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ABSTRACT: Sparkle in surface coatings is a property of mirror-like pigment particles
that consists of remarkable bright spots over a darker surround under unidirectional
illumination. We developed a novel nondestructive method to characterize sparkles based
on the multispectral imaging technique, and we focused on automotive metallic coat-
ings containing aluminum flake pigments. Multispectral imaging was done in the visible
spectrum at different illumination angles around the test sample. Reflectance spectra at
different spatial positions were mapped to color coordinates and visualized in different
color spaces. Spectral analysis shows that sparkles exhibit higher reflectance spectra
and narrower bandwidths. Colorimetric analysis indicates that sparkles present higher
lightness values and are far apart from the bulk of color coordinates spanned by the
surround. A box-counting procedure was applied to examine the fractal organization
of color coordinates in the CIE 1976 L*a*b* color space. A characteristic noninteger
exponent was found at each illumination position. The exponent was independent of the
illuminant spectra. Together, these results demonstrate that sparkles are extreme deviations relative to the surround and that their
spectral properties can be described as fractal patterns within the color space. Multispectral reflectance imaging provides a
powerful, noninvasive method for spectral identification and classification of sparkles from metal flake pigments on the micron
scale.
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■ INTRODUCTION

Sparkles in surface materials are tiny bright spots of reflected
light from plate-shaped particles often observed over a darker
surround under unidirectional illumination (e.g., direct sun-
light).1−5 In manufactured goods, sparkles are usually found in
toothpastes, cosmetics, pearlescent and metallic coatings, and
others;1−4,6 they sparkle like many materials in nature, such
those arising from diamonds, gems, snowflakes, sands, and so
forth.5 Protective metallic coatings are widely used in industry,
and they enhance the visual impression of objects by mimicking
the appearance of metals. Metallic finishes incorporate metal
flake pigments parallel to the substrate in a transparent medi-
um. Metal flakes act as mirror-like reflectors on the micron
scale and are responsible for lightness changes as a function of
the viewing angle.6−8 Sparkles are created by those individual
flakes that are non-parallel-oriented in the surrounding medi-
um1,2,6 (also called sparkling, microbrightness, glint impres-
sions, diamonds, and optical roughness).1,3,4,6 Sparkles depend
on the illumination and viewing angle positions as well as the
morphology of flake pigments and their size, density, rheology
additives, paint application method, and so forth.3,4,6 Sparkles
are of great interest as a design tool because they lend a strong
impact by creating subdued and crystal-like textures and
because they enhance the overall color impression in cosmetics,
plastics, household electrical products, packaging, printed
materials, and others.1,2,6,8 Visual test methods3,4,9 have been
used for subjective visual judgments of texture appearances in

metallic coatings. Digital image analyses3,6,9−12 have also been
used for statistical counts of sparkle effects from reflecting
particles. Relatively little attention has been focused on the
spectral and colorimetric properties of sparkles.1−4,6,7,9,13,14

Standard multiangle spectrophotometers cannot be used to
measure sparkles in metallic coatings; they are limited by their
spatial resolution because they often average over spot diam-
eters of very few millimeters and because optical measurements
of individual flake pigments are diluted.1,6,13 Research
on the micro appearance of metallic coatings is crucial for
an accurate description of sparkle effects, which traditional
spectroscopy methods and visual methods using the naked eye
alone cannot judge, as well as other texture aspects (e.g.,
graininess).1,6

Multispectral imaging is a nondestructive technique that
combines both spectroscopic and digital image analysis with
high spatial resolution. Such imaging has found diverse appli-
cations.15,16 Multispectral data are generated as a 3D data cube
or image cube,15 with two spatial dimensions, i.e., the x and y
axes (the size of the digital image), and a third, the spectral axis,
sampled over a discrete number of wavelength intervals.15,16

