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Abstract

Despite the notable progress in physically-based rendering, there is still a long way to go before we can au-
tomatically generate predictable images of biological materials. In this paper, we address an open problem in
this area, namely the spectral simulation of light interaction with human skin. We propose a novel biophysically-
based model that accounts for all components of light propagation in skin tissues, namely surface reflectance,
subsurface reflectance and transmittance, and the biological mechanisms of light absorption by pigments in these
tissues. The model is controlled by biologically meaningful parameters, and its formulation, based on standard
Monte Carlo techniques, enables its straightforward incorporation into realistic image synthesis frameworks. Be-
sides its biophysically-based nature, the key difference between the proposed model and the existing skin models is
its comprehensiveness, i.e., it computes both spectral (reflectance and transmittance) and scattering (bidirectional
surface-scattering distribution function) quantities for skin specimens. In order to assess the predictability of our
simulations, we evaluate their accuracy by comparing results from the model with actual skin measured data. We
also present computer generated images to illustrate the flexibility of the proposed model with respect to variations
in the biological input data, and its applicability not only in the predictive image synthesis of different skin tones,
but also in the spectral simulation of medical conditions.

Categories and Subject Descriptors (according to ACM CCS): I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism

1. Introduction

The modeling of light interaction with human skin is rel-
evant in a variety of areas such as medicine, cosmetology
and realistic image synthesis. By studying processes in-
volved in light remission from skin through computer simu-
lations, better protocols can be developed to automatically
diagnose medical conditions, such as jaundice (yellowish
hue), erythema (redness), as well as tumors at early stages
[RKU∗01, Tuc00]. Understanding how light is absorbed and
propagated in skin tissues can assist in the design of lo-
tions protective against harmful solar radiation, and also in
the design of superior cosmetics. The games and entertain-
ment industries can certainly benefit from being able to au-
tomatically generate realistic and predictable images of skin
tissues. Creating images of human beings is usually an art
left to designers and animators. Artists currently model skin
by carefully adjusting rendering parameters such as textures

and colors. Despite its importance, the predictive rendering
of organic materials, such as human skin, is still in its in-
fancy, and many issues remain unsolved.

There is a considerable amount of research on skin op-
tics available in the biomedical literature, as well as re-
cent investigations in colorimetry. The models developed in
these areas can be loosely classified into deterministic (e.g.,
applying Kulbelka-Munk and diffusion theories [AP81])
and nondeterministic (e.g., applying Monte-Carlo methods
[PKJW89]). A broad review of these models is beyond the
scope of this work, and the interested reader is referred to
more comprehensive texts on skin optics [KB04, Tuc00]. It
is worth noting, however, that these models are mostly aimed
at the reproduction of skin spectral properties to determine
the content and distribution of various substances [ZBK01],
i.e., scattering properties affecting skin appearance are usu-
ally not addressed. Moreover, a substantial portion of the
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work done by the biomedical community is either laser-
based or aimed at wavelengths outside the visible region of
the light spectrum.

In computer graphics the focus has been on develop-
ing scattering models to be incorporated into image synthe-
sis frameworks. Although the application requirements are
somewhat different, algorithms and techniques used in the
models mentioned above have been incorporated in com-
puter graphics. In 1993, Hanrahan and Krueger [HK93] in-
troduced to the graphics literature the algorithmic formula-
tion for the simulation of tissue subsurface scattering pro-
posed by biomedical researchers [PKJW89], which consists
in applying Monte Carlo methods to simulate light trans-
port in organic tissue. Ng and Li [NL01] extended the mul-
tilayer model proposed by Hanrahan and Krueger by adding
a layer of oil on the outside of skin. Stam [Sta01] extended
previous radiative transfer work based on discrete ordinate
approximation in order to model a skin layer bounded by
rough surfaces. Jensen et al. [JMLH01] proposed a model
for simulating multiple scattering subsurface light transport
in translucent materials, including human skin, which used
a point source approximation based on the dipole method
originally proposed by biomedical researchers. Although the
computer graphics scattering models for human skin models
are biologically motivated, they do not simulate important
biological processes, such as the absorption of light by nat-
ural chromophores (pigments), which are closely tied with
skin spectral properties. As a result, they must rely on spec-
tral parameters (e.g., reflectance and transmittance) either set
by the user or obtained from the literature, which are speci-
men specific and usually limited to a narrow range of illumi-
nating and viewing geometries.

