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Abstract
The objective of this study is to investigate the need for detailed classification of skin colors through the quantification of skin
color and light absorbance differences. Skin color is one of the most important factors in dermatological laser treatments.
Dermatological laser treatments are currently performed based on the experience and judgment of the doctor with the
Fitzpatrick scale. However, the Fitzpatrick scale and the doctor’s experience were not quantified assessment methods for skin
color classification and laser parameters selection. Improper selection of laser irradiating parameters can lead to undesirable tissue
effects and treatment outcomes. We analyzed the correlations between absorbance and quantified colors using skin phantoms to
identify that using the Fitzpatrick scale in dermatological treatments have limitations. Absorbance differences for different skin
colors are measured at 532 nm with a custom-built system for radiant power measurements using skin phantoms fabricated with
nine different colors. Some correlations between the color and absorbance agree with the Fitzpatrick scale. Generally, absorbance
for the bright colored phantoms is lower than that for the darker colored phantoms. However, some phantoms fabricated with
bright colors exceptionally have higher absorbance than those with darker colors. This means that for conventional standards, the
Fitzpatrick scale may not always be accurate at 532-nm lights. Through these experiments, we demonstrate the need for a reliable
classification standard for skin colors based on quantification of the skin colors and absorbance differences for each skin color as
an alternative to the Fitzpatrick scale, which has limitations at certain wavelengths.
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Introduction

Dermatological laser treatments are frequently used for skin
resurfacing and hair, tattoo, and pigment removals. However,
side effects such as post-inflammatory hyperpigmentation,
post-inflammatory hypopigmentation, blisters, erythema, and
hemorrhage are not uncommon [1–3]. These side effects result
from collateral thermal damage at the periphery of the laser
target area by heat accumulation. The case that the absorbed
laser energy was larger than the released thermal energy was
mainly responsible for the heat accumulation [4]. The charac-
teristics of the skin including the colors, structures, and com-
position as well as the output power and pulse durations of the
laser devices are the factors that affect heat accumulation. Skin

color had a direct correlation with the absorption of light be-
cause the chromophores in skin such as melanin and heme are
the main absorbers of light [5]. Differences in the skin color of
each person were caused by deviations in the composition
ratios of these chromophores [6]. Although the characteristics
of irradiated skin are also important factors for heat accumu-
lation, previous studies were only focused on laser parameters
without considering skin characteristics. For example, re-
search involving the modulation of pulse duration demonstrat-
ed that shorter pulse durations prevented heat accumulation
and negative side effects [7–11]. However, studies investigat-
ing the interaction between skin color differences and certain
laser parameters are relatively insufficient at preventing heat
accumulation and side effects compared with those researches
involving the modulation of laser parameters. Previous studies
and treatments classified skin colors according to the
Fitzpatrick scale and the experiences of the medical doctor
without quantitative analysis [12].

The Fitzpatrick scale was a numerical classification schema
with six possible classifications for human skin types depending
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on the response to ultraviolet light [13]. The Fitzpatrick scale is a
widely used method to classify skin types including skin colors
even though the criteria for the classification of skin colors have
been not quantitatively established. In this regard, the actual colors
used with the Fitzpatrick scales are variable. Irregular standards of
color classifications can lead to errors due to the arbitrary group-
ing of ambiguous colors. In addition, the Fitzpatrick scale has
limitations for use in dermatological laser treatments because the
wavelengths of the laser used for skin treatments differ from that
of ultraviolet light. Lasers operated at 532 nm and 1064 nm
were usually used for dermatological procedures [14–16].
Therefore, analysis of the correlations between quantified skin
colors and absorbance at specific wavelengths is necessary to
minimize the probability of side effects through accurate as-
sessment of skin states and laser irradiating parameters.