Multispectral systems can generate thousands of reflectances,
one at each pixel position in the field of view, providing more
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spectral and spatial information than the naked eye or red,
green, and blue (RGB) camera-based systems.14,17 This affords
us an important advantage for the detection and selection of
sparkles with distinct spectral signatures because the entire
reflectance spectra is available at each pixel in the imaged scene.
In the present work, we investigated the spectral and color-

imetric properties of sparkles in metallic coatings using multi-
spectral imaging on the micron scale, and we focused on con-
ventional metallic coatings in automotive finishes containing
aluminum flake pigments. Automotive coatings are probably
one of the most important coating sectors, which include the
latest developments in flake-shaped pigments (also called effect
pigments).6−8 Although researchers have developed various
multispectral systems for the analysis of metallic coatings,14,17

they have not investigated the spectral and colorimetric ana-
lysis of sparkles. The importance of effect pigments in modern
metallic coatings and the complexity of the different industrial
paint application processes demand innovative methods to
measure the dependency between sparkles and their surround
on the microscopic scale. Here, we present a novel method to
characterize sparkles based on their colorimetric properties. We
have examined the reflectance spectra of sparkles in the visible
spectrum at different illumination angle positions, from near to
far from surface normal. Reflectance spectra at different pixels
are transformed to color coordinates in an appropriate 3D per-
ceptual color space that gives a representation of human color
vision.6,14,18,19 Therefore, reflectance spectra at different pixel
positions are specified by only three numbers, or the color
coordinates,18 and the spatial microstructure of paint coatings is
mapped into characteristic color maps.6,14,18 We suggest that
these color maps contain key information to understand the
spectral properties of sparkles relative to their surround. We
assume that color coordinates at each pixel in the multispectral
sensor represent a spatial position in the paint film with a spe-
cific spatial resolution. Some pixels have color coordinates that
are close to the color coordinates of nearby pixels. There are
also pixels that register tiny brighter spots in the paint film,
attributed in part to sparkles, where their color coordinates lie
quite distant from the main aggregate of the colorimetric data.
All of these color coordinates are related to each other because
they are derived from the same paint application process and
should be analyzed together. The fundamental approach is to
measure how the color coordinates at different pixel positions
cover the entire color space. Color maps occupied by metallic
coatings do not usually show a well-defined Euclidean form, but
they are strongly inhomogeneous, exhibiting irregular shapes,
cluster agglomerations, and tree-like patterns in the color
space.14 We assume that each color map can be treated as a
structure in which color coordinates are grouped in the same
way at different scales, i.e., a self-similar structure. It has been
shown that this approach provides a valuable framework to ana-
lyze the fractal colorimetric organization of everyday scenes20,21

and artistic paints.19,22,23 In the present study, we propose a
similar approach in the research of the colorimetric properties
of sparkles in surface coatings. We have applied a box-counting
procedure19,21,22 to examine the fractal colorimetric organ-
ization spanned by the metallic coatings at different illumina-
tion angles. We propose the use of box-counting because it is
one of the most commonly used methods to describe the fractal
dimension of many practical fractals (e.g., the lengths of coasts
and land frontiers, fracture surfaces, agglomeration of aerosols
and colloids, etc.).19,21−25 Furthermore, there are fast computer
algorithms for implementing box-counting using large data sets

embedded in 2D as well as in other dimensional spaces. In box-
counting, all of the boxes, N(r), that intersect with color
coordinates are counted as a function of their box size, r. For
instance, the box size, r, is reduced iteratively, and the total
number of occupied boxes that cover the entire pattern is
counted. If scaling similarity prevails, then the pattern behaves as
a fractal, and the counts should follow a power law, N(r) ≅ r−DB.
The parameter DB is the scaling factor, a unique fractional
number less than the dimension of the embedded Euclidean
space that identifies the space-filling property of the pattern, i.e.,
the box-counting dimension or how rugged or irregular a com-
plex structure is.19,21,24,25 For a large set of fractal objects, the
box-counting dimension, DB, is closely related to their fractal
dimension as measured by the Hausdorff dimension, which is
often more difficult to compute.19,21,22,24,25

■ EXPERIMENTAL SECTION
Material Synthesis. Two different metallic samples from car

coatings were prepared and analyzed. Both metallic coatings are repre-
sentative of automotive original equipment manufacturer (OEM)
paints.8 They are solvent-borne two-layer systems sprayed on steel
anchor panels. They consist of a basecoat, where pigments are dis-
persed in a transparent medium or binder, and a clearcoat, with a
transparent lacquer that provides a high-quality gloss and protection.8