Clearly, the predictive simulation of both the spectral and
the spatial distribution of the light incident on human skin
is still an open problem not only in graphics, but also in
biomedicine and colorimetry. In this paper, we address this
issue by proposing an algorithmic biophysically-based spec-
tral model (henceforth referred to as BioSpec) specifically
designed to account for the biological factors that affect light
propagation and absorption in skin tissues. The BioSpec
model is functionally comprehensive, i.e., it takes as input
biological and structural data and provides as output both
spectral and scattering data for skin specimens. The former
are provided in terms of reflectance and transmittance val-
ues, while the latter are given in terms of BSSDF (bidirec-
tional surface-scattering distribution function), which can be
decomposed into BRDF (bidirectional reflectance distribu-
tion function) and BTDF (bidirectional transmittance distri-
bution function) components. The proposed model is con-
trolled by biologically meaningful parameters determined
through experiments described in the scientific literature,
and its implementation, based on standard Monte Carlo
Methods, enables its straightforward incorporation into most
rendering frameworks. The spectral and scattering quantities

can be either computed and used on the fly during the ren-
dering process or stored in a database to be used off-line.

The remainder of this paper is organized as follows. The
next section describes the skin tissues and how they absorb
and scatter light. Section 3 presents the algorithmic BioSpec
model. Section 4 describes the approach used to evaluate the
proposed model. Section 5 presents the results and discusses
practical issues. Finally, Section 6 concludes the paper and
outlines directions for future work.

2. Light Interaction with Human Skin

Skin is a multilayered and inhomogeneous organ (Figure 1).
In this section, we outline the biological characteristics of its
main constituents, and how they affect the propagation and
absorption of light.

2.1. Structural Characteristics and Spectral Properties

The first and outermost section of human skin is the stratum
corneum, which is a stratified structure approximately 0.01-
0.02 mm thick [AP81, KB04]. There are skin structural mod-
els, however, that consider it part of another tissue, namely
the epidermis [Tuc00]. The stratum corneum is composed
mainly of dead cells, called corneocytes, embedded in a par-
ticular lipid matrix [TKK∗01]. Light absorption is low in
this tissue, with the amount of transmitted light being rel-
atively uniform in the visible region of the light spectrum
[EYSO66].
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Figure 1: Schematic cross-section of human skin tissues and
the subcutaneous fat tissue (hypodermis).

The epidermis is a 0.027-0.15mm thick structure
[AP81, DT03, KB04] which propagates and absorbs light.
The absorption property comes mostly from a natural
chromophore, melanin. There are two types of melanin,
the red/yellow phaeomelanin and a brown/back eumelanin
[THW∗91]. Their absorption spectra are broad (Figure 2),
with higher values for shorter wavelengths. The skin color
is mostly associated with eumelanin [THW∗91]. The ratio
between the concentration of phaeomelanin and eumelanin
present in human skin varies from individual to individual,
with much overlap between skin types [THW∗91]. Recent
studies reported values between 0.049 and 0.36 [PWK∗03].
Melanin is produced by cells called melanocytes found in
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membranous particles called melanosomes. The melanin ab-
sorption level depends on how many melanosomes per unit
volume are in the epidermis. Typically, the volume fraction
of the epidermis occupied by melanosomes varies from 1.3%
(lightly pigmented specimens) to 43% (darkly pigmented
specimens) [Jac96].

