
digital holographic techniques [3], spectral reflectance op-
tical coherence tomography [4, 5] and other scanning probe
setups. The point measurement techniques provide limited
spatial information and the field techniques are typically
slow and introduce challenges in scanning and automation.
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Hyperspectral imaging is a remote-sensing technique
used to obtain spectral reflectance information about ma-
terials from large scale surface areas of square-kilometers
to small surfaces of square-millimeter area [6]. It is used
in multiple application fields, including medicine [7-9],
remote sensing [10], agriculture [11], engineering [12] and
cultural heritage [6, 13]. Although the range of research
fields in which hyperspectral imaging has been applied is
vast, the existence of a quantitative hyperspectral imaging
approach able to provide thickness information of thin
layers could offer new applications beyond the aforemen-
tioned fields [14].

In this work we propose a new method of thickness
measurement for semi-transparent coatings, based on
hyperspectral imaging. Initially we investigated the exist-
ing absorption model of Lambert-Beer (LB) and the
absorption-scattering model of Kubelka-Munk (KM). Fur-
ther investigation of the spectral properties of the coating
led to the development of the coefficient-independent (CI)
approach presented in this paper, which we have bench-
marked against the LB and KM models experimentally.

Theory

This theory section, first describes the theory of hyper-
spectral imaging, then presents the Lambert-Beer and
Kubelka-Munk models. It then describes the theory of
our new coefficient-independent approach.

Hyperspectral imaging

Hyperspectral imaging (HSI) is an optical technique that is
mostly used to obtain compositional information about the
surface of a sample [6]. In its most simple form, this tech-
nique records the light spectrum from a beam reflected
from or scattered by a sample using a spectrometer [15],
across a surface by using a two-dimensional spatial scan-
ner. Since the recorded reflectance and scattering informa-
tion of light at a certain frequency can be related to a
specific energy level and structure of the surface, measure-
ments have the potential to provide very precise informa-
tion about the sample’s surface composition. Based on the
sensor used, the frequency range for this measurement can
vary between the ultraviolet and the infrared range, with
the visible and near infrared light (400-1000 nm) to be
mostly used due to the good availability of silicon based
Sensors.

Other approaches use scanning in the spectral domain
by using interference filters mounted on filter wheels
[16]. Based on the latest advances, hyperspectral imaging
is performed in one full spatial and one full spectral di-
mension (line spectral imaging). The generation of the
3D dataset (called a spectral cube) is achieved by sample
movement along a scanning platform, which is respon-
sible for the second spatial dimension (Imspector from
Specim, Linescan from imec). As a result, the acquired
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spectral cube contains a full spectrum at each image
pixel, that, just like in reflectance spectroscopy, can be
related to the sample’s surface material composition.

Being a combination of reflectance spectroscopy with
digital imaging, hyperspectral imaging contains advan-
tages from both the spectroscopic (i.e. the non-contact
optical non-destructive testing), and the digital imaging
point of view (the various scales of field of view). The
most unique advantage of this technique is the ability to
map quantitatively selected wavelength features on the
examined field of view.

Lambert-beer model
The Lambert-Beer (LB) law is an empirical law for the
attenuation of light, due to absorption and scattering,
reaching the detector, over a specified optical path
length. The Kubelka-Munk model, described below, in-
cludes additional scattering terms, but reduces to the LB
law when the scattering coefficient goes to zero [17].
The sample can be visualized as a two-layered structure,
namely a substrate with a coating on top, where the
main contribution to the measured reflectance is due to
diffuse reflection at the substrate-coating boundary, but
is decreased by attenuation within the coating on top of
the substrate, both before and after reaching the
coating-substrate boundary. This model will be referred
to as the LB model and is shown schematically in Fig. 1.
When performing an hyperspectral imaging scan, the
measured reflectance Ry, at a certain wavelength was
approximated based on the LB law by:

Ry, = Rs‘)\iefkkiéS (1)
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Fig. 1 The LB model assumes incoming light is diffusely scattered
by the substrate (1), after which absorption (2) and further scattering

(3) decreases the amount of reflected light recorded by the detector
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where the measured intensity at wavelength }; is seen as a
multiplication of the reflectance of the light diffusely scat-
tered from the substrate-coating boundary at that specific
wavelength, R, and an exponential term taking into ac-
count the loss of reflectance due to attenuation in the
coating. The amount of absorption per wavelength band is
dependent on the path that the light travels, 8, and what
will be referred to as the extinction coefficient ky, [17].
Due to the geometry of the setup with illumination at a
45° angle, § is equal to (1++V2) times the geometrical
thickness d of the coating layer.

