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Abstract

The gonioapparent lightness of a metallic paint system depends strongly on the 3D
microstructure of the platelet-containing basecoat layer, and on the platelet roughness. Current
optical models used to simulate the paint’s appearance, however, ignore the multi-scale and
multi-dimensional microstructural features, which limits their predictive power. Here, we
describe a hybrid, ray-wave optics model for metallic paints. This model incorporates the ray
optics of the 3D platelet microstructure, and the wave effects that result from the surface
roughness of the platelets. This model is used to link the roughness to the reflection lobes of
the aluminum platelets, and to the gonioapparent lightness of the paint system. Predicted
lightness values from our model matched, at most viewing angles, measurements from physical
paint samples. This model can be used to explore the effect of platelet surface roughness on
the lightness of the complete paint system, and predict the appearance of paints with different
platelet microstructures.



1. Introduction

It is important for industries that manufacture consumer products to understand how
customers perceive color, and how specific colors are physically produced. One class of colors
desired by designers and customers are gonioapparent colors; i.e. those that change
appearance with variations in angle of illumination and/or observation [1]. These colors are
quantified using parameters such as lightness (L*), chroma, and hue [2-5], which are controlled
by the incorporation of pigments and/or high-aspect ratio platelets into the color layer of a
paint system. The metallic platelets act as microscopic mirrors, and provide a strong specular

component to the light reflected from the paint’s surface.

The design and manufacturing processes could be accelerated and enhanced
substantially if the appearance of color can be predicted prior to part production. Ideally,
designers and engineers could use such a method to visualize a new color that optimizes
specific properties such as, lightness, chroma, hiding, or cost. They could also assess the risk of
unacceptable color harmony (match) on objects painted with highly gonioapparent colors. This
assessment is important for quality control, as changes in the appearance as a function of

observation angle are often mistaken for poor color harmony on geometrically complex objects.

To model or quantify the color and appearance of an object, the object’s light-scattering
behavior can be described by the bidirectional reflection distribution function (BRDF) [6], which
is commonly estimated from measurements of small sub-sections of the full scattering function.
Simple, diffuse-color systems were first modeled by Kubelka and Munk [7], and Saunderson [8].

These models have been incorporated into modern graphical-rendering systems, and provide a



realistic, if not exact, match between the appearance of rendered objects and physical samples
[9-12]. Previous work has shown that using just three angles of observation suffices to model
the full BRDF for simple colors [13,14], but can lead to inaccurate predictions of color shifts with

angle for gonioapparent colors [15].

While significant progress has been made to render colors accurately using complete or
partial BRDF scans, predictive modeling of colors from material and microstructural data lags in
development. Attempts have been made to predict the appearance of multilayered paint
systems by combining the measured scattering behavior of the individual layers into a single,
bulk scatterer [16—18]. In addition, researchers have used microfacet models to simulate the
appearance of metallic paint [17,19,20], assuming a single metallic surface with facets at
different orientations, each reflecting light in a specular fashion. However, neither of these
techniques accounts for edge effects and gaps between the platelets or the surface roughness

of the platelets/facets.

The modeling of a complete 3D microstructure would improve our ability to predict the
scattering behavior of a paint system containing layered platelets. However, while a great deal
of work has been conducted on the scattering of radiation and light from individual, rough
metallic surfaces [21-27], no work has been done to examine how the presence of such rough
scatterers would affect the gonioapparent behavior of platelet-containing coatings. The
assumption of specularly reflecting platelets limits the accuracy of pure ray-based models, but
no model with rough surfaces has been created to predict paint appearance. We address this

issue in the current study by creating an accurate, hybrid ray-wave model to predict the



scattering behavior of a metallic-paint system. A flow diagram depicting the process used to

simulate the appearance of the material is shown in Figure 1.

The model was validated using two metallic-paint samples with qualitatively different
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Figure 1: Flow diagram illustrating the process used to create the hybrid ray-wave model and
to calculate the angle-based appearance of the material.

platelet orientations. The appropriate roughness values and the characteristics of the platelet
arrays were obtained from experimental measurements, and the parameters incorporated into
the models. The resultant predictions of the appearance were then compared directly to

spectrophotometer measurements of the physical samples.