The dermis is a 0.6-3mm thick structure
[AP81, DT03, KB04] which also propagates and ab-
sorbs light. It can be divided into two layers: the papillary
dermis and the reticular dermis (Figure 1). These layers are
primarily composed of dense, irregular connective tissue
with nerves and blood vessels (smaller ones in the papillary,
and larger ones in the reticular dermis). The volume fraction
of blood in tissue can vary, roughly in the 0.2-7% range
[Fle00, Jac96]. The fluence rate of blood decreases as we
get deeper into the skin, following an almost linear pattern
in the dermis [vGJSS89]. In the blood cells we find another
natural chromophore, hemoglobin, which absorbs light and
gives blood its reddish color. Normally, the hemoglobin
concentration in whole blood is between 134 and 173g/L
[YPR∗02]. In the arteries, 90-95% of hemoglobin is oxy-
genated, and in the veins, more than 47% of the hemoglobin
is oxygenated [Ang01]. These two types of hemoglobin,
namely oxygenated and deoxygenated hemoglobin, have
slightly different absorption spectra (Figure 2). Two other
blood borne pigments are found in the dermis, bilirubin
and β-carotene, which contribute to the yellowish or olive
tint of human skin (Figure 2). We remark that β-carotene
may be also found in the epidermis and stratum corneum
[LMRPP75].

The hypodermis is a subcutaneous adipose tissue charac-
terized by a negligible absorption of light in the visible re-
gion of the spectrum [Fle00]. It is usually not considered
part of the skin, and its size varies considerably throughout
the body. Due to the presence of white fat deposits, most of
the visible light that reaches this tissue is reflected back to
the upper layers [DT03].

2.2. Scattering Profile

The scattering profile of human skin has two main compo-
nents: surface and subsurface scattering. Surface scattering
follows Fresnel equations [SWXJ02], and it is affected by
the presence of folds in the stratum corneum. The aspect
ratio of these mesostructures depends on biological factors
such as aging and hydration [TKK∗01, TKL∗02]. Approxi-
mately 5-7% of the light incident (over the entire spectrum)
on the stratum corneum is reflected back to the environment
[Tuc00]. The remaining portion is transmitted to the internal
tissues. Besides the reflective-refractive scattering caused by
the reflection and refraction of light at cellular boundaries,
two other types of subsurface scattering occur within the
skin layers: Mie and Rayleigh scattering [Jac96].

The stratum corneum and the epidermis are characterized
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Figure 2: Spectral extinction coefficient curves for the natu-
ral pigments present in skin tissues. Courtesy of S. Prahl and
the Oregon Medical Laser Center (OMLC).

as forward scattering media [BvdL84]. In the former this be-
havior is due to the alignment of the fibers, while in the latter
it is due to Mie scattering caused by particles that are approx-
imately the same size of the wavelength of light (e.g., cell or-
ganelles). The level of forward scattering for these tissues is
wavelength dependent. Bruls and Leun [BvdL84] performed
goniometric experiments for five wavelengths for both the
stratum corneum and the epidermis, and they showed that
the scattering profiles are broader towards the shorter wave-
lengths.

In the dermis, collagen fibers (approximately 2.8µm in
diameter and cylindrical [Jac96]) are responsible for Mie
scattering, while smaller scale collagen fibers (fibrils) and
other micro-structures are responsible for Rayleigh scatter-
ing [Jac96]. Light gets scattered multiple times inside the
dermis before it is either propagated to another layer or ab-
sorbed. This means that the spatial distribution of the light
scattered within the dermis quickly becomes diffuse [AP81].
In fact, Jacques et al., [JAP87] showed through goniomet-
ric measurements that backscattered light from the dermis
is diffuse. While Mie scattering produces variations on both
ends of the visible region of the light spectrum, Rayleigh
scattering, being inversely proportional to the wavelength of
light (≈ λ−4), produces larger variations on the low end of
the light spectrum [Jac96].

3. The BioSpec Model

In the BioSpec model, light propagation is described in
terms of ray optics, and the wavelength of light, a physical
optics parameter essential for biophysically-based rendering
applications, is included by associating a wavelength with
each ray. The propagation of light in the skin tissues is sim-
ulated as a random walk process [BR97], whose states are
associated with the following interfaces:
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1. air⇔ stratum corneum;
2. stratum corneum ⇔ epidermis;
3. epidermis ⇔ papillary dermis;
4. papillary dermis⇔ reticular dermis;
5. reticular dermis⇔ hypodermis.