When the extinction coefficient is known, a reference
spectrum of the substrate underneath the coating can be
used to find the thickness of the layer as a function of
wavelength:

1 Ry
d= (RO 1n( 1 /RS_M) (2)

An easy way to determine the extinction coefficient
for a specific coating is by inverting Eq. (1) and using a
known thickness in combination with a known substrate
reflectance spectrum. The thickness can, for example, be
determined using an Optical Coherence Tomography
(OCT) depth scan [18]. OCT is a technique based on low-
coherence interferometry to measure light reflections from
refractive index interfaces and is a suitable technique for
imaging the interfaces in a semi-transparent material and
therefore for measuring coating thickness.

Kubelka-Munk model

One of the most widely used models to describe the op-
tical properties of paint and coating layers, is the
Kubelka-Munk (KM) model. This model is also known
as the two-flux radiative transfer model, referring to the
light fluxes traveling upwards and downwards in the
coating layer [19]. In this model, absorption and scatter-
ing are incorporated as two independent coefficients K
and S. The diffuse reflectance R), at wavelength A; is
related to K and S coefficients and the thickness of the
layer, d, through:

o IRfecb ans) g
AT A b coth(bSd)-Rs ),

where R;), is the diffuse reflectance from the substrate,
a=(S+K)/S and b = (a®-1)'"? for the wavelength ;. Even
though the KM model is frequently used in hyperspec-
tral imaging [20], the applicability of the theory has been
questioned by some [21]. The main reason for question-
ing the applicability of the KM model to a coating on a
substrate is because originally, reflectance in the KM
model was measured using an integrating sphere, ra-
ther than a spectrometer collecting light through an
objective lens.
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A possible way to determine the K and S coefficients
of a certain coating and for all wavelengths is by apply-
ing the coating to two different substrates with known
reflectances and thicknesses and solving Eq. (3) twice for
the two unknown K and S. Once these coefficients are
known, they can be used to determine the thickness of
any layer of which the substrate reflectance is known, as
will be shown in the results section.

Coefficient-independent approach

In order to reach the objective of this paper and perform
large scale coating thickness measurements using hyper-
spectral imaging, a new coefficient-independent model
has been developed. A CI model has benefits over the
KM and LB models, which results in shorter measure-
ment procedures and better fitting to experimental data,
rather than the calculation of different coefficients. Sec-
ondly, this coefficient-independent model fully uses the
abundance of spectral information rather than calculat-
ing the thickness from the reflectance at a single wave-
length. This model was used to address the research
objectives shown in Fig. 2.

The novel CI model does not consider any material op-
tical coefficients and is aimed at linking the unique spec-
tral characteristics of reflected light to coating thickness.
Such characteristics can be established for any coating
and assuming partial transparency at some wavelengths
measured, should be able to measure the coating thick-
ness after calibration. Examples of such behavioral charac-
teristics are: the wavelength where a certain thickness
coating becomes transparent, the wavelength where a cer-
tain thickness coating does not fully absorb the incoming
light anymore, and the rate of change in absorbance over
a certain wavelength range. These characteristics are
shown in Fig. 3, where the slope in a certain wavelength
range is shown to be thickness dependent. This model will

Hyperspectral
imaging
Can measure
absorption and
Scattering in a large
area (cm?2), but needs
theoretical model with
calibration to obtain
coating thickness
information.

Can measure coating
thickness, but only
in a slow way and

in a small area
(mm?2).

Requires knowledge

of the refractive index

of a material.