The lacquer and the binder were the same in both metallic samples.
The metallic coatings are complex dispersive media that follow the
standards in automotive OEM coatings.8 The first metallic coating
(metallic blue 1) contains lenticular or silver dollar6−8 aluminum flake
pigments. Silver dollar aluminum flakes have rounded edges and are
very flat. They reflect light by specular reflection and provide lower
scattering at the borders as well as lighter and more brilliant effects
than other types of aluminum pigments.6−8 The particle size distri-
bution of the silver dollar aluminum pigment used has a narrow range
and has a median particle diameter of 16 μm. Aluminum flakes were
mixed with organic indanthrone particles with color index, Pigment
Blue 60, and average particle size less than 1 μm. Blue indanthrone
particles are light-absorption pigments that provide a deep transparent
blue and a weak red and are often used in high-performance OEM
metallic finishes.6−8 The mixture of pigment−aluminum in the color
recipe was 50/50 wt %. The metallic blue paint was uniformly spread
on the anchor panel using the standard pneumatic atomization
method.8 The evaporation of solvents was performed in an oven fol-
lowing a standard procedure used in OEM coatings.8 Solvent evapo-
ration shrinks the coating thickness and is an important mechanism in
metallic finishes to assemble the aluminum flakes parallel to the
substrate.8,12,26 Sparkles were visually noticeable in a clear sky under
direct sunlight as well as in a conventional light booth using a panel
rack.4,6 The second metallic coating (metallic blue 2) was created for
test comparisons with metallic blue 1, and it was intended to simulate
a failure analysis in OEM coatings. Metallic blue 2 has the same
pigment composition and formulation and the paint was uniformly
spread on a panel in the same way as in metallic blue 1. However, film
shrinkage was modified by leaving the panel for more time than
prescribed in OEM coatings.8 Modification of coating film thickness by
excessive solvent evaporation produces physical damage that leads to
color mismatch, gloss variation, irreversible perturbations in the
orientation of aluminum flakes, and other forms of damage.6,8,27

Structural Characterization. Structural analysis of metallic
coatings was undertaken by means of optical and scanning electron
microscopy (SEM). Optical images of metallic panels were captured
with a conventional digital color camera (Canon PowerShot SD1000).
Reflection color photomicrographs were obtained by using an optical
microscope (Nikon Optiphot-100) connected to a charge-couple device
(CCD) color video camera (Sony DXC-107AP). A SEM micrograph of
a small bluish region of each metallic panel was obtained by removing
the lacquer. Each sample was coated with a thin film of gold palladium
alloy (80/20 wt %) using a 208HR Cressington sputter coater coupled

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502001m | ACS Appl. Mater. Interfaces 2014, 6, 11439−1144711440



to a MTM-20 Cressington thickness controller and examined using a
NOVA 200 nano SEM FEI instrument.
Multispectral Imaging Setup. The multispectral acquisition

system has been reported previously,28 but it has been adapted to the
study of sparkles in automotive metallic coatings in this work. Figure 1

shows a schematic representation of the multispectral system. The
device consisted of a liquid crystal tunable filter (LCTF) (Varispec VS-
VIS2-10HC-35-SQ) placed in front of a conventional objective zoom
lens (Navitar Zoom 7000 18:108 mm) attached to a 12 bit mono-
chrome CCD (Retiga QImaging SVR1394). The LCTF, zoom lens,
and CCD sensor array were in a fixed position, and they were aligned
exactly perpendicular to the sample.
The illumination system uses a 150 W compact and highly stable

mercury−xenon (Hg−Xe) lamp (Hamamatsu L9588-04). Light from
the Hg−Xe lamp is collected by a 1.5 m light guide fiber (Hamamatsu
A10014-50-010). The end of this light guide has a condenser lens
(Hamamatsu E5147-06) with a focal length of 50 mm designed to
provide a squared uniform light distribution (40 × 40 mm) on the side
perpendicular to the surface sample. The light guide was mounted in a
360° continuous rotation stage (Thorlabs RBB12). A neutral density
filter with 24.94% transmittance (Oriel 59341/B) was mounted in
front of the condenser lens to decrease the amount of light reaching
the test sample. Multispectral imaging was performed at three dif-
ferent illumination angle positions, θ, to capture the color dynamics of
sparkles from near to far from the surface normal: 15, 45, and 75°
(Figure 1). This multiangle illumination configuration is very similar to
that used in digital image analyses of sparkles using a monochrome
CCD camera such as in the BYK-mac instrument.3,6,9 The illumination
angle of 45° simulates the standard measurement geometry for diffuse
reflectance CIE 45°/0° (Commission Internationale de l’Éclairage).6,18