Once a ray hits the skin specimen at interface 1, it can be
reflected back or refracted into the stratum corneum. From
there, the ray can be reflected and refracted multiple times
within the skin layers before it is either absorbed or propa-
gated back to the environment thru interface 1. Recall that
the hypodermis is a highly reflective medium (Section 2.2).
Hence, for body areas characterized by the presence of this
tissue, it is assumed total reflection at interface 5.

In the random walk implemented by the BioSpec model,
the transition probabilities are associated with the Fresnel
coefficients [BR97] computed at each interface (assuming
that the cells are locally flat, i.e., they are large with respect
to the wavelength of the incoming light), and the termina-
tion probabilities are associated with the free path length (p)
computed when a ray travels in the skin layers. The model
takes into account the three components of a skin speci-
men’s BSSDF: surface reflectance, subsurface reflectance
and transmittance. These components are affected by the re-
fractive indices differences at the interfaces, tissue scattering
and absorption of light by skin pigments. In the next subsec-
tions, we describe how each of these components is simu-
lated. Due to the stochastic nature of the simulations, we use
several random numbers which are uniformly distributed in
the interval [0,1] and represented by ξi for i = 1..11.

3.1. Reflection/Transmission at the Interfaces

The Fresnel equations [SWXJ02] indicate how much light
is reflected and transmitted at a surface as a function of the
angle of incidence (θi) and the refractive indices of the inci-
dence and transmissive media. The refractive indices of the
stratum corneum, epidermis, papillary dermis and reticular
dermis are denoted by ηs, ηe, ηp and ηr respectively.

After computing the Fresnel coefficient (F) at an inter-
face, we obtain a random number ξ1. If ξ1 ≤ F , then we
generate a reflected ray, otherwise we generate a refracted
ray. The reflected ray is computed applying the law of re-
flection, and the refracted ray is computed applying Snell’s
law [BR97].

3.2. Surface and Subsurface Scattering

A portion of the light that interacts with the stratum corneum
cells is reflected back to the environment following the com-
putation of the Fresnel coefficients described above. The
spatial distribution of the reflected light varies according to
the aspect ratio of the stratum corneum folds (Section 2.2).
We represent these mesostructures as ellipsoids whose as-
pect ratio (σ ∈ [0,1]) is defined as the quotient of the length

of the vertical axis by the length of the horizontal axis, which
are parallel and perpendicular to the specimen’s normal re-
spectively. As the folds become flatter (lower σ), the re-
flected light becomes less diffuse. In order to account for
this effect, we perturb the reflected rays using a warping
function based on a surface-structure function proposed by
Trowbridge and Reitz [TR75], which represents rough air-
material interfaces using microareas randomly curved. This
warping function [KB04] is given in terms of the polar (αs)
and azimuthal (βs) perturbation angles as:

(αS,βS) =



arccos





(

σ2
√

σ4−σ4ξ2 + ξ2
−1

)
1
2

b



 ,2πξ3





(1)
where:

b = 1
σ2
−1 .

When a ray enters either the stratum corneum or the epi-
dermis, it is scattered (Section 2.2). Scattering in either of
these layers involves the perturbation of the incoming ray in
both the polar (α f ) and azimuthal (β f ) angles. The scatter-
ing with respect to the azimuthal angle β f is expected to be
symmetric (equal in all directions) [PKJW89], thus we use
β f = 2ξ4π. The scattering direction with respect to the po-
lar angle α f is computed using a randomized table look-up
algorithm. Recall that Bruns and Leun [BvdL84] have per-
formed goniometric measurements for stratum corneum and
epidermis (Section 2.2). The polar scattering angles mea-
sured at a given wavelength by Bruls and Leun [BvdL84]
are stored in a table, whose access indices correspond to the
measured fractions of scattered radiation. For each ray we
generate a random number ξ5, which we multiply by the
table size. The integer part of the resulting value is used
to access the corresponding polar scattering angle stored
in the table. This spectral data oriented approach provides
higher accuracy results than the use of data-fitting functions
[BKK03].