Combination of the two techniques
Calibrate theoretical models using OCT to allow for
thickness measurements from hyperspectral imaging data.

Fig. 2 When combining OCT and hyperspectral imaging, theoretical
models can be calibrated in order to calculate the thickness of a

coating in a larger area
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thin layer
spectrum

reflectance

thick layer
spectrum

wavelength (nm)

Fig. 3 The spectrum from a thicker layer of coating becomes
transparent at a different wavelength and reaches a different maximum
reflectance. These characteristics, and most specifically the slope in a
certain wavelength range, can be used to link a spectrum to its
corresponding coating thickness

be referred to as the coefficient-independent model and
the data-processing results of this model will be compared
with the LB and KM models.

For any semi-transparent coating, an empirical linear re-
lation can be established between coating thickness and
the slope of the reflectance in a particular wavelength
range. Again, the influence of the combined scattering
and absorption can be assumed to be exponential and the
measured reflectance R to depend on substrate reflectance
Rg and on a function a(\):

R — Rse*a()\) 3 (4)

which would make the derivative with respect to
wavelength:

dR _ dRs d(x()\) —a(A) &
oY (K RO ) ®)

If Rg is constant for small wavelength ranges and the
exponential approaches 1, meaning that the absorption is
low, it can be seen that c{jTR is directly dependent on the
distance that the light travels in the material, namely .
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Experimental setup

Hyperspectral imaging

The hysperspectral imaging setup used in this study con-
sisted of an IMSPECTOR V10E (Specim®) spectral camera,
operating in the 400—1000 nm range. It has a camera with
1312 by 1082 pixels and a frame rate of 108 fps. The optical
bandwidth is 2.73 nm. The visible range was selected due
to the main absorption characteristics of the studied coat-
ing layers which is within the range of 400-1000 nm.

The setup is shown in Fig. 4. Samples were scanned
with a Specim Labscanner automated scanning platform,
which can scan an area of 200 by 65 mm in 1 s. The
spatial resolution achieved is 0.2 by 0.6 mm. The geom-
etry of the setup was such that the recording of specular
reflections was minimized, by placing the light source
under a 45-degree angle with respect to the surface
plane. Adjusting the lens of the system changed the total
length of one 2D measurement; the speed of the scan-
ning platform, the frame rate and the number of frames
acquired defined the total size of the scanned area. Only
the 450-950 nm range provided results with a good
signal to noise ratio (SNR) and this range will therefore
be used in this research.

Post-processing of hyperspectral imaging data involved
normalization at every wavelength using a white reference
image acquired from a diffuse Spectralon reflectance tar-
get (SRT-MS-050, Laser2000) and a dark reference image
obtained with a closed shutter. The dark reference image
was first subtracted from both the white reference and the
actual measurement at each wavelength in order to cor-
rect for thermal dark current [6]. Next, the resulting data
set was divided by the white reference in order to correct
for illumination and gain variations across the detector
and to obtain the reflectance. The final data processing
step was aimed at linking spectral information to the
thickness of the coating layer. For this purpose, three dif-
ferent theoretical models were tested and will be discussed
in a later section.

Spectrometer
(400-1000 nm)

Source

Specular
Reflection
Scanning 7

Platform (V

Fig. 4 Hyperspectral imaging is used to obtain spectral information at every x-y position. This spectral information contains chemical information
about a material due to the unique interaction between the light and the material
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Fig. 5 Schematic design of OCT based on a
Michelson interferometer

OCT system for thickness calibration

As shown in Fig. 5, a customized OCT system was built
by using a superluminescent diode (FESL-1550-20-BTF,
Frankfurt Laser Company) centered at 1550 nm with a
full width at half maximum of 60 nm, resulting in an
11 pum theoretical axial resolution inside the coating
layer (considering a refractive index of 1.5). The spot size
is 20 pm diameter. Depth-scanning for OCT was realized
by the means of an optical delay line (ODL-650,MC, OZ
Optics, Ltd). Lateral scanning of a sample with an x-y
translation stage (T-LS28M, Zaber Inc., Canada) allowed
for a 28 mm scanning range in two directions. Obtained
data were bandpass filtered and an envelope detector was
used to recover the depth dependent signal [22].