Experimental models with controlled characteristics such as
thickness, scattering, and structure are required to investigate
correlations between absorbance and quantified skin colors.
Previous studies mostly used light irradiation to the tissues of
animals and patients for the investigation of light-tissue interac-
tions [7–11, 14–17]. However, these methods had limitations
regarding the control of experimental conditions because in vivo
and ex vivo experimental models have individual characteristics
including skin colors as well as structure differences such as the
existence of pores and sweat glands at the light-irradiated area.
Deviations in these characteristics are uncontrollable and can
impair accurate measurements. On the other hand, artificial ex-
perimental models in the form of phantoms produced using
constant fabrication methods and materials can be used to con-
trol experimental conditions, leading to accurate results uninflu-
enced by disturbance. Tissue phantoms with the desired charac-
teristics have been used as testing models by many researchers
and developers to evaluate the performance of systems and
establish the reliability of theoretical models [18–22]. A previ-
ous study by Lualdi et al. was performed using skin phantoms
made with silicone rubber with different concentrations of a
cosmetic powder that had one skin color [23]. Phantoms made
using one-color cosmetic powder with different concentrations
have limitations in mimicking various types of skin color
expressed by various chromophores including melanin and
heme. In addition, the main chromophore for skin color, mela-
nin, was categorized into three basic types: eumelanin,
pheomelanin, and neuromelanin. The most common type,
eumelanin, was also separated into two subtypes of brown and
black eumelanin [24]. Skin phantoms fabricated with chromo-
phores with various colors would be ideal models for investi-
gating absorbance differences depending on skin color.

In this study, we fabricate skin phantoms and measure the
attenuation of light in the phantoms to calculate absorbance.
Our phantoms are fabricated using nine color cosmetic pow-
ders to mimic tissue models with various skin colors. The
characteristics of the phantoms other than the color are con-
trolled using a constant fabrication process and materials. The

radiant power for each phantom is measured using a continu-
ous wave (CW) laser at 532 nm with an optical power meter.
Through these experiments, we perform measurement absor-
bance differences for different skin colors and confirmed the
limitations of the Fitzpatrick scale. This research represents an
initial step in the development of a technique that can provide
optimal laser irradiating parameters for dermatological laser
treatments through the prediction of personalized absorbance
based on skin color measurement.

Materials and methods

Materials of phantoms

Pourable and addition-curing two-part silicone rubber (Elastosil
RT604A/B,Wacker, Munich, Germany) was applied as the base
material for the phantoms in this study. The silicone rubber is
transparent and has a similar refractive index (1.404) to soft tissue
(n = 1.33–1.50) [25]. The silicone consists of main (RT604 A)
and catalyst (RT604 B) solvents. These two components were
mixed at a ratio of 9:1 (RT604 A: RT604 B) by weight. Silicone
rubber was also used in a previous research by Lualdi et al. [23].
Cosmetic skin powders (Sheer Finish Pressed Powder, Bobbi
Brown, New York, USA) classified into nine types according
to color were used as chromophores and absorbers to fabricate
the phantoms. Aluminum oxide (Al2O3) particles (Sigma
Aldrich, Saint Louis, USA) were added as an additional scatter-
ing factor to mimic the scattering capability of skin [23].