Experimental Procedure and Calibration. Multispectral meas-
urements were controlled using custom software in a dark room.28

Measurements were started after the Hg−Xe lamp had been lit for
more than 5 min to ensure light output stability. The CCD camera and
the LCTF have been fully tested in previous studies in our labora-
tory.28 The LCTF was tuned from 400 to 700 nm in steps of 10 nm,
giving a total of 31 different spectral bands. The exposure time at each
wavelength was calculated automatically by ensuring that the number
of digital counts did not exceed 85% of the maximum permitted at any
pixel in the multispectral image. Chromatic aberration was controlled
by focusing the zoom lens manually. The spectral reflectance factor is
based on a white reflectance standard,18 and it was calculated at each
pixel of the imaged surface using the two-point correction method.
This method is standard in spectral imaging and is described else-
where14−16 (see the Supporting Information). The white flat-field cor-
rection is the reference white standard that determines the reflectance
factor at each pixel for each of the 31 different spectral bands.15,16 It
was obtained by defocusing a 99% white diffuse reflectance Spectralon
standard29 to avoid spatial noise from the inhomogenous structure

under high magnification.14,16 The Spectralon was illuminated by the
Hg−Xe lamp at 15, 45, and 75° (Figure 1). The dark-field correction is
the reference black that determines the level of dark noise.15,16 It was
obtained under the same conditions as those of the white flat field but
without the sample holder and with the light source off, preventing any
residual light from entering the CCD camera. To minimize spatial
nonuniform effects from the CCD sensor and LCTF,28 a user-defined
region of interest (ROI) consisting of a square of 201 × 201 pixels was
selected at the center of the captured image cube. The multispectral
imaging system had a spatial resolution of 14.4 μm/pixel under the
operating conditions.

Spectral calibration of the multispectral system was performed using
a common procedure in color imaging.14,16,17 We have compared the
shape of the mean spectral reflectance factor averaged over 201 ×
201 = 40 401 reflectances of Macbeth color patches28,30 with those
provided by standard spectrophotometry.14,16,17 For each metallic
sample, we further tested the mean spectral reflectance factor obtained
using the multispectral system with those measurements obtained
by means of a commercial spectrophotometer (see the Supporting
Information).

Colorimetric Performance. The colorimetric methods used in
the present study are standard and are discussed elsewhere.6,18

Reflectance spectra at different pixel positions were transformed to the
CIE XYZ tristimulus values by using the CIE 1931 2° color matching

Figure 1. Schematic illustration of the multispectral imaging system.

Figure 2. Structural analysis of two representative solvent-borne
clearcoat−basecoat automotive metallic coatings labeled as metallic
blue 1 and metallic blue 2. (a) Example of sparkles in metallic coatings.
Optical images in a clear sky under direct sunlight. (b) Optical
micrographs (bright-field illumination) show the presence of silver
dollar aluminum flakes covered by blue indanthrone pigment particles.
(c) Scanning electron micrographs after the lacquer was removed. Red
arrows indicate an example of aluminum flakes without (left panel)
and with (right panel) physical damage produced by excessive
evaporation of the solvent.
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functions at discrete wavelength intervals.6,18 Next, the XYZ tri-
stimulus values at each pixel position were converted into the sRGB
color space. The sRGB color space is intended for color representation
in displays. In box-counting analysis, the XYZ tristimulus values
were converted into the CIE 1976 L*a*b* perceptual color space
(CIELAB). The CIELAB color space is device-independent; it corre-
lates with human color vision and is recommended for color repre-
sentation of pigmented coatings. The color plane is defined by the
a* and b* orthogonal axes. The coordinate a* correlates with red
(a* > 0) and green (a* < 0), and the b* coordinate with yellow (b* > 0)
and blue (b* < 0). The L* axis is a measure of lightness that correlates
with black (L* = 0) and perfect white (L* = 100). The L* axis is
orthogonal to the (a*,b*) color plane.6,18 Four different illuminants were
used: D65, A, FL2, and FL11. The CIE standard illuminant D65 simu-
lates daylight conditions. All of the illuminant spectra are typical in
industrial color testing.6,18