Every ray entering one of the dermal layers is initially
tested for Rayleigh scattering (Section 2.2). The Rayleigh
scattering simulation performed by the BioSpec model com-
bines atmospheric optics [McC76] and skin optics concepts
[Jac96]. For the sake of conciseness, we present here only
the key expressions used by the BioSpec model. The reader
interested in their full derivation is referred to a technical
report written by the authors [KB04].

In order to perform the Rayleigh test, we initially com-
pute the spectral Rayleigh scattering amount (Equation 3),
denoted by R(λ), which is associated with the probability
that the Rayleigh scattering can occur [McC76, KB04]. We
then generate a random number ξ8. If ξ8 < 1− exp−R(λ),
then the ray is scattered using polar (αR) and azimuthal (βR)
perturbation angles given by

(αR,βR) = (ψ,2πξ10) (2)

where the angle ψ is obtained using rejection sampling in
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conjunction with the Rayleigh phase function [KB04]:

do
ψ = πξ9

χ = 3
2 ξ10

while (χ > 3
4 (1 + cos2 ψ))

According to Jacques [Jac96], collagen fibers occupy 21%
of the dermal volume, and the Rayleigh scattering in this
tissue can be approximated using spheres mimicing the ul-
trastructure associated with the random arrays of collagen
fibrils of radius r. This results in a fiber density given by
N = 0.21( 4

3 r3π)−1, which one can use to compute the spec-
tral Rayleigh scattering amount through the following equa-
tion:

R(λ) =
8π3((

η f

ηm
)2
−1)2

3Nλ4

( t
cos θ

)

(3)

where:
η f = index of refraction of the fibers,
ηm = index of refraction of the dermal medium,
t = thickness of the medium,
θ = angle (< 90◦) between the ray direction and

the specimen’s normal direction.

Recall that light becomes diffuse in the dermis (Sec-
tion 2.2). Hence, if the Rayleigh test fails or the ray has al-
ready been bounced off one of the dermal interfaces, then
the ray is randomized around the normal direction using
a warping function based on a cosine distribution [BR97].
This warping function is given in terms of the polar (αd) and
azimuthal (βd ) perturbation angles as:

(αd ,βd) = (arccos(
√

ξ6),2πξ7) (4)

3.3. Absorption

When a ray travels in a given layer, it is first scattered as
described in the previous section. The ray is then tested for
absorption. If the ray is not absorbed, then it is propagated to
the next layer. The absorption testing done by the BioSpec
model is based on Beer’s law [BR97, Tuc00]. It is performed
probabilistically every time a ray starts a run in a given layer.
It consists of estimating the ray free path length (p) through
the following expression:

p(λ) =−
1

ai(λ)
ln(ξ11)cosθ (5)

where:
ai(λ) = total absorption coefficient of pigments

of given layer i,
θ = angle between the ray direction and the

specimen’s normal direction.

If p(λ) is greater than the thickness of the pigmented
medium (both expressed in cm), then the ray is propagated,
otherwise it is absorbed. In the BioSpec formulation the

thickness of the stratum corneum, epidermis, papillary der-
mis and reticular dermis are denoted by ts, te, tp and tr re-
spectively.

The BioSpec model accounts for the presence of eu-
melanin, phaeomelanin, oxyhemoglobin, deoxyhemoglobin,
bilirubin and β-carotene. The spectral extinction coefficients
for these pigments, denoted εeu(λ), εph(λ), εohb(λ), εdhb(λ),
εbil(λ) and εcar(λ) respectively, are obtained from the curves
shown in Figure 2. The total absorption coefficient for each
layer is simply the sum of the absorption coefficient for each
pigment present in the layer, which is obtained by multiply-
ing the pigment’s spectral extinction coefficient by its esti-
mated concentration in the layer.