Sample preparation

In order to test the coefficient-independent model as well
as compare it to the existing KM and LB models, samples
of a coating on different substrates were prepared. The
coating selected in this research was a film-forming
low-gloss wood lacquer for outdoors (Transparant zij-
deglanslak voor buiten, Wijzonol Bouwverven B.V.).
This coating was selected because it is semi-transparent
and is a commonly used wood coating, making it a suit-
able coating to visualize with OCT and hyperspectral im-
aging. This spruce-colored coating is based on organic
solvent with an alkyd binder and applied using a brush.
The samples that were prepared are:

1) Coating on a very flat and reflective silicon wafer to be
able to determine the refractive index of the coating.

2) Different thickness coatings applied to thin cover
glasses in order to be able to determine the K and S
coefficients from the KM-model and the extinction
coefficient from the LB model. In order to measure
the coefficients, these cover glasses were placed on a
black-and-white checkerboard, as described below.
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3) One to four layers of the coating were applied to a
Medium-Density Fibreboard (MDF) plate covered
with acrylic gesso. This reflective non-absorbing
background serves as a reference for assessing the
performance of the models.

It should be noted that the aim of this paper is to
show the general feasibility of the proposed model
rather than the applicability to a specific coating.
Based on our model, pigmented and less transparent
coatings can also be measured, as long as they
become transparent within the wavelength
sensitivity range of the sensor. For the scope of this
paper, we only focused on the analysis on the
aforementioned samples.

Methods

Calibration and measurement procedure

The calibration procedure was used to establish the model
coefficients for the LB, KM and CI models. The main steps
of the calibration procedure are described below (a-f):

Step (a): Determine the refractive index of the coating
by measuring the optical thickness of a coating
reference of known thickness with OCT. Determining
optical thicknesses of coating layer from an OCT
linescan can be done in a straight-forward way by
comparing the optical distance between the first and
second reflection peaks. These peaks can be located by
using Gaussian fitting, considering the Gaussian light
source used in the OCT system. The refractive
index is then determined from the ratio of the
optical thickness and physical thickness of the
coating. This physical thickness can be determined in
multiple ways, for example from a cross-sectional
OCT profile scan, as shown later in Fig. 6a.

Step (b)Perform a thickness profile of a coating
reference sample of varying coating thickness
using OCT. By translating the scanning probe
laterally and scanning a depth line at each lateral
location, a cross-sectional profile can be acquired.
In the same way as indicated in step (a), the op-
tical thickness of a coating at different locations
can be measured and thus converted into a geo-
metrical thickness using the calculated coating re-
fractive index. This geometrical thickness profile
can then be used as a reference for calculating
the coefficients for each model.

Step (c): Perform a hyperspectral imaging scan of the
coating reference sample with varying coating thickness
in order to confirm the roles of both scattering and
absorption in the light-matter interaction. Samples are
placed on the scanning platform of the hyperspectral
imaging system, which is optimized based on the
selected field of view and focused. The scanning stage
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Fig. 6 a) By determining the optical and geometrical thickness (do
and dg) using OCT on a strip of coating on silicon wafer, its
refractive index n can be determined. The optical thickness is
700 pum for a 1.5 ¢cm linescan. An OCT linescan (b) of partially coated
gesso shows that the difference in refractive index between coating

and air disturbs the image. By correcting for the refractive index (c),
the geometrical thickness can be plotted

parameters are set based on the scanning speed (mm/s)
and the maximum number of line scans to be acquired.
If the obtained spectra show influence from both
scattering and absorption in the coating, the theory

on the KM and LB models can be applied.