■ ANALYSIS
Data Analysis. A preprocessing study was performed on

reflectance spectra before applying box-counting analysis to
color coordinates by using principal components analysis
(PCA). PCA is a robust statistical method that has been used
for many applications on multivariate data.16,31−33 Here, we have
applied PCA for noise reduction from the multispectral system.
Noise reduction is important because it could contaminate the
colorimetric analysis of sparkles by box-counting. We have used a
method based on the estimation of the eigenvalues from PCA
and their uncertainty.16,31−33 Original reflectance spectra were
projected into a low-dimensional space that explains most of the
total variance and therefore the noise arising from the multi-
spectral system can be filtered. (see the Supporting Information).
We restricted the box-counting analysis to 2D L*b* planes in

the CIELAB color space. This issue will be explained later.
In 2D, boxes become flat and are represented by grids. Binary
images (black pixels over white background) were produced

with the same resolution (300 dots/inch) at illumination
angles, θ, of 15, 45, and 75°, separately. Then, box-counting was
performed using FracLac, a plugin for ImageJ.34,35 For each
image, grid localization was changed randomly to perform 12
different box-counting configurations. In each configuration,
the grid size, r, increases linearly between a maximum and a
minimum. The increment was fixed and was calculated
automatically. The maximum grid size represented 45% of
the image size. The minimum grid size was lower than or equal
to 201 × 201 = 40 401 pixels, i.e., the total number of pixels of
the user-defined ROIs. Linear regression analysis of the total
number of grids, N(r), as a function of the grid size, r, was per-
formed in a double-logarithmic plot. The goodness-of-fit was
evaluated using the R2 coefficient. The resulting box-counting
dimension, DB, was averaged over the 12 different box-counting
configurations. Therefore, for each metallic coating, three
different values of DB were obtained, one at each illumination
angle, θ. Box-counting analysis of color coordinates at different
illumination spectra were represented in a 3D space where each
axis indicates the box-counting dimension, DB, at illumination
angles, θ, of 15, 45, and 75°, respectively.

■ RESULTS AND DISCUSSION
Structural Analysis. Figure 2 summarizes the structural

analysis of metallic coatings. Optical images under direct sun-
light in Figure 2a indicate a color mismatch and texture differ-
ences between both samples. Optical micrographs in Figure 2b
and SEM micrographs in Figure 2c confirm that metallic blue
2 has more subdued sparkle effects resulting from aluminum
flakes.

Multispectral Analysis. Figure 3a shows the mean spectral
reflectance factor at illumination angles, θ, of 15, 45, and 75°
for each metallic coating. Each mean reflectance was obtained
from the average over 40 401 reflectances. Mean reflectance
curves are similar at different illumination angles. Aluminum
flakes mainly scale the reflectance factor in the vertical axis. The
wavelength at which the reflectance factors are maxima is not
strongly dependent upon the illumination angle, θ. The spectral
reflectance factor of metallic blue 1 was higher at all illumina-
tion angles. Figure 3b shows the corresponding CIELAB values
as a function of the illumination angle.
Metallic blue 1 shows higher lightness (L* > 0) and blue

values (b* < 0). Lightness changes are produced by aluminum
flakes.6−8 Because metallic blue 2 has the same pigment com-
position and formulation as metallic blue 1, Figure 3b suggests
that fewer aluminum flakes contribute to its own metallic ap-
pearance or that the aluminum flakes become orientated differ-
ently due to larger solvent evaporation (cf. Figure 2). Blue
changes are due to aluminum flakes covered by blue indan-
throne particles. Red values (a* > 0) remain nearly constant
and are exclusively attributed to a weak reddish effect from
indanthrone pigment particles.6,7

Figure 4a shows the entire ROIs of the metallic blue 1 and
metallic blue 2 samples at illumination angles, θ, of 15, 45, and
75° in the sRGB color space. This gives a total of six different
spatial color maps placed in a matrix arrangement of two rows
by three columns. Each spatial color map shows the micro
appearance of each metallic coating using the multispectral
system and consists of 201 × 201 pixels that cover an area of
8.4 mm2 each. Metallic blue 1 confirms texture effects at the
surface that are different from those of metallic blue 2 (cf.
Figure 2). Sparkle effects are predominant at 15° and more
noticeable in metallic blue 1. Open squares (207.4 μm2 each)