2. Background

The appearance of a surface can depend on both the angle of incidence and the angle of
observation. When light hits a surface it can be reflected or scattered in different directions.
There are two limits for the reflection of a light ray. In one limit, the ray is reflected in a
specular fashion, as from a mirror, with the angle of reflection equal to the angle of incidence.
In the other limit, a light ray is scattered uniformly in a diffuse fashion at all angles. Generally,
the behavior lies somewhere in between these two limits, and the reflection is described by
what is known as a bidirectional reflection distribution function (BRDF) (Figure 2) [6].
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Figure 2: 2D schematic of different BRDFs that result from perfectly specular, directionally diffuse, and
diffuse surfaces.

2.1 Pigments and Paint

A schematic of a typical automotive paint system is shown in Figure 3. Many paint
systems are multi-layered materials that possess a color layer called the “basecoat”. Pigments,
platelets, and other scatterers are added to the basecoat layer to impart a specific color [28—
30]. Many paints, particularly those whose pigment particles have shapes with an aspect ratio

near one, and are opaque, exhibit little variation in appearance with illumination or observation



angle. On the other hand, metallic paints contain aluminum platelets that produce a
gonioapparent behavior [31], in which the appearance does depend on the angle of
illumination or observation. In particular, the paint system considered in this paper is a very
common “special effect” option used by designers, with a look characterized by a “salt and
pepper” texture, as well as the lightness changes associated with gonioapparent behavior

[31,32].

Clearcoat—-45 um

/‘\
Basecoat— 10-20 um U

Electrocoat—20 um

Phosphate -5 pm—1 »  Pigment
Substrate (e.g.: Steel, Platelet
Aluminum, SMC

Figure 3: Schematic illustration of a typical automotive paint system. There can be pigments and / or
platelets contained within the basecoat layer. These act as scatterers to provide the desired color and
appearance of the paint system.

It has been shown that the microstructure of the paint, the size of the platelets (width
and thickness), the pigment volume concentration (PVC) of platelets, and the orientation of the
platelets in the coating, affect the appearance of the paint system [31, 32,33,34]. However, the

surface roughness of the platelets can also affect the overall appearance. As such, surface



roughness must be incorporated into any model that attempts to accurately predict the
appearance of a metallic paint system. A simple scattering term cannot be added to the system
as a whole, since differences in platelet orientation can mask the effect of platelet surface

roughness on the BRDF of the entire paint system [35].

2.2 Scattering of light from a rough metal surface

The BRDF of a metal surface is directly affected by its roughness [17, 19-23]. While the
simplest way to quantify these effects is to measure the BRDF directly, it is not always possible
to conduct a physical measurement because of size and time constraints, the lack of physical
samples, or the fragility of a physical sample. In these cases, reflection models have been
proposed by a number of researchers to predict the BRDF of a roughened metallic surface [36—
43]. These models are based on two key surface-roughness parameters, the root-mean square

(RMS) roughness (orus) and the correlation length (7).

One of the most accurate models used for reflection in computer graphics is the He-
Torrance model [36]. This model uses the Kirchhoff approximation, where fields at any point on
the surface are approximated by fields on an extended tangential plane [44,45], combined with
additional shadowing and geometric components [36]. However, it is too computationally
complex for use in routine rendering applications, and computationally cheaper models are

preferred.

More generally, and for accurate predictions without the approximations inherent in the
He-Torrance model, one can integrate Maxwell’s equations for a roughened surface. Unlike the

He-Torrance model, this can be done for any magnitude of orys, T, angle of incidence (6), and
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wavelength (A). Until recently, this has not been possible because of computational limitations.
New finite-element analysis (FEA) tools, and improved computer hardware, have made it
possible to predict the scattering from rough surfaces at a small scale [46-48]. Isakson
modeled scattering behavior of the ocean floor and found that the FEA method produced
similar results to the Kirchhoff and small perturbation approximations in their regions of
validity, and matched the exact integral solution in all cases [48]. This shows that it may be
possible to use FEA to model the effect of surface roughness on the scattering behavior of
individual platelets and, hence, of the entire paint system. In particular, real-time rendering is
not needed for the purposes of this study, making the integration and solution of Maxwell’s

equations for a particular scattering surface even more feasible.

2.3 Digital Modeling of Paint Systems

To address the limitations of previous models that were discussed previously, we use a
hybrid ray-wave optics approach [49] to assess the interaction of light with the entire
microstructure. Ray casting allows us to quantify the effect of platelet-to-platelet multiple-
scattering events that occur within the 3D microstructure of the paint system. Each reflection
from the surface of a platelet will follow a prescribed BRDF that will be calculated from wave-
optics simulations for rough surfaces. It is this hybrid ray-wave approach that we feel can be
used to predict the scattering and lightness behavior of these metallic coatings more accurately

than other models.