Step (d):Calculate the LB parameters Rq ), and k) for
each hyperspectral wavelength. In order to be able
to assess the results generated with the coefficient-
independent model, a comparison with the known
KM and LB models will be made, for which a
calculation of the different coefficients is required.
The required coefficients for the LB model can be
calculated as described in the theoretical section. The
thickness of the coating layers for these calculations is
provided by OCT as described in (b). Since there are
no reference coefficients available for any of the
models and coatings, assessing the validity of the
obtained coefficients was based on pre-determined
criteria. First of all, the differences in the coefficients
obtained from different thickness layers should be
small, namely in the range of uncertainty in the
calculations of these thicknesses. Secondly, even
though the thickness can be calculated from the
spectrum at any wavelength band, they should all
result in the same value. By inverting Eq. (1) and
Eq. (2) from sections 2.3 and 2.4 respectively, the
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extinction coefficient as well as the Kand S
coefficients can be found.

Step (e): Calculate the KM parameters Rq,, Sy and Ky
for each hyperspectral wavelength. In order to
calculate the KM model coefficients, the known
thickness coating-on-glass samples were placed on a
black-and-white checkerboard sheet. The reflectance
of the white background with coating and glass was
compared with the reflectance of white covered with
glass without coating. The same procedure was
repeated for the black background, as described in
section 2.3. This process was repeated twice for
different thickness layers in order to validate the
obtained coefficients.

Step (f): Calculate the CI parameters Rg), and dRg),/dA
for each hyperspectral wavelength. The aim of
the coefficient-independent model is to find the
thickness of a coating layer without determining
coating-specific coefficients but rather to make
use of the spectral characteristics of different
coating thickness layers.

The calibration steps will be followed by a
comparison of the different models by comparing
the thickness profile of a sample calculated with the
different models to an OCT linescan.

Results and discussion

Performance of the calibration procedure

In step (a), the refractive index of the coating was deter-
mined as 1.506 + 0.014 at 1550 nm, which is an error of
around 1%. This error is acquired by statistical analysis
of the refractive indices measured at different locations
on the coating. This error is consistent with the error in
peak detection. That is half of the sampling interval in a
depth scan, which is 4.8 pm or roughly 1% of the geo-
metrical thickness of the coating.

Step (b). Figure 6 shows a linescan of a layer of coating
on spruce, without correction for the refractive index of
the coating (Fig. 6b) and with correction (Fig. 6¢). From
the corrected data, a thickness profile can be determined
at the line where the scan was made, and the thickness
at a single point can be extracted. This shows the thick-
ness varies between 0 and about 400 pm.

Step (c). Hyperspectral imaging measurements show
that both scattering and absorption play a role in the
interaction between light and coating, as was the assump-
tion at the basis of two of the theoretical models. Figure 7b
shows different obtained spectra for the spruce-colored
coating with the reference black and white substrate
spectra measured on the sample shown in Fig. 7a. The
spectrum of the coating on the white substrate is shown
for two different thickness coating layers, namely 240 and
170 pm coating layers respectively. The small peak around
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620 nm is consistent with noise from the standard fluores-
cent light sources in the lab.

In the 450-580 nm range, the spectra of the coating on
both black and white backgrounds seem to be very similar.
In this range, the measured intensity is even lower than
the measured intensity of the black background, meaning
that the light most likely does not even reach the back-
ground at this point and almost all of the light is absorbed
in the coating layer. Above 580 nm, the background does
seem to have an influence on the measured back-reflected
intensity, as the spectra from the black and white back-
grounds are different. The intensity recorded from the
coating on a white background is clearly lower than the
reflectance from the background only. This indicates
absorption and possibly scattering of light away from the
detector.

Also, for the coating on the black background between
600 and 900 nm, the recorded intensity is higher than
the background reflectance. This could be due to scat-
tering of light in the coating, in the direction of the de-
tector. Lastly, it can be seen that the maximum
reflectance of the recorded spectrum from the coating
on the white background is decreasing with coating

thickness. The influence of absorption and scattering on
reflectance is thus a function of thickness. In conclusion,
absorption and scattering do seem to play an important
role in the light-coating interaction and their influence
varies with wavelength and thickness.