Figure 3. Spectral and colorimetric average values of metallic coatings.
(a) Semilogarithmic plot of the mean spectral reflectance factor as a
function of the illumination angle, θ, as measured by multispectral
imaging. (b) CIELAB values as a function of the illumination angle.
Data were calculated using the CIE 2° standard observer and the CIE
standard illuminant D65.
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mark six representative groups of CCD pixels at different spatial
locations and illumination angles. The spectral reflectance
factors of these groups of pixels are plotted in Figure 4b. In all
of the examples, the spectral reflectance factor of sparkles is
higher than the surround, especially in the bluish part of the
visible spectrum. The reflectance factor often exceeds unity due
to the presence of aluminum flakes (cases 1, 3, 5, 7, and 9).
This is possible because the reflectance factor is defined as a

function of a white reflectance standard.6,18,29 Reflectance factors
higher than unity are totally compatible with the principle of
conservation of energy,6,18 and they are usual in surface coatings
containing effect pigments.6 In some examples, the reddish part
of the reflectance factor corresponds only to the presence of
indanthrone pigment particles (cases 1, 5, and 7). The full width
at half-maximum of sparkles was narrower than the surround
except in metallic blue 2 at θ = 45° (cases 9 and 10).

Figure 4. (a) Entire imaged areas (201 × 201 pixels) measured with the multispectral system. At each CCD pixel’s position, reflectance spectra were
transformed to CIE XYZ tristimulus values and then converted to the sRGB color space. Open squares labeled 1, 3, 5, 7, 9, and 11 indicate six
representative CCD pixels of sparkles at different spatial positions and illumination angles in metallic blue 1 and metallic blue 2, respectively. Open
squares labeled 2, 4, 6, 8, 10, and 12 show six representative CCD pixels of the surround at different spatial locations and illumination angles in
metallic blue 1 and metallic blue 2, respectively. (b) Spectral reflectance factor of selected CCD pixels at different illumination angles from panel a.
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Figure 5a represents the color coordinates of the ROIs in the
CIELAB color space at different illumination angles. Each color
data set was derived from 40 401 reflectances.
Both metallic coatings span characteristic 3D color maps at

different illumination angles and represent the entire color
gamut expanded by each metallic coating on the micron scale.
The total number of pixels with lightness values L* > 100
was negligible (<250 pixels), and they were not represented.6,18

Color maps are strongly inhomogeneous, especially at 15
and 45°, where the density of sparkles is higher (Figure 4).
Figure 5b shows the 2D projection in the CIELAB (L*,b*)
plane. The (L*b*) plane captures the complete lightness
dynamics of sparkles from aluminum flakes relative to their
surround. The CCD pixels of sparkles selected in Figure 4 are
clearly outside of the main conglomerate of color coordinates
created by the surrounding medium, showing higher blue, b*,
and lightness, L*, values.
Box-Counting Analysis. Noise reduction from the multi-

spectral system was performed by PCA.32,33 The covariance
matrix of reflectances was created, and a basis of 31 orthogonal
eigenvectors (Sk) and their corresponding eigenvalues were
extracted and ranked. In metallic blue 1, original reflectance
spectra at 15, 45, and 75° were projected in a low-dimensional
space using the linear combination of the mean reflectance plus
the first two (S1 + S2), the first nine (S1 + ... + S9), and the first
five eigenvectors (S1 + ... + S5), respectively (see the Supporting
Information). In metallic blue 2, original reflectance spectra at
15, 45, and 75° were projected using the mean reflectance plus

the first eight (S1 + ... + S8), the first six (S1 + ... + S6), and the
first five eigenvectors (S1 + ... + S5), respectively. In each case,
the remaining eigenvectors correspond to spatial noise from
equipment artifacts and temporal noise (see the Supporting
Information).
Figure 6a shows the color coordinates derived from the pro-