3. Materials and methods
3.1 Paint materials and application

The physical samples used in this study consisted of a standard, silver, metallic
automotive basecoat/clearcoat paint system. The PVC of the basecoat in each sample was 20%
+ 1%. The paint system was sprayed to hiding (~20 um) [50] with a rotary bell applicator onto
steel panels that had been previously coated with a grey automotive primer. Low-fluid-flow
and high-fluid-flow bell-application processes were used to produce two physical samples: one
with platelets more highly oriented (Silver #1) than the other (Silver #2). The basecoat was
allowed to flash dry at ambient temperature before application of the clearcoat. The target
thickness of the fully cured clearcoat layer was 50 um, and the clearcoat was also flash dried at
ambient conditions to allow for solvent evaporation. The samples were cured in a convection

oven for 20 minutes at 130°C.

3.2 Experimental methods

3.2.1 Platelet extraction and optical profilometry

A portion of wet basecoat was diluted with methylene chloride, and vacuum filtered
through Grade-2 filter paper to create a layer of platelets on the surface of the filter paper.
After the initial filtration step, additional methylene chloride was sprayed onto the filtered
platelets to ensure that any residual acrylic binder was removed. Individual platelets were
isolated from the layer left on the filter paper, and the surface topographies of 10 individual
aluminum platelets from the paint systems were characterized using a Wyko NT3300 (Bruker

Corp., Billerica, MA), non-contacting, white-light interferometer (Figure 4). Single line scans of



the surface profiles over the full length of each of these platelet (10-30 um), were then
extracted from these profiles. A Gaussian filter with a cutoff of 50% the scan length was used
to remove the curvature from the scans, and the end-points of each scan were used for
leveling. Ogms =51 nm + 10 nm was calculated as the root-mean-square average of the peak-to-
valley heights; 7 =640 nm + 110 nm was identified as the shortest in-plane distance over

which the autocorrelation function decayed to 1/e or ~0.37.
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Figure 4: Optical profilometry scan of platelets extracted from silver metallic paint system. Flakes were
washed in acetone and vacuum filtered through No. 2 filter paper.
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3.2.2 Microstructure

The orientation distribution and the characteristic dimensions of the platelets in the two
paint systems had been determined using laser-based confocal microscopy in an earlier study

[51]. These systems were identified as Silver #1 and Silver #2 in that study, with the dimensions

Figure 5: 2D cross sectional view of Silver #1 that was studied previously [51]. Area
fraction of the platelets was measured for a series of cross sections to determine the
approximate volume concentration of a typical hiding silver basecoat. This pigment
volume concentration was calculated to be 20 + 4%.

being given in Table 1 of Ref. [51] and the orientation distributions being given in Fig. 7 of that
reference. The best description for the measured orientation distributions was found to be 2-
parameter gamma functions. The shape and scale parameters for these gamma function were
2.29 + 0.05 and 2.18 * 0.03, for Silver #1, and 2.98 + 0.07 and 2.10 % 0.03, for Silver #2. The
volume concentration of the pigments had been determined from cross-sectional microscopy in
the earlier study to be 20 + 4 % (see Figure 5) [51]. The size distribution of the platelets had
been determined from the confocal microscopy scans taken in the earlier study, and fitted to a
gth degree polynomial [51]. The values for the thickness of the platelets were obtained from
the pigment supplier.
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3.3 Simulation methods

3.3.1 Finite-element simulations of surface scattering

The effect of surface roughness on the BRDF of an aluminum platelet was calculated
using FEA software (Comsol Multiphysics Comsol, Inc., Burlington, MA). 2-D surface scans (20
um in length) of the platelets were imported from the optical profilometry measurements
(schematic shown in Figure 6). To reduce computational complexity, the scattering simulations
were carried out in two dimensions, and the platelets were assumed to have a BRDF that was

axisymmetric about the normal.

The aluminum was assigned an impedance boundary condition because its skin depth at
visible wavelengths is very small (~¥3 nm). Skin depth is a measure of how deeply
electromagnetic waves penetrate into a material [52], and is dependent on the material
properties and the frequency of the incident radiation. Most metals have a very small skin

depth at visible wavelengths [53].
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Figure 6: FEA simulation setup consisting of an single aluminum platelet and surrounding dielectric
medium. An impedance boundary condition was used for the surface of the aluminum due to the small
skin depth and to reduce the simulation size. The 2-D line scan obtained from the optical profilometry
was imported and used to create the aluminum boundary. The callout is a plot of an actual 2-D line scan
from a platelet from Silver #1.