It is difficult to accurately determine the baseline ab-
sorption coefficient for pigmentless skin tissues. Further-
more, due to its low magnitude compared to the absorp-
tion coefficients of the skin chromophores [Sai94], skin op-
tics researchers usually assume that its effects are negligible
[Ang01]. For the sake of completeness, however, we include
the baseline skin absorption coefficient (abase(λ)) in the ab-
sorption equations.

The stratum corneum total absorption coefficient is given
by:

a1(λ) = abase(λ)+ acs(λ) (6)

where:
acs(λ) = β-carotene absorption coefficient.

The absorption coefficient acs is given by:

acs(λ) =
εcar(λ)

537
ccs (7)

where:
537 = molecular weight of beta-carotene (g/mole),
ccs = β-carotene concentration in the stratum

corneum ( g
L ).

The epidermis total absorption coefficient is given by:

a2(λ) =
(

aeu(λ)+ aph(λ)
)

ϑm

+(abase(λ)+ ace(λ))(1−ϑm) (8)

where:
aeu(λ) = eumelanin absorption coefficient,
aph(λ) = phaeomelanin absorption coefficient,
ace(λ) = β-carotene absorption coefficient in the

epidermis,
ϑm = volume fraction (%) of the epidermis

occupied by melanosomes ÷100.

The absorption coefficient for eumelanin is given by:

aeu(λ) = εeu(λ)ceu (9)

where:
ceu = eumelanin concentration ( g

L ).

Similarly, the absorption coefficient for phaeomelanin
(aph(λ)) is computed by multiplying its spectral extinction
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coefficient (εph(λ)) by its concentration (cph). Also, the ab-
sorption coefficient ace is obtained by replacing ccs by the
concentration of β-carotene (cce) in Equation 7.

The papillary dermis total absorption coefficient is given
by:

a3 = (aohb(λ)+ adhb(λ)+ acd(λ)+ abil(λ))ϑp

+abase(λ)(1−ϑp) (10)

where:
aohb(λ) = oxyhemoglobin absorption coefficient,
adhb(λ) = deoxyhemoglobin absorption coefficient,
acd(λ) = β-carotene absorption coefficient in the

dermal layers,
abil(λ) = bilirubin absorption coefficient,
ϑp = volume fraction (%) of the papillary

dermis occupied by whole blood ÷100.

The absorption coefficient acd is obtained by replacing ccs

by the concentration of β-carotene in the dermal layers (ccd)
in Equation 7. Also, recall that the volume fractions of blood
vary within the dermis tissue (Section 2.1). Hence, to com-
pute the reticular dermis total absorption coefficient (a4), we
replace ϑp by ϑr (volume fraction (%) of the reticular der-
mis occupied by whole blood ÷100) in Equation 10.

The absorption coefficient for oxyhemoglobin is given by:

aohb(λ) =
εohb(λ)

66500
chb ∗ γ (11)

where:
66500 = molecular weight of hemoglobin (g/mole),
chb = concentration of hemoglobin in the

blood ( g
L ),

γ = ratio of oxyhemoglobin to the total
hemoglobin concentration.

Similarly, the absorption coefficient for deoxyhemoglobin
(adhb(λ)) is computed using its spectral extinction coeffi-
cient (εdhb(λ)) and replacing γ by (1− γ) in Equation 11.

Finally, the absorption coefficient of bilirubin is given by:

abil(λ) =
εbil(λ)

585
cbil (12)

where:
585 = molecular weight of bilirubin (g/mole),
cbil = bilirubin concentration ( g

L ).

4. Evaluation Issues

Usually models of light interaction with matter are evaluated
by visually inspecting the images generated using such mod-
els. Clearly, such an evaluation may be biased by factors not
directly related to the model. For example, a careful model-
ing of skin’s geometrical details [HGE01, TKL∗02] and an
accurate post-processing tone reproduction [GAL∗97] may
improve the realistic appearance of skin specimens. These
aspects, however, are addressed in other important areas of
research, and they are beyond the scope of this work.