Steps (d) and (e): see Fig. 8a and b. The wavelengths from
450 to 600 nm are not suitable for use by either model. In
the case of the LB model in Fig. 8a, different thickness coat-
ing layers in this region amount to different calculated ex-
tinction coefficients; therefore, applying each extinction
coefficient to an obtained hyperspectral imaging spectrum
will result in different obtained thicknesses. In addition to
that, the KM model coefficients could not be solved in that
same spectral range, as seen in Fig. 8b. For both models,
this is probably because there is very high absorption in this
region; the exponential function will turn reflectances tend-
ing to zero into LB model coefficients going to infinity and
the solutions when solving for the K and S coefficients of
the KM model will not be stable.

In both models, different thickness coating layers
lead to slightly different obtained coefficient values,
with differences in the order of 1.3% (K coefficient),
6.7% (S coefficient) and 6.0% (extinction coefficient).

a

—k calculated from thick layer
k calculated from thinner layer

15000
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coefficient value (m‘l)

500 600 700 800
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Fig. 8 The extinction coefficient (a) calculated from the LB model is not the same when calculated for different thickness samples in the
450-600 nm range, therefore this part of the spectrum is not useful when calculating the thickness from the LB model. The K and S
coefficients (b) from 600 to 950 nm are very similar when calculated from different thickness layers
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These differences could still be explained by wrongful
determination of either one or both of the thicknesses of
2% on top of a 6% error of linking the thickness infor-
mation from the OCT line scan to the hyperspectral im-
aging 2D image. However, this 6% error is not an error
of the technique. This error can be reduced when either
the special variation of thickness of the coating layer is
reduced or by improving the accuracy of the spatial cor-
relation between the OCT and HSI data from its current
value of £0.5 mm.

Step (f). When plotting the spectra of different thickness
layers, it can be seen in Fig. 9a that the wavelength, at
which the reflectance of a particular thickness layer starts
to increase significantly, is thickness-dependent. This is
most likely related to the relationship between wavelength
and the penetration of light into the coating layer. Shorter
wavelengths penetrate less deeply into the coating layer,
while longer wavelengths reach deeper. In the case of thin
layers, shorter wavelengths can reach through the coating
layer to the reflective substrate, while for thicker layers
this can only happen at longer wavelengths.

As a result of the difference in wavelength at which the
coating becomes partially transparent as well as the differ-
ence in maximum reflectance, the slope of a spectrum is a
good starting point for the coefficient-independent model.
A plot of the slope of all spectra, as shown in Fig. 9b, con-
firms that both the maximum value of the slope as well as
the wavelength at which this maximum slope value oc-
curs, is different for different coating thicknesses. This is
most likely related to the concept described in section 3.1,
namely that the derivative of an exponential function de-
pending on the thickness has a linear relationship locally
with the thickness. Especially the 560-580 nm wavelength
range is suitable for linking slope to thickness. Figure 10
shows the linearity when the thickness is plotted against
the average slope in the 560-580 nm wavelength range
(Fig. 10a), against the wavelength band where the max-
imum slope occurs (Fig. 10b) and the value of the slope at
that maximum (Fig. 10c). By performing the same steps
on any spectrum, the linear trendline can relate slope,
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maximum slope or wavelength at maximum slope to coat-
ing thickness. It can be seen from Fig. 10a that the max-
imum thickness that can be measured in this way, will not
exceed 230 pm. Dividing the maximum slope value by the
wavelength range at which this maximum occurs, may in-
crease the upper limit to a thickness determination to
more than 250 pum, as seen in Fig. 10d. Theoretically, the
minimum thickness that can be measured in this way is
related to the axial resolution of the OCT setup, 11 pm.
The actual resolution is difficult to estimate.

The linear relationships shown in Fig. 10 can be used
to determine the thickness of a coating layer in a
centimeter-by-centimeter area. When the same charac-
teristic are determined for any spectrum as the charac-
teristics used to create the plots in Fig. 10, the resulting
value can be linked to a corresponding thickness using
the linear trend line.

This is shown in Fig. 11. The method provides results
for two different linear relations, namely the relationship
between thickness and slope in the 560-580 nm range
and ratio between the maximum of the slope and the
wavelength at that maximum slope. In this way, a thick-
ness plot is made of a coated area.