It was assumed that there was a 9 um thick dielectric medium above the aluminum
surface. The index of refraction (/OR) for this medium was taken to be 1.5 [54], which is the
approximate value for an acrylic resin. The three boundaries of the dielectric region were
designated as scattering boundary conditions with perfect transparency to scattered waves.
This dielectric region was also designated as the far-field domain to capture the shape of the
far-field scattering pattern. The background electric field present in this dielectric region was
assumed to have a wavelength of 500 nm, and the light was assumed to be at a normal angle of

incidence, so as to generate a symmetric scattering lobe.

The resulting scattering data were imported into a commercial ray-optics software
package (TracePro, Lambda Research Corp, Littleton, MA, USA), and converted into surface
BRDFs for the platelets. The conversion process assumed scattering was symmetrical about the

scattering plane, and adjusted the shape of the reflection lobe to account for different angles of
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incidence. The results from all the different simulations were combined to give an average

BRDF that was used in the subsequent simulations.

3.3.2 Creation of a platelet array

A 3D platelet array was created in silico to model the complete microstructure of the
silver metallic-paint system. This array incorporated not only the platelets at the surface of the
basecoat layer, but also the platelets contained throughout the basecoat thickness. The
platelets were assumed to be rectangular prisms with equal sides, having a thickness and
distribution of orientations based on measurements taken from the physical samples in our
previous study [51]. The orientation distributions were used to assign a rotation to each of the
simulated platelets. Each platelet was assigned the BRDF that had been computed as described
above. In addition, the attenuation caused by reflection from the aluminum platelets was fixed

at ~8%: an appropriate value for the wavelength of light used in the simulation [55].

Two additional assumptions were made in the creation of the simulated array of
platelets. First, each platelet was randomly rotated about the axis normal to the paint system
[50]. Second, the platelets were randomly distributed within the volume of the platelet-
containing layer, with no preferential layering or structure [56]. These assumptions reduced the

computational complexity of the platelet generating/placement algorithm.

The platelets were assumed to have a fixed thickness of 1 um. Their center points were
randomly assigned a location, and their width determined from the ninth-order polynomial that
had been used to fit the measured cumulative-distribution function of their size. The random

placement of platelets resulted in multiple platelets occupying the same physical space.
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Therefore, a piercing-check algorithm based on an intersecting triangle algorithm developed by
Moller [57], with some modifications, was implemented to minimize this issue. The geometry of
each platelet was incorporated into the algorithm, with the mid-plane of each platelet being
subdivided into four triangular regions. The mid-plane was selected to reduce the number of
surfaces checked for intersection, reducing computing cost. Triangles in platelets that were
close to each other were then checked for intersection. Intersecting platelets were assigned a
new location, while maintaining their orientation and size. This replacement continued until
either no intersections were detected, or 1000 failed attempts had been made (to reduce
computational time). Note that there could still be piercings at the true simulated platelet
surfaces, which are offset from the mid-plane. However, the offset distance was small enough
to allow the assumption that the number of missed intersections was small, producing a

negligible effect.

3.3.3. Creation of paint system

Using the approach described above, a platelet array of 15 x 20 mm was created. Its
size was designed to exceed the illuminated area. Once built, the model of the platelet array
was imported into the ray-tracing environment, and surrounded by a volume of material with
an index of refraction of 1.5 [54]. A platelet-free clearcoat, with a thickness of 50 um, was put
on top of the simulated basecoat, with no unique optical interface between the two layers. The
lack of an optical interface is consistent with the automotive industry standard practice of wet-
on-wet application of the basecoat and clearcoat layers, where intermixing between the layers

occurs during application and cure.

15



This model was then used in a commercial ray-optics package (TracePro, Lambda
Research Corp, Littleton, MA, USA). The ray-trace simulations assumed a collimated light
source consisting of 5M individual rays randomly distributed across the aperture, with each ray
assigned a flux of 1 watt and a wavelength of 546 nm. The flux of each ray was not significant,
as L* calculations were performed on a relative scale. The wavelength of the light source was
also not significant because aluminum platelets reflect uniformly across the visible spectrum,
and no other absorptive species are present within these simulated systems. The reflection of a

ray at platelet was determined by the BRDF calculated for the platelets.