A current trend is to perform comparisons between model
readings and measured data so that the models can be used
in a predictive manner [GAL∗97]. We used this approach in
this work, i.e., the BioSpec model was tested as a separated
unit of the rendering pipeline and the results were compared
with actual measured data [EYSO66, MWL∗99, VGI94].
These comparisons were performed using a virtual spec-
trophotometer and a virtual goniophotometer [BR97], and
reproducing the actual measurement conditions as faithfully
as possible. The biophysical input data used in our experi-
ments, unless otherwise stated in the text, is presented in Ta-
ble 1. The computer generated images presented in the next
section serve two purposes. First, to illustrate the applicabil-
ity of the BioSpec model in the spectral simulation of med-
ical conditions associated with changes in the biophysical
parameters. Second, to highlight an aspect for which mea-
sured data is scarce, namely the translucency of skin tissues.
These images were rendered using a standard Monte Carlo
path-tracing algorithm.

Parameter Default Value Source

r 25nm [Li03]
ηs 1.55 [AP81]
ηe 1.4 [Tuc00]
ηp 1.36 [JAP87]
ηr 1.38 [JAP87]
η f 1.5 [Jac96]
ts 0.001cm [AP81]
te 0.01cm [AP81]
tp 0.02cm [AP81]
tr 0.18cm [AP81]
ceu 80g/L [THW∗91]
cph 12g/L [THW∗91]
ccs 2.1−4g/L [LMRPP75]
cce 2.1−4g/L [LMRPP75]
ccd 7.0−5g/L [LMRPP75]
chb 150g/L [Fle00]
cbil 0.05g/L [RKU∗01]
ϑm 5.2% [Jac96]
ϑp 1.2 % [Ang01]
ϑr 0.91% [Ang01]
γ 75 % [Ang01]
σ 0.75 [TKK∗01, TKL∗02]

Table 1: Data used in the evaluation of the BioSpec model.

5. Results and Discussion

Figure 3 presents comparisons of modeled reflectance curves
provided by the BioSpec model with actual measured curves
provided by Vrhel et al. [VGI94] (available in the North Car-
olina State University (NCSU) spectra database) for lightly
and moderately pigmented specimens. The measurements
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Figure 3: Comparison of modeled reflectance curves pro-
vided by the BioSpec model with actual measured curves
available in the NCSU spectra database [VGI94]. Left:
lightly pigmented skin specimen (NCSU file 113). Right:
moderately pigmented specimen (NCSU file 82).

were performed considering θi = 45◦ [VGI94]. We can ob-
serve that the reflectance curves provided by the BioSpec
model are qualitatively in agreement with the actual mea-
sured curves. The quantitative discrepancies may be due in
part to the fact that the some parameters used in our simula-
tions have to be estimated based on the overall description of
the specimens (e.g., in these experiments we set ϑm = 5.2%
and ϑm = 10% for the lightly and moderately pigmented
specimens respectively [Jac96]) and other parameters cor-
respond to average values found in the literature (e.g., the
refractive indices for the skin layers). Furthermore, the exact
position of the absorption peaks of natural pigments depends
on the solvents in which they are dissolved, and one can ex-
pect small shifts when comparing to in vivo values [SR85].

The measured transmittance data for human skin avail-
able in the scientific literature, to the best of our knowledge,
is limited to separated skin layers. Figure 4 presented com-
parisons between modeled and actual measured transmit-
tance curves for the stratum corneum and epidermis tissues
of two specimens, a moderately and a heavily pigmented
one. The measured curves were provided by Everett et al.
[EYSO66], and they were obtained at a normal angle of inci-
dence (θi = 0◦). Everett et al. [EYSO66] reported thickness
values for the moderately pigmented (ts = 0.0017cm and
te = 0.0025cm) and the heavily pigmented (ts = 0.0023cm
and te = 0.0021cm) specimens. Based on their description
of the specimens, we set ϑm = 9.5% and ϑm = 38% for
the lightly and heavily specimens respectively. Again, we
can observe a qualitative agreement between the modeled
and the actual measured curves. The quantitative discrep-
ancies, also related to the factors mentioned above, are no-
ticeable but within acceptable accuracy boundaries since
the measured curves have a reported tolerance of ≈ ±5%
[EYSO66].

