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Cosmetics have come a long way from the days of thick 
creams and pancake powders. Using optically complex 
pigments and particles that scatter light, today’s cosmetic 

scientists and designers have engineered sophisticated 
new products that enhance people’s features rather 

than cover up their skin. 

osmetic products—foundation, eye shadow, blush, mascara and 
lipstick—carry with them the promise of transformation. Every 
morning around the world, millions of people open small tubes, 

jars and plastic cases in an effort to accentuate their features, rewind the clock, 
or simply express themselves in unique ways.

But how do cosmetics create their illusory effects? If you open nearly any 
magazine, you’ll find ads for these products featuring slick, pseudo-scientific 
language and illustrations that would make most researchers wince. But 
the truth is that a tremendous amount of real science—both optics and 
chemistry—goes into cosmetic development. Modern makeup is a care-

fully formulated mixture of pigments, minerals, polymers, waxes and/or 
water. In recent years, scientists have been creating optically complex 

pigment particles designed to enhance the wearer’s own skin rather 
than cover it up.

When we look at a woman wearing cosmetics, we see the light 
reflected off of her face—but it’s not reflected from a single sur-

face like a mirror. Rather, the impinging light travels through 
multiple layers: the makeup, the epidermis (the skin’s outer 

layer), the dermis (middle layer) and the underlying subcuta-
neous tissues. 

To further complicate matters, many portions of the skin 
have their own pigments or colors associated with them. The 

epidermis, for example, contains varying levels of the brown 
pigment melanin, while the dermis has a reddish hue due to 

blood vessels. Collagen, a component of the skin found in the 
dermis, tends to yellow as a person ages.

C
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[ Layers of the epidermis ]

Makeup is applied to the stratum 
corneum, the outermost layer.

Each of the skin’s layers, including 
the makeup, transmits, absorbs and 
reflects part of the light that falls on 
it. The reflected light exits through a 
different point from where it entered. 
These subsurface scattering effects allow 
us to distinguish living humans from 
mannequins and crash-test dummies; 
computer graphics specialists use sophis-
ticated modeling algorithms to emulate 
this kind of light scattering when they 
develop realistic humanoid characters for 
Hollywood blockbusters.

Cosmetic scientists, however, must 
work with micron-sized particles of real 
material instead of pixels. Following the 
demand of modern customers for the 
“natural” look in makeup, they have been 
creating composite particles that scatter 
light, blurring skin imperfections instead 
of covering them with opaque pigments. 
Researchers are also seeking new ways to 
add iridescence to cosmetics by borrowing 
ideas from naturally occurring substances 
and photonic crystal technology.

The basics: pigments,  
dyes and lakes

Pigments are inorganic, insoluble materi-
als that are ground into fine particles and 
suspended in liquid. Two of the most 
common cosmetic ingredients are simple 
mineral pigments: iron oxide (either 
FeO, which is black, or Fe2O3, which 
is reddish-brown) and titanium dioxide 
(TiO2, which is white).

To impart color to the skin, most 
pigment particles should be around 3 to 
5 µm in diameter, said Nick Morante, an 
independent color consultant who oper-
ates a cosmetic formulation laboratory in 
Holbrook, N.Y. (U.S.A.). Although zinc 
oxide and titanium dioxide are both white 
pigments, when they are ground down 
to particle diameters of less than 1 µm, 
they lose their color value but still act as 
a sunscreen by absorbing, reflecting and 
scattering ultraviolet light. The product 
may look white when coming out of the 
bottle or tube, but once the user spreads it 
on his or her skin, it looks transparent.

Dyes, which are soluble in liquids, 
are mainly used in cosmetics in the form 

Following the 
demand of modern 
customers for the 
“natural” look in 
makeup, cosmetic 
scientists have been 
creating composite 
particles that scatter 
light, blurring skin 
imperfections instead 
of covering them with 
opaque pigments. 

of “lake pigments,” which are a sort of 
hybrid between dyes and pigments. To 
make a lake, the dye is precipitated onto 
the surface of an inert insoluble binder, 
such as aluminum oxide (alumina) or 
calcium sulfate. The process makes it 
easier to incorporate liquid dye colors 
into dry or waxy cosmetic products.