jected reflectance spectra in the CIELAB (L*,b*) plane. In both
metallic coatings, the new CIELAB color coordinates preserve
the full colorimetric organization derived from the original re-
flectance spectra (Figure 5b). Figure 6b represents those color
coordinates in the (L*,b*) plane attributed to spatial noise
from the multispectral system.32,33 The results in Figure 6b
clearly show that the color coordinates from spatial noise are
clustered in elongate ellipses that resemble diagonal lines.
These color maps are closer to the Euclidean dimension of a
smooth curve in 1D and do not capture the irregular distri-
bution of color coordinates in Figure 5b. They are the result
of very weak spatial patterns associated with noise from the
multispectral system filtered by PCA (see the Supporting
Information).
Table 1 shows the average box-counting dimension, DB, of

the color coordinates in the CIELAB (L*,b*) plane using the
CIE standard illuminant D65 at illumination angles, θ, of 15,
45, and 75°, separately. Three different cases were analyzed:
those color coordinates obtained from the original reflectance
spectra (labeled as original) (Figure 5b), those derived from the
reflectance spectra projected over the first few dominant eigen-
vectors by PCA (labeled as projected) (Figure 6a), and those

Figure 5. (a) Color coordinates of the entire imaged areas (201 × 201 pixels) in the CIELAB color space. For each CCD pixel, color coordinates
were calculated using the CIE 2° standard observer and the D65 illuminant. Each pixel is represented by a single sphere. Each illumination angle is
represented by a set of spheres with different colors. Light gray, gray, and dark gray dots indicate the projection in the (a*,b*) plane at illumination
angles, θ, of 15, 45, and 75°, respectively. (b) Two-dimensional projection in the (L*,b*) plane at different illumination angles. Circles, squares, and
upward-pointing triangles indicate the color coordinates of metallic blue 1 at 15, 45, and 75°, respectively. Downward-pointing triangles, diamonds,
and right-pointing triangles indicate the color coordinates of metallic blue 2 at 15, 45, and 75°, respectively. The size of the symbols was increased to
enhance visualization. Arrows with numbers labeled 1−11 indicate selected pixels that contain sparkles shown in Figure 4.
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color coordinates associated with the spatial noise of the multi-
spectral system (labeled as spatial noise) (Figure 6b).
Linear regression analysis of the total number of grids, N(r),

as a function of their size, r, can be fitted by straight lines (in all
cases, R2 > 0.99). In both metallic coatings, the box-counting
dimension, DB, is always a noninteger number less than 2, i.e.,
the Euclidean dimension of the embedded (L*,b*) plane. This
suggests that the color maps scales in the (L*,b*) plane ac-
cording to a fractal surface of dimension DB.

19,24,25 There is a
significant change in DB when measured at the illumination
angle θ = 15°. This also suggests that the spatial distribution of
nearby color coordinates in the (L*,b*) plane at θ = 15° are
more irregular or rugged and share a distinct power law when
the box size is reduced due to the presence of more sparkles
from aluminum flakes. Models of metallic coatings also predict
a higher density of sparkles at viewing angles close to the
specular reflection, although these models have not described
their spectral properties.36,37

The DB values obtained from the original reflectance spectra
are similar to those obtained by the projection over the first
dominant eigenvectors by PCA; thus, noise artifacts from the
multispectral system do not change the main conclusions from
box-counting analysis. However, the DB values derived from
the spatial noise of the multispectral system do not capture sparkle
effects. They are always lower than the expected value from the
original reflectance spectra and fall very close to unity. Noise
reduction based on PCA is a robust method that could be used
with different effect pigments and concentrations. Comparisons
between both metallic coatings reveal that the box-counting
dimension, DB, of metallic blue 2 is slightly smaller at θ = 15°
and clearly different at θ = 45°. This suggests that color maps
derived from reflectance spectra in metallic blue 1 are rougher
due to the color coordinates generated by sparkles (Figures 4
and 5). Similar conclusions were obtained in terms of the box-
counting dimension when the color maps were rescaled to a
different value. Finally, Figure 7 represents in a 3D space, the
box-counting dimension obtained from the color coordinates
projected over the first dominant eigenvectors using the D65,
A, FL2, and FL11 illuminant spectra.
The results in Figure 7 clearly show that the box-counting

dimension, DB, differs between metallic blue 1 and metallic blue
2 and is basically independent of the illuminant spectra se-
lected. It is concluded that box-counting analysis of Figures 5b
and 6 describes the self-similar properties or how ragged or
smooth the color coordinates are clustered on many size scales