Comparison of results of KM and LB models
In order to be able to assess the results generated with the
coefficient-independent model, a comparison with the
known KM and LB models will be made. As shown in the
previous section, modeling the thickness of a layer of coat-
ing using the obtained coefficients shows that both the
KM and LB models succeed in finding realistic and similar
coating thicknesses, but only at certain wavelengths. A
first step in assessing the validity of the obtained outcomes
is therefore whether different wavelength components give
similar results. This was done at the 600-950 nm range as
the 450-600 nm had proven to be unsuitable in section
4.3. Figure 12 shows the calculated thicknesses of a thick
and a thin coating area of coating using both models.

The LB model produces results that vary by 23.3 pm in
thickness for the thick layer between 600 nm and 950 nm

0.6 a

reflectance

= thinnest (40 pym)
= = =thin (100 pm)
middle (140 pm)
—— thicker (170 pm)
= = = thickest (200 um)

500 600 700 800 900
wavelength (nm)

Fig. 9 (a) Five obtained spectra for different thickness layers show that the thickness is a determining factor for measured reflectance. The slopes
of these spectra (b) show that in the 500-650 nm range, both the maximum slope and its corresponding wavelength are thickness dependent

104107 b

—— thinnest (40 um)
= = =thin (100 pm)
middle (140 pm)
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value of slope of spectrum
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Fig. 10 Linear relations can be found between thickness and certain spectrum characteristics. This holds for thickness plotted against average
slope in the 560-580 nm range (a), against the wavelength where a peak in slope occurs (b) and the value of this peak in slope (c). In order to
extend the dynamic range of thickness measurement, plots b and ¢ can be divided to obtain (d), where the maximum thickness that can be
measured is larger than 250 um

Fig. 11 Two regions in (a) are used to test the success of using the average slope in the 560-580 nm range (b and d) and the ratio between
maximum slope value and the wavelength at this maximum (c and e). All thickness maps are very similar, but the map created from the
maximum slope divided by the wavelength at this maximum is coarser. The thickness of all plots is given in um
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and 11.3 pm for the thin layer, so 9.6% and 14.4% of the
mean thicknesses respectively. In the case of the KM
model, the variation is slightly larger, namely increases of
40.6 um and 19.9 um for the thick and thin layers, 17.3%
and 28.5% percent of the mean thickness respectively.

Wavelength-dependent variations in the calculated
thickness may be expected because both models make a
number of simplifications. First of all, losses in reflect-
ance between uncoated and coating substrate due to the
specular reflections from the air-coating interface are
ignored. Since the refractive index of the coating layer is
wavelength dependent, this may induce a wavelength-
dependent error. Secondly, since the air-coating interface
is not perfectly flat, a wavelength-dependent scattering
from this interface may scatter more or less incoming
light in the direction of the detector. Improving this
could be done by adding a certain percentage of the
specular reflection into account, depending on the sur-
face roughness. Either way, these results show that the
hyperspectral-nature of the dataset becomes a disadvan-
tage rather than an asset in the KM and LB models.

Accuracy of the coating thickness measurement using the
LB, KM and Cl methods

In order to be able to check whether one of the models
is able to obtain the “true” coating thickness, the

calculated thicknesses are compared with the geomet-
rical thickness at that point calculated from the optical
thickness obtained with OCT. At a single line in a
hyperspectral imaging dataset, the different models com-
bining hyperspectral imaging with OCT were applied.
An OCT linescan was performed at the same location,
see Fig. 13.

It can be seen that the coating-independent model in
the two configurations also shown in Fig. 13 is most suc-
cessful in finding coating thickness values close to that
OCT reference value than the KM and LB models. The
fact that no calculation of coefficients is needed makes
this technique easier to implement and adapt to any
coating based on coating-specific spectral features. A
calibration is still required, but this calibration can be
done without preparing an additional sample.