In the United States, the Food and 
Drug Administration (FDA) regulates 
the coloring agents that go into cosmet-
ics. There are lots of unregulated ingredi-
ents that manufacturers can use so long 
as they are generally regarded as safe. 
However, colors are controlled because 
they have a poisonous history.

Before the 20th century, cosmetic 
colors could be downright toxic. For 
example, noble ladies of the 16th cen-
tury whitened their skin with Venetian 
ceruse, a mixture of mercury and lead. 
Arsenic oxide was used as a white face 
powder in the 18th and 19th centuries. 
Kohl, a nearly black eye makeup known 
since ancient Egypt, was originally 
made with ground-up galena, which is 
lead sulfide.

Nowadays, the cosmetics indus-
try bends over backwards to ensure 
safety and keep public confidence in its 
products, said Robert Y. Lochhead, a 
professor of polymer science at the Uni-
versity of Southern Mississippi (U.S.A.). 
Lochhead serves as the 2010 president of 
the Society of Cosmetic Chemists, a U.S. 
professional organization.

Foundation: the look  
and the feel
All ingredients of each cosmetic product 
must interact well with each other. If 
pigments don’t mix easily with the non-
coloring components, the product might 
cover the skin unevenly, wear off quickly 
or feel uncomfortable on the face.

Foundations are the flesh-toned 
substances that cosmetic users apply all 
over their face to even out skin tone and 
de-emphasize fine wrinkles. The first 
mass-market foundation, Max Factor 
& Company’s Pan-Cake, debuted in 
the late 1930s. It consisted of pigments 
mixed with a base of talc, or hydrated 
magnesium silicate, and the wearer 
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used a wet sponge to apply a coating of 
makeup to the face.

Pan-Cake is still manufactured today, 
and “pancake makeup,” generically, 
has its place in the worlds of theater, 
film and photography. Other types of 
opaque makeup, such as Dermablend, 
are thick creams used to hide skin prob-
lems such as birthmarks, vitiligo, scars 
and pigment disorders. Although cos-
metic companies have worked to improve 
their products over the years, heavy 
makeup, with its matte finish and high 
mineral-oxide content, can still produce 
a theatrical, artificial look if not applied 
carefully. Most foundations today come 
in liquid, pressed powder or lightweight 
cream formulations.

Starting in the late 1940s, cosmetic 
companies developed liquid foundations 
that were emulsions of oil in water. They 
tended to separate easily and felt cold to the 
touch, said Lochhead. About 25 years ago, 
scientists developed inverse silicone emul-
sions, with water droplets and pigments 
dispersed in light silicone oils. However, 
the existing pigments were incompatible 
with the new water-in-oil formulation, 
because they were designed for bases of 
water, not oil. That led to the development 
of hydrophobic pigments whose particles 
have a smooth coating of silicone.

It’s important to get the pigments and 
any other solid ingredients distributed 
evenly over the skin. Any flocculation 

or aggregation of the pigments will ruin 
the makeup’s optical effects. “You’d look 
like you just painted your face with wall 
paint, and that’s not what people want,” 
Lochhead said.

According to Zoe Draelos, a research 
and clinical dermatologist in High 
Point, N.C. (U.S.A.) and a consult-
ing professor of dermatology at Duke 
University School of Medicine, the size 
of the particles and their concentration 
in the facial foundation determine how 
much it covers. “Sheer” foundation is a 
moisturizer tinted with iron oxide and 
titanium dioxide, designed to add a bit 
of cover but not to cover skin defects 
such as pimples. Other sheer founda-
tions are powdered mixtures of iron 
oxide with talc and kaolin. Translucent 
makeup allows for some skin tones to 
pass through the makeup.

Age-defying illusions
As baby boomers age, cosmetic manu-
facturers are coming out with products 
that claim to hide wrinkles—without 
being obvious about it. Old-style makeup, 
consisting of physical blends of elastomers 
and metal-oxide pigments, can phase-
separate on the skin, with the pigments 
collecting in the fine lines and wrinkles—
emphasizing the skin’s flaws within just a 
few hours after makeup application.