Figure 6. Color coordinates of reflectance spectra generated by PCA
in the CIELAB (L*,b*) plane at different illumination angles. (a)
Color coordinates of reflectance spectra derived from the first
dominant eigenvectors Sk, k∈[1, ..., 9]. (b) Color coordinates of
reflectance spectra derived from those eigenvectors associated with
spatial noise from the multispectral system Sk, k∈[3, ..., 31]. In all
cases, circles, squares, and upward-pointing triangles indicates the
color coordinates of metallic blue 1 at illumination angles, θ, of 15, 45,
and 75°, respectively. Downward-pointing triangles, diamonds, and
right-pointing triangles indicate the color coordinates of metallic blue
2 at 15, 45, and 75°, respectively. The size of symbols was increased to
enhance visualization.

Table 1. Box-Counting Dimension, DB,
a Derived from the Color Coordinates in the CIELAB (L*,b*) Plane Using the CIE

Illuminant D65 at Illumination Angles, θ, of 15, 45, and 75°

θ = 15° θ = 45° θ = 75°

metallic blue 1 original 1.623 (±0.006) 1.474 (±0.005) 1.332 (±0.006)
projected 1.593 (±0.008) 1.493 (±0.006) 1.350 (±0.006)
spatial noise 1.295 (±0.007) 1.004 (±0.005) 1.189 (±0.007)

metallic blue 2 original 1.558 (±0.006) 1.265 (±0.007) 1.359 (±0.006)
projected 1.549 (±0.006) 1.259 (±0.007) 1.373 (±0.006)
spatial noise 1.257 (±0.007) 1.076 (±0.008) 1.193 (±0.008)

aErrors in parentheses indicate ±1 standard error of the mean.

Figure 7. Box-counting dimension, DB, calculated from the color
coordinates of metallic coatings in the CIELAB (L*,b*) plane at
different illumination angles using the D65, A, FL2, and FL11
illuminant spectra. Each sphere indicates the dimension, DB, using a
different illuminant. Solid circles indicate the projection in the plane
that corresponds to illumination angles θ = 15 and 45°.
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in the CIELAB (L*,b*) plane. Box-counting provides a robust
method for the colorimetric characterization of sparkles relative
to their surround. The 3D box-counting space proposed in
Figure 7 represents a simple method of classification of micro-
brightness in metallic coatings.

■ CONCLUSIONS
Multispectral imaging is a nondestructive technique that com-
bines both spectral and high-resolution spatial data of surface
coatings. It provides more spectral and spatial information than
that of the naked eye, RGB-camera based systems, and tradi-
tional spectroscopy methods in the characterization of sparkles
on the micron scale. Spatial reflectance mapping of typical auto-
motive metallic coatings containing aluminum flakes were per-
formed at different illumination positions from near to far from
the surface normal. User-defined ROIs were selected, and
reflectance spectra at different CCD pixels were transformed to
color coordinates. The spectral signature of pigments at differ-
ent spatial positions was mapped in a perceptual color space.
We conclude that sparkles are outliers in the CIELAB color
space. They have color coordinates that present higher light-
ness values and are far apart from the bulk of color coordinates
developed by the surround. Box-counting analysis of color
maps has revealed characteristic power laws. Thus, cluster for-
mation of color coordinates is fractal, and the box-counting
dimension, DB, depends on sparkles at different illumination
angles and is independent of the illumination spectra. The box-
counting dimension, DB, was higher when sparkles from alu-
minum flakes dominate at an illumination angle, θ, of 15°,
suggesting the existence of rugged color maps. We suggest that
the box-counting dimension, DB, in the color space can be used
as a design principle for further enhancement of texture effects
in metallic coatings. Although we have focused on automotive
OEM metallic coatings, our methods can be extended to any
type of surface coatings containing different effect pigments
such as mica-based and borosilicate pigments in cosmetics,
security inks, and others. Multispectral imaging together with
box-counting are valuable tools in texture engineering and
could have potential applications for failure analysis and un-
supervised detection and classification of sparkles in industrial
quality control.
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