Manufacturing process

The fabrication of the phantoms was performed through the
constant process shown in Fig. 1a. The mixed solutions for
the phantom consisted of cosmetic powder for each color, con-
trolled silicone, and Al2O3. Two groups of solutions classified
by the composition ratio of the cosmetic powder were mixed to
demonstrate the absorbance differences according to different
concentrations of absorbers. The first phantom group consisted
of Al2O3 particles (1.2 wt%), cosmetic powder (1.2 wt%), main
silicone (RT604A, 87.84 wt%), and catalyst (RT604B, 9.76
wt%). The second phantom group consisted of Al2O3 particles
(1.2 wt%), cosmetic powder (5.0 wt%), main silicone
(RT604A, 84.42 wt%), and catalyst (RT604B, 9.38 wt%).
The list for composition ratio of each phantom is written in
Table 1. A homogenizer (HG-15D, DAIHAN Science, Seoul,
Republic of Korea) was used to create a homogeneous mixture
(Fig. 1a). The homogenizer was operated at the minimum rev-
olutions per minute (2000 rpm) for 2 min because high rpm and
lengthy operation can generate heat at the rotor in the solutions.
Heat in the mixture leads to early hardening, which affects the
control of flatness and thickness during the fabrication process.
The homogeneous mixtures were dropped onto slide glass for
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spin coating (Fig.1a). The slide glasses were fixed on the chuck
of a spin coater using a vacuum pump. The spin coater was
used to fabricate thickness-controlled and uniform surface
phantoms. The spin coater was operated under two parameters
for the rpm levels and running time. The chuck of the spin
coater was rotated under 200 rpm for 30 s with the
solutions for the first phantom group (content of cos-
metic powder: 1.2 wt%). The second phantom group
(cosmetic powder content: 5.0 wt%) was treated under
250 rpm for 40 sec. These parameters for the spin coat-
er operations were obtained through several working
tests. Homogenized mixtures were immediately cured
for 3 min on a hot plate (Fig. 1a) at a temperature of
70 °C. This temperature was sufficient to cure the solu-
tions for the phantoms according to the technical datasheet for
silicone, which stated that a temperature of 70 °C for 30 min
can cure a solution with a thickness of 1 cm. All phantoms
(394.3 ± 45.7 μm) were thinner than 1 mm.

Measurements

Cross-sectional images of the phantoms acquired using a
custom-built swept source-optical coherence tomography (SS-

OCT) system were used to evaluate the thickness and flatness
of the fabricated phantoms. OCT is a useful and powerful tool
for obtaining tomograms, cross-sectional images, and volume
images of targets in the industrial process and medical fields
such as Dermatology, Dentistry, and Ophthalmology [26–35].
The SS-OCTsystem used in these experiments included a high-
speed wavelength swept laser (Axsun, BILLERICA, MA) as a
light source. The swept source laser had a sweeping rate of
50 kHz and a 110 bandwidth with a center wavelength of
1310 nm.

The absorbance of the phantoms was calculated using
Beer-Lambert’s Law, which is a theory used to calculate ab-
sorbance through the attenuation of light in light-traveling
materials. The correlations of the parameters defined in
Beer-Lambert’s Law can be expressed as follows:

A ¼ εlc ¼ log10
I0
I

ð1Þ

where

A: absorbance, normally called the optical density,
ε: absorptivity or molar attenuation coefficient in the ma-

terial samples,

Table 1 Composition ratio of each phantom group

Phantom groups by composition
ratio of cosmetic powders

Phantoms (n=1, 2, , 9) Main silicon (RT604 A) Catalyst (RT604 B) Aluminum oxide Cosmetic powder
with skin color

1.2 wt% group C[n]P 87.84 wt% 9.76 wt% 1.2 wt% 1.2 wt%

5.0 wt% group C[n]P 84.42 wt% 9.38 wt% 1.2 wt% 50.wt%

Fig. 1 Schematic of fabrication
process for phantoms and
measurement process for
thickness and absorbance of
phantoms. a Phantoms were
fabricated through solution
homogenizing, flattening using a
spin coater, and curing on a hot
plate at 70 °C. b The thickness of
the phantoms was measured by
calculation of the distance
between the surface and bottom
using cross-sectional images.
Afterward, absorbance was mea-
sured based on the correlation
between the initial and output la-
ser beams
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l: path length of the beam or thickness of the material
samples,

c: amount concentration of the material samples,
I0: radiant flux, unit (Watts), initial radiant power of light,
I: radiant flux, unit (Watts), transmitted radiant power of

light.