While surveying recent trends in 
U.S. patent applications for cosmetic 

The U.S. Food and Drug Administration (FDA) carefully con-
trols the coloring agents used in foods, drugs and cosmetics. 
(Certain pigments derived entirely from natural sources, such 
as iron oxide and titanium dioxide, are exempt.) The coloring 
agents must be approved for safety and the amount that can 
be used. Some can be used anywhere on the face and body; 
others cannot be used around the mouth and the eyes.

The U.S. Federal Food, Drug and Cosmetic Act—also 
known as Title 21, Part 74 of the Code of Federal Regula-
tions—specifies the formulation of each permitted coloring 
agent and its allowable uses. Colors with “FD&C” preceding 
their numbers are approved for foods; “D&C” signifies sub-
stances that are only allowed in drugs and cosmetics.

Ever wonder why the cosmetics industry pushes bold red 
one year, then pink the next year and orange tones the year 
after that? Color palettes vary depending on the amount of 

The Regulation of Cosmetic Colorants
dye produced each year. The major cosmetic lines will come 
out with similarly colored products, despite the carefully 
worded shade names and the glossy marketing photos.

The European Union (EU), China, Japan and other devel-
oped countries have their own analogs of the FDA. For exam-
ple, the EU’s Cosmetics Directive lists approved, banned 
and restricted ingredients, including colorants, for products 
sold in its member nations. There are some differences in the 
permitted pigments and sunscreen ingredients between the 
FDA and the EU.

The largest cosmetic companies use ingredients that are 
accepted in all countries because they want to market the 
same product worldwide. “If you buy a Revlon lipstick, it’s 
going to be the same everywhere, and that is the advantage 
of large global brands over small niche brands,” said Zoe 
Draelos, a North Carolina (U.S.A.) dermatologist.

It’s important to 
get the pigments 
and any other solid 
ingredients distributed 
evenly over the skin. 
Any flocculation or 
aggregation of the 
pigments will ruin  
the makeup’s  
optical effects. 
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colorants, Lochhead and a graduate 
student, Laura Anderson, found that sci-
entists are developing composite makeup 
particles that diff ract, refract and refl ect 
light off  the wearer’s skin, rather than 
covering the skin with an opaque barrier. 
Not only do these particles let the natu-
ral skin color pass through to the outside 
world—albeit with enough blurring to 
hide small surface imperfections—but 
they can even produce new hints of color 
for a radiant glow.

Th e diagram below illustrates what 
happens when light hits one of these 
coated mineral particles, shown in 
cross-section. According to Morante, 
the particles—which are no larger than 
10 µm in diameter for optimum feel 
and performance in the makeup—scat-
ter light away from the eye so that the 
small wrinkles aren’t apparent.

Some foundations, according to 
Lochhead, contain tiny alumina plate-
lets, some treated with metal oxides and 
others coated with silica spheres. Th ese 
structures bounce the light around inside 
the wrinkle—total internal refl ection—
and soften the look of the wrinkle with-
out the use of opaque pigments.

Simple light refl ections are another 
way to hide wrinkles. Since the wrinkle 
is depressed from the skin surface, light-
refl ective particles at the base of the 
wrinkle will make the crevasse refl ect 
more light. “Th at will make the wrinkle 

Younger cosmetic wearers may have 
more blemishes than wrinkles, and 
composite particles can help them too. 
Researchers at Avon Products Inc., 
according to their patent application, 
embedded sub-micron-sized alkyl silane-
treated titanium dioxide particles into 
silicone gels. Th e embedded particles 
increase the refractive index of the gel, 
which then scatters incoming light away 
from the blemish underneath.

Another blemish-hiding makeup for-
mula uses two kinds of 10- to 20-µm-wide 
alumina platelets: one treated with metal 
oxides and the other covered by titanium-
coated spherical silica. “Together, the 
two diff erent platelets form the mosaic, 
which gently refl ects light and matches 
the natural color of the skin,” wrote the 
team from Color Access Inc. of Melville, 
N.Y. (U.S.A.), which patented the idea. 
Still other concealers described in patent 
applications use tiny glass beads or plate-
lets coated with nylon or even silver.

Iridescence and pearlescence
Glass and mineral cosmetic particles 
can be coated with titanium dioxide 
and other substances to produce irides-
cence, or colors that appear to change 
with the angle of view. When applied to 
the skin, such particles form a semi-
transparent layer that creates phase-
shifting and interference eff ects, and 
some wavelengths of light are attenu-
ated more than others. Iridescence 
happens in nature—in pearls, mollusk 
shells, butterfl y wings, peacock feathers 
and some insect exoskeletons.

Pearlescent pigments are generally 
shaped like fl akes instead of spheres. 
Originally, tiny platelets of mica were 
coated with metal oxides with a higher 
refractive index than the mica substrate. 
Since natural mica tends to be some-
what irregular and can scatter light too 
much, cosmetics companies have been 
making artifi cial platelets of materials 
such as borosilicate.

Color researchers manipulate the 
types of substrates and coatings to 
enhance the refl ection and interference 
of certain wavelengths. At L’Oréal, 
scientists have attempted to create 

Glass and 
mineral cosmetic 
particles can 
be coated with 
titanium dioxide and 
other substances to 
produce iridescence, 
or colors that appear 
to change with the 
angle of view.

[ Cross-section of hypothetical makeup particle ]
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Cosmetics made of multilayered particles refl ect and transmit diffuse light to conceal 
wrinkles or impart different colors to observers at different viewing angles. (Inset) 
Cosmetic-grade pigment of TiO2-coated mica particles.
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appear less deep, and it will fool the eye 
into thinking that the skin surface is 
more even than it is,” she said.

“It is very much an optical illusion,” 
Draelos said. “You can create some very 
interesting optical eff ects with very small 
particles of pigment.”
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iridescence by depositing ordered lat-
tices of monodisperse particles onto a 
film-forming polymer on top of keratin 
(skin or fingernails). The particle layers 
would act like a photonic crystal.

It’s all in the colors
Large cosmetic firms have huge com-
puterized machines that select tiny 
quantities of pigments and mix them 
robotically. According to Draelos, an 
experienced color designer can order up a 
hundred different shades and then select 
the ones that will form the company’s 
color palette for the coming season.

Color artists use the principle of 
blending complementary colors. For 
example, a woman who wants to neu-
tralize her reddish skin tone looks best 
with makeup that contains tiny green 
particles. Green, a complementary color 
to the red, would make the skin appear 
brown or tan.

Likewise, someone with a purplish 
skin lesion could cover up flaws with 
makeup with a yellowish tint. A bluish 
tint in “color-lightening” lipstick will 
help a person avoid the dreaded “yellow 
teeth” look. The blue and red pigments 

Simple light reflec-
tions are another 
way to hide wrinkles. 
Since the wrinkle is 
depressed from the 
skin surface, light-
reflective particles 
at the base of the 
wrinkle will make 
the crevasse reflect 
more light. 

[ Characteristics of metallic pigments: Reflection and scattering of light ]

Directional reflection and scattering

tints to hide specific skin problems, 
Morante said. “But you have to know 
how to use them so that you don’t walk 
around looking like Herman Munster.”

Can science quantify our subjective 
perceptions of facial coloration? Accord-
ing to Lei Huang and colleagues at Uni-
lever, we get our idea of “healthy” skin 
color from the absorption spectrum of 
hemoglobin in the bloodstream. Spectral 
reflectance of the skin has a “hemoglobin 
dip” centered around 550 nm. On the 
CIELAB L*a*b* color space scale (black 
to white, green to red, blue to yellow), 
Huang’s team defines light skin tones as 
those with L* values between 55 and 70 
and dark tones as those with L* measure-
ments of 35 to 55. 

The researchers developed a makeup 
containing polysaccharide beads loaded 
with enough titanium dioxide and red 
iron oxide that the product itself falls 
outside the desired skin-tone range, but 
when applied to the skin gives the skin 
a lowered spectral reflectance in that 
“healthy look” 550-nm range.

Some cosmetics companies specialize 
in limited skin-tone palettes. One might 
emphasize orange-tinted makeup for 
Caucasian teenagers who want to look 

Metallic gloss effect pigments

Ideal mirror: 100% directional reflection Ideal matte surface: 100% scattering

Pearlescent gloss effect pigments

will combine to yield a burgundy shade 
that makes the teeth appear whiter.

“By allowing the optics of the eye 
and light reflection to play with colors, 
you can basically enhance certain color 
perceptions by the eye and on the other 
hand decrease certain color perceptions 
by the eye,” Draelos said.

Using that principle of subtractive 
color, cosmetic companies make opaque 
concealers with green, violet and yellow 

ECKART GmbH

(Left) Metallic-effect pigments reflect light directionally, like a mirror. In cosmetics, their use is primarily in nail polish, and total reflec-
tance is about 90 percent rather than the ideal 100 percent. (Center) Absorption pigments scatter light in all directions, resulting in an 
even matte look. (Right) Pearlescent pigments reflect only part of the white light that enters them, giving an appearance of color that 
depends on the location of the observer.

Absorption pigments
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[ Natural mica vs. synthetic borosilicate ] [ Microscopic comparison of substrates ]
Natural mica Borosilicate

Layered structure, 
thickness deviation

Scanning electron microscope images of natural mica and synthetic 
borosilicate substrate particles reveal the more regular structure of the 
latter. Fewer steps and edges on the borosilicate fl akes give them better 
refl ectivity once they are coated with other substances.

Mica fl akes (top) and borosilicate fl akes (bottom), all 
coated with titanium dioxide. The smoother borosilicate 
particles give a brighter, more uniform color distribution 
and a better-looking fi nal product.

sun-tanned, while another line of cos-
metics might emphasize deep reds that 
fl atter African American women. 

Lipstick, eye shadow 
and mascara
Lipsticks were originally made of wax 
crystals that are similar to wax polishes 
made for shoes and cars, Lochhead said. 
In recent decades, lipstick formulators 
have added polymers for more stability 
and tiny silicone resin cushions to reduce 
the likelihood that lip color will come off  
on coff ee cups and shirt collars.

Today, lipsticks contain blends of red, 
yellow and blue lake pigments, some-
times with a dash of titanium dioxide to 
lighten reds into pinks. Synthetic “pearl-
izing” agents, such as bismuth oxychlo-
ride, give a frost or shimmer to the color. 
Lip glosses contain less wax and more oil 
than solid-stick lip colors.

Mascara must separate the eyelashes 
as well as color them. It needs to be as 
glossy and dark as the cosmetic scientist 
can make it, and its pigments must be 
compatible with polymers that have high 
extensional viscosity, so that the mascara 
forms a cylindrical fi lm that adheres to 
the keratin in eyelashes.

However, the U.S. FDA gives research-
ers a limited choice in safe pigments for 
use on eyelashes because of their proxim-
ity to the eyes’ mucous membranes, 

Looking ahead
According to Lochhead, “Th e reason 
people don’t think there’s science in there 
is that [cosmetics are] commonplace,” he 
added. “People think that because they’re 
so common, they can’t be very sophisti-
cated scientifi cally.”

Researchers are continuing to develop 
new composite colorants that diff ract and 
scatter light without drawing attention 
to themselves. Photonics, the ultimate 
enabling technology, will undoubtedly 
help millions more people to put their 
best face forward to the world. t

Patricia Daukantas (pdauka@osa.org) is the 
senior writer/editor of Optics & Photonics News.
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Lochhead said. Another caveat for 
mascara formulators is that, in the high 
humidity at the eyelash level, the bot-
tom of each lash shaft swells more than 
the tip, producing the characteristic curl 
away from the eye. Completely water-
proofi ng the lashes would bar water 
vapor from absorption into the lashes—
which would droop unattractively.

Eye shadows are pressed powders 
consisting of lake pigments, mineral 
pigments, mica and synthetic pearlescent 
minerals. “Th at’s where the colors get 
more exotic and more interesting,” Drae-
los said. Glittery eye shadows also have 
larger particle sizes than foundations, and 
the larger particles scatter more light.

Microscopic view of 
uncoated substrates 
(mica vs. borosilicate)
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