The overall reflectance of human skin presents interesting
features. As expected, darker skin (characterized by higher
volume fractions of epidermis occupied by melanosomes)
reflects less light than lighter skin. However, lightly pig-
mented skin presents a characteristic “W” shape in the re-
flectance curves between 500nm and 600nm [Ang01]. Oxy-
genated hemoglobin is responsible for this feature, which
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Figure 4: Comparison of modeled transmittance curves (for
the stratum corneum and epidermis tissues) provided by the
BioSpec model with actual measured curves provided by Ev-
erett et al. [EYSO66]. Left: moderately pigmented specimen.
Right: heavily specimen.
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Figure 5: Comparison of modeled spectral curves provided
by the BioSpec model (θi = 45◦) considering the variation
of biological parameters. Left: volume fractions of epidermis
occupied by melanosomes (ϑm). Right: ratio of oxygenated
(ohb) to deoxygenated (dhb) hemoglobin in the dermal lay-
ers.

can be accentuated as the proportion of oxyhemoglobin with
respect to total hemoglobin increases [ZBK01]. The graphs
presented in Figure 5 indicate that the BioSpec model can
capture these optical characteristics of human skin.

Figure 6 shows a comparison between modeled and ac-
tual measured skin BRDFs provided by Marschner et al.
[MWL∗99]. Since the BioSpec model provides spectral
readings, we needed to integrate spectral values over the vis-
ible region of the light spectrum in order to obtain data that
could be compared to the data provided by Marschner et al.
[MWL∗99]. Based on the lightly pigmented specimen’s de-
scription provided by Marschner et al. [MWL∗99], we set
ϑm = 2.5% in these experiments. As illustrated by the mea-
surements provided by Marschner et al. [MWL∗99] (Fig-
ure 6 (left)), the BRDF of skin specimens presents an an-
gular dependence, and it becomes more diffuse for small
angles. Figure 6 (right) shows that the BioSpec model can
represent this angular dependency, and the modeled BRDF
curves generally agree with the measured BRDF curves pro-
vided by Marschner et al. [MWL∗99]. The most noticeable
quantitative discrepancies are observed for the larger an-
gle of incidence, namely θi = 60◦. It is worth noting, how-
ever, that besides the previously mentioned factors that quan-
titatively affect the modeled curves, one should also con-
sider the sources of noise in the measurements performed
by Marschner et al. [MWL∗99], which include deviations in
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Figure 6: Comparison of BRDF curves for a lightly pig-
mented specimen. Left: actual measured BRDF curves pro-
vided by Marschner et al. [MWL∗99]. Right: modeled BRDF
curves provided by the BioSpec model.

Figure 7: Comparison of modeled spectral curves provided
by the BioSpec model considering variations on the aspect
ratio (σ) of the stratum corneum folds. Left: θi = 15◦. Right:
θi = 45◦.

the specimen’s normal estimation and spatial variations in
the measured BRDFs.

Skin specimens characterized by thin and numerous
folds (e.g., young and/or hydrated specimens) present
a directional behavior stronger than specimens with
wider but fewer folds (e.g., old and/or dry specimens)
[MWL∗99, TKK∗01, TKL∗02]. The former case corre-
sponds to folds with lower aspect ratio, while the lat-
ter case corresponds to folds with a higher aspect ra-
tio [TKK∗01, TKL∗02]. Figure 7 presents modeled BRDF
curves for two angles of incidence, namely θi = 15◦ and
θi = 45◦, obtained by varying the parameter σ associated
with the folds’ aspect ratio. These curves show that the
BioSpec model can qualitatively simulate the variation in
the scattering behavior of skin specimens associated with
changes in the aspect ratio of the stratum corneum folds.

A mechanical, chemical, electrical, thermal or luminous
stimulus can induce a reddening around the stimulation site
on the skin. This abnormal redness of the skin, which may be
also due to an inflamation [Tuc00], is