The results of the simulation were then compared to lightness measurements of the
two physical samples under study. These measurements were made using an MA98 handheld
spectrophotometer (X-rite, Inc., Grand Rapids, MI, USA). Since handheld spectrophotometers
measure a small subset of the BRDF, and report lightness values at prescribed angles of
illumination and observation, a similar virtual device was built within the simulation

environment.

4. Results
4.1 Optical profilometry and simulated BRDF of platelets

An example of a line scan taken from the surface profile of a platelet is shown in Figure
7. The line scans from the 10 extracted platelets were then imported into the FEA simulations
used to calculate the BRDFs. These BRDFs were then combined into a single effective function,
shown in Figure 8. It will be seen that this BRDF possesses a clear specular peak, but also

contains a significant amount of light outside the specular zone.
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Figure 7: An example of a line profile extracted from a scanned platelet from Silver #1. A series of these
line profiles were used in the FEA simulations to generate the BRDF of each line profile.
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Figure 8: Average BRDF normalized to a maximum reflectivity of 1.00, obtained from FEA simulations for

ten extracted aluminum platelets. Angle of incidence was normal to the surface. The reflection pattern

still contains a strong specular peak, but contains light outside of the specular zone. The line connecting
the data points is a visual guide only.

17



4.2 Five angle lightness values of ray trace simulations and physical measurements

The lightness values (L*) for each of the two physical samples under examination were
measured using a handheld spectrophotometer, and are reported in Table 1. The hybrid
simulations allowed L* to be calculated at the same standard five angles of observations: 15°,
25° 45°, 75° and 110°. The difference between the simulated values of L* and the physically
measured values at each of the five angles of observation are listed in Table 1 for both Silver #1

and Silver #2.

The results of a microfacet simulation (no gaps, 3D microstructure, and no surface
roughness assigned to the platelets) are also shown in Table 1. These are based on the same
measured platelet orientations, but with an assumption of purely specular reflection from the
platelets. It will be seen that the hybrid ray-wave model results in a relatively accurate
simulation of L* at 15° 25° 75° and 110° when compared to the physical measurements, and
provides a dramatic improvement over the specular microfacet model. However, the
difference between the hybrid simulation and the physically measured values of L* at 45° is
large, with the simulations predicting a significantly lighter sample than physically observed.

This discrepancy is discussed in the next section.
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Table 1: Lightness for each of the physically measured and simulated samples. The difference
between the simulated and physically measured samples varies based on the angle of
observation. The simulation matched well at all angles of observation except 45° OS.

. Platelet
sample ) - Physical/ | gppe s | s | L | U | L
Name Simulation
Shape
Silver Physical N/A 143.3+ 107.2+ 58.6 + 37.2+ 32.1+
#1 0.3 0.3 0.3 0.3 0.3
Silver Hybrid Measured 128.2+ 112.6% 81.3+ 42.1+ 36.3+
#1 Simulation 0.5 1.2 2.1 0.7 0.8
Silver #1 Microfacet Specular 187.5+ 128.6% 50.6+ 4.2+ 0
Simulation 0.7 0.5 0.2 0.02
Silver Physical N/A 129.0+ 106.1+ 67.7t 43,7+ 36.2+
#2 0.3 0.3 0.3 0.3 0.3
Silver Hybrid Measured 122.9+ 109.5+ 81.6% 47.1+ 37.0+
#2 Simulation 0.5 1.2 2.1 0.7 0.8

5. Discussion
5.1 FEA simulation compared to He-Torrance

Within the limits where its approximations are valid, the He-Torrance model of
reflection [36] is considered to be the best currently available. While our FEA simulations are
not subject to the same length-scale limitations and approximations as the He-Torrance model,
because the FEA model uses real surface profiles, it is instructive to compare the results from

the two methods.

A BRDF was created from an artificially generated Gaussian surface with roughness
parameters similar to the aluminum material modeled by He. This surface was created within
MATLAB (MathWorks, Natick, MA, USA), using code based on work by Bergstrom et al. [58] and
Garcia & Stoll [59] and roughness parameters of Orys =280 nm and 7= 1770 nm. The surface

was illuminated at an angle of 10° following Ref. [36] A BRDF was generated for this surface
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using the approach described in Section 3.3.1. The resultant BRDF was then compared to that

obtained in Ref. [36].