Discussion

The results from the KM model show that it may not be
the best model for determining coating thickness for this
particular coating. The obtained thickness is not
wavelength-independent and also not as close to the real
thickness as the coating-independent model. A possible
explanation may be the fact that the original KM calcu-
lations were performed with a setup with an integrating
sphere rather than a hyperspectral imaging setup as used
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Fig. 13 When comparing the different models to the OCT reference measurement, the coefficient-independent model is most successful. The LB
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in this research. In addition to that, the spectra of the
coating show that absorption plays a larger role than
scattering, while scattering media will result in more
diffuse illumination, therefore better meeting the original
conditions under which the model was developed.
Lastly, the need to prepare separate samples with coat-
ing on glass excludes unknown or new coatings already
applied to a substrate and induces the possibility for
additional errors as well as results in extra computation
and measurement time. Reference thickness measure-
ments still need to be performed for the new coefficient-
independent model, but these can be done locally using
OCT, after which a thickness in a large area can be
determined. Other adaptations of the KM model have
been proposed in literature but not all of these have
been tested. The most general KM model has been used
and described here and a comparison with the other
versions is beyond the scope of this paper.

The LB model is less wavelength-dependent than the KM
model, but the agreement with the thicknesses measure-
ments made with OCT is worse than the KM model. This
may be a result of the simplification adopted in the model,
namely that scattering only results in less light reaching the
detector rather than more. The LB model also requires a
calibration measurement under the condition that the sub-
strate material for calibration is sufficiently scattering rather
than absorbing the incoming light. This may offer an ad-
vantage with respect to the KM model: if the substrate
material of the sample under investigation is sufficiently
scattering, there is no need to prepare reference samples on
glass to calculate the extinction coefficient. A last problem
with the LB model is that it was originally developed for
measuring light transmitted through a material. In this case,
the light is assumed to travel through a coating layer twice
after it is scattered from a substrate, which is a much more
complicated situation that may not be modeled in such a
simplified way as shown in Fig. 1.

Hyperspectral imaging is also a promising technique
for monitoring coating quality over a period of ageing,
as changes in spectral characteristics may be early indi-
cators of damages to a coating or the substrate under-
neath. An additional advantage of using a coating-
independent model during an ageing process is that such
a model will not be affected by these changes in the
spectral characteristics. The model can easily be adjusted
by re-calibrating the model using a small number of
OCT point-measurements or an OCT line scan. In the
case of the KM model, recalculating the K and S coeffi-
cients would require samples on glass that have been
aged equally as long as the coating that is under investi-
gation — this is not very realistic.

Future work will be aimed at elaborating on the current
methodology of single coating layers on more complicated
background materials. In case of a more complicated

Page 11 of 12

stratigraphy, other techniques such as spectral unmixing
could be applied, but this is beyond the scope of this paper.

Conclusions

Hyperspectral imaging can become an excellent tool to ob-
tain thickness information of thin layers remotely and in
large areas. HSI spectra are coating thickness dependent
and both scattering and absorption can be seen to play a
role in the interaction between incoming light and coating
layer. Models based on Lambert-Beer law or Kubelka-
Munk theory are therefore logical choices for determining
coating thickness, yet not perfectly suited for the coating
layer used in this study. The Lambert-Beer law is built
around absorption and scattering away from the detector,
whereas the Kubelka-Munk model is mainly developed for
scattering materials and not highly absorbing materials. In
addition to that, these models require the determination of
coating-specific coefficients and are therefore less easy to
implement, more calculation intensive and more sensitive
to errors. Both theories fail to model coating thickness with
high accuracy from OCT-calibrated extinction, absorption
and scattering coefficients.

Developing a coefficient-independent model based on
the spectral characteristics of a coating is the most suc-
cessful way to obtain thickness information from hyper-
spectral imaging data using calibration from OCT
measurements. Unique thickness-dependent characteris-
tics, such as the slope of the spectral curve, the coating
thickness of any spectrum can be determined. A com-
parison with an OCT measurement has shown that this
HSI method can most accurately predict coating thick-
ness on gesso. In addition to that, it is easy to implement
and to adjust based on the characteristics of a particular
sample.
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