A fiber-coupled CW laser (CNI laser, Changchun,
China) was irradiated to measure I0 and I. The specifi-
cations of the laser included a maximum power of 1
Watt with a 532-nm wavelength. The radiant flux, I0
and I, was measured using an optical power meter with
a Si photodiode detector (PM200 with S120C, Thorlabs,
Newton, NJ, USA). A neutral density filter (optical den-
sity: 0.1) was used to support the phantoms in the mea-
surement mount. The initial radiant power I0 was mea-
sured without phantoms. After measuring the initial and
transmitted radiant power, the absorbance was calculated
using Eq. (1). In addition, calibrated absorbance was
calculated to compensate thickness deviations in the
phantom using Eq. (2).

Acali ¼ A� lcont
lmea

ð2Þ

where

Acali: calibrated absorbance,
lcont: control thickness of phantom,
lmea: measured thickness of phantoms.

Results

We fabricate skin phantoms with two concentration groups
(1.2 wt% and 5.0 wt%) by controlling the cosmetic powder
content using nine different colors. All parameters for the
materials in the phantoms are controlled except for the content
and type of cosmetic powder. The colors of the cosmetic pow-
ders are quantified to RGB values by analyzing the color
images provided by the powder manufacturer. To extract the
RGB values, the 3D color inspector plugin for Image J (NIH)
is used. The RGB values for each color type in the Fitzpatrick
scale are also extracted from an image in a previous study
using ImageJ because validated RGB values for the
Fitzpatrick scale do not exist. The quantified RGB values for
each color are shown in Fig. 2b, Table 2, and Table 3. The
coverage of the colors used in phantom fabrication is present-
ed based on the distribution of powder colors located between
each color type on the Fitzpatrick scale.

Fig. 2 Fabricated skin phantoms
and color distributions of the
cosmetic powders. a Images of
the skin phantoms. C[n]P stands
for Color [n] Phantom with C[n]
color skin powder (n = 1, 2,…,
9). b The colors of the cosmetic
powder and Fitzpatrick scale.
FS[k] is Fitzpatrick scale k
(k = 1, 2,…, 6)

Table 2 RGB values and phototypes of the Fitzpatrick scale
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Cross-sectional scan images of OCTare used to acquire the
thickness of the fabricated phantoms (Fig. 3). The measured
thickness for each phantom is used to compensate for the
thickness difference in absorbance calculation. The thickness
of the phantoms is calculated by counting the pixels
(5.7 μm× 5.7 μm) between the surface and bottom in cross-
sectional images. Deviations in thickness (394.3 ± 45.7 μm)
are measured, even though the fabrication process and mate-
rials are controlled. These deviations attribute to quan-
tify the differences in solution droplets and position dif-
ferences with the axis of rotation due to the manual
dropping process. In addition, cross-sectional images
are used to evaluate the flatness of the structure in the
fabricated phantoms. If the materials were agglomerated
or weighted toward an arbitrary position during the fabrication
process, the scattering pattern and structure would be irregu-
larly distorted. The cross-sectional images of the phan-
tom show a uniform surface and structure without dis-
tortion (Fig. 3).

Measurements of the initial and transmitted radiant power
with the 532-nm CW laser are repeated three times to calculate
the absorbance of the phantoms using the custom-built system
using the optical power meter (Fig. 4a, b). The absorbance of
the phantoms is calculated with Beer-Lambert’s Law presented

in Eq. (1) using the measured values for the light attenuation
and thickness of the phantoms. After calculating the absor-
bance, the influence of thickness variation is compensated with
Eq. (2). Thickness calibration is performed under the assump-
tion that the thickness is linear regarding the absorbance with-
out measurement errors, followed by analysis of the correla-
tions between absorbance and quantified colors for each phan-
tom. The compensated absorbance Acali for the phantoms is
shown in Fig. 4c.