Figure 9 shows a comparison between the He-Torrance model, measurements taken
from a physical sample in Ref. [36], and the results generated by the FEA technique presented
here. It will be observed that the results from the FEA technique match those of the He-
Torrance model across the entire reflection pattern, with both models deviating from the
physical measured sample at large reflection angles. This deviation may be caused by the
imperfect nature of platelet edge surfaces that occur on physical samples, but it is not explicitly
taken into account in our current model or in the He-Torrance model. This could lead to visual
discrepancies between physical and digital samples based on these models when an object is

viewed at these large reflection angles.

It should be noted that the size of the FEA simulation might need to be altered if it is to
be used for significantly longer/shorter wavelength and surface roughness scales. Examples
include radar and microwave scattering from large surfaces. While the FEA technique does not
include any length-scale assumptions like the He-Torrance and other reflection models, it does
require a simulation geometry that is sufficiently large to capture a statistically representative

interaction of light with the surface.
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Figure 9: Plots of the normalized BRDF reflection lobe for an aluminum surface with ozys = 280 nm and
7= 1770 nm, wavelength of 500 nm, and a 10° angle of incidence. There is good agreement between

the results based on (i) the He-Torrance model [35], (ii) experimental data taken from Ref. [36], and (iii)
the FEA simulation presented in this paper.

5.2 Comparison between simulated lightness values and physical measurements

The comparisons between the values of L* obtained from simulations and the
corresponding measured values are shown in Table 1. The biggest difference between the
simulated results and the observed measurements is a 15-20-point difference in lightness at
45°. The waviness of the surface of the clearcoat, which can have a ogys greater than 200 nm,
was not considered in the simulations. This waviness may reduce the lightness at 45° by
scattering light away from the normal direction, owing to refraction at the surface of the

clearcoat. While this waviness does not appear to provide an effect great enough to cause any
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obvious haze or reduction in distinctness of image, it should be examined in future versions of

the model to identify if it does indeed affect some observation angles more than others do.

While there are some discrepancies in the details of how well the simulations match
experimental results, the major observation of the results given in Table 1 are that simulations
incorporating the roughness of the platelets are more accurate than simple, specular
microfacet models. For example, they allowed us to capture the darkening at 15° and the
lightening at 110° that was observed in the physical samples, but missed in the microfacet
model. This nuanced color behavior is critical to designers who have been hesitant to make
design decisions digitally because of the deviations between models and their specific
colorimetric targets. The proposed hybrid ray-wave model allows one to identify meaningful
differences in lightness that result from microstructural changes to the platelet layer of the

paint system.

6. Conclusion

Metallic- paint systems contain features on a variety of size scales, from micrometer-
sized platelets arranged in multiple layers to the nanometer-sized roughness of the platelet
surfaces. These multiple length scales were the motivation to use a hybrid approach that
incorporated both wave and ray optics within a single simulation environment. This sequential,
hybrid approach was used to predict the scattering behavior of silver metallic-paint systems,
and to predict how the platelet microstructure and the surface roughness affect the

appearance of the system. The approach was more accurate than a microfacet model of the
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same system. Moreover, the approach can be used to predict the scattering behavior of any 3D

layered structure without the limitations of scale imposed by other models.

Color and appearance is a key product differentiator for a range of industries. The
hybrid modeling approach presented in this paper can be used to minimize the time and cost
associated with the development of a new color. The method has the ability not only to
improve the efficiency of current color development processes, but also to create and simulate
precise, highly customized platelet microstructures. This ability could be used to help guide
future manufacturing advancements that focus the physical creation of such precise

microstructures, be it for paints, plastics, cosmetics, or other decorative materials.

This hybrid approach can be used to model the impact of unique scattering media
contained within a dielectric medium. Particles or platelets based on structural color,
interference effects, or other unique scattering or absorptive properties can be built into a
model paint system and optically analyzed. The use of this model can help designers and
engineers focus their development efforts on high impact, high return systems that provide

new and unique appearance characteristics.

Other areas where this approach might prove useful is in the creation of stealth and
cloaking technologies. Physical prototypes of these technologies are difficult and expensive to
produce. The approach presented in this paper could be used to evaluate new scattering
technologies, and to identify potential systems and microstructures of interest. Once these

technologies have been placed into a digital-simulation environment and optimized, physical
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samples could be produced and tested for performance to minimize the cost and development

time.
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