The absorbance differences for different phantom colors
are irregular. Phantom C5P have higher absorbance than
C1P, C2P, C3P, and C4P even though C5P have the lightest
color among the fabricated phantoms. C4P have higher absor-
bance than C1P; however, the colors of C1P and C4P are
similar. In addition, similar absorbance is observed for C2P
and C3P as well as for C4P and C5P even though these phan-
toms have different colors. Irregular correlations between the
absorbance and colors of the phantoms are expected due to
differences in reflexibility depending on the phantom color
and variations in the absorptivity for each value of RGB at
532 nm. However, the phantom with darker colors have
higher absorbance than those with lighter colors. C7P, C8P,
and C9P show higher absorbance than the others. These as-
pects agree with the Fitzpatrick scales. The absorbance for the
higher content group (5.0 wt% concentration) is higher than
that for the lower content group (1.2 wt% concentration).
These correlations between the absorbance and the concentra-
tion of the absorber have also been reported in previous stud-
ies on absorbance differences with different absorber
concentrations.

Discussion

Although people have different skin colors by various factors
such as the thickness of each layer, the composition ratio, and
different types of chromophores, previous studies were per-
formed using skin phantoms fabricated by modulating the

Fig. 3 Thickness measurement
method. a Schematic of the
sample arm in custom-built OCT.
b Cross-sectional images of
the phantom

Table 3 RGB values of colors used for phantoms
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concentration of chromophores using only one-color material.
We expected that measuring the absorbance differences in
various color phantoms would help establish optimal laser
irradiating criteria and reveal the limitations of conventional
methods used to categorize skin colors like the Fitzpatrick
scale. We fabricate nine colored phantoms and compare the
absorbance of each phantom. The results show irregular cor-
relations between the absorbance and color of the phantoms.
Different absorbance values are obtained for phantoms with
similar colors (C1P and C4P) and lower values are obtained
for phantoms with darker colors than those with light colors
(C5P). In addition, similar absorbance values are observed for
phantoms (C2P and C3P, C4P and C5P) with different colors.
However, correlations in accordance with the Fitzpatrick scale
are also observed in several phantoms (C7P, C8P, and C9P).
These results demonstrate that detailed skin classification
based on quantified data for skin color and absorbance is
needed for certain wavelengths and that skin classification
using unquantifiable and rough standards has limitations.
Detailed skin classification based on quantified data can help
determine the most effective and optimal laser irradiating

criteria to minimize side effects along with previous methods
like the Fitzpatrick skin scale. The limitations of this study are
that the RGB values for the phantoms could not be controlled
and the structure of real skin tissue was not replicated. If we
can control the RGB values, we can obtain more scientific and
advanced results. For example, comparison of phantom colors
between Red values 125 and 190 with fixed Green and Blue
values can help determine the influence of the Red value on
absorbance. Second, the fabricated skin phantoms in this
study comprised a single layer. However, real skin consists
of four layers (stratum corneum, epidermis, dermis, and hy-
podermis). Each layer of real skin has a different chromophore
content, different tissue composition ratios, and different
thickness. For example, the dermis has blood capillaries
and a thicker layer than the epidermis. Blood in capil-
laries means that the dermis includes more heme, which
is a light absorber, than the epidermis. Multi-layer skin
phantoms in which the concentration of chromophores
in each layer can be controlled are required for more scientific
investigation of the correlations between skin color and
absorbance.

Fig. 4 The absorbance
measurement system and the
measured absorbance for the
phantoms. a Schematic of the
custom-built absorbance mea-
surement system. b Three-
dimensional and cross-sectional
rendering images of the system. c
Calibrated absorbance value for
each phantom
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Conclusion

In this research, we fabricate skin phantoms using cosmetic
powders with nine quantified colors and investigate the absor-
bance differences between different colored phantoms at 532-
nm lights. The results reveal the limitations of the previous
skin classification standard and the necessity for fine classifi-
cation based on quantified data. These experiments represent
the first step in the study of optimal laser irradiating standards
based on the correlations between quantified skin color and
absorbance at certain wavelengths. Although we could not
demonstrate the correlations between absorbance and RGB
values, future experiments will complement these weaknesses
through the control of RGB values. In addition, multi-layer
skin phantoms will be used to create skin models that mimic
real skin in our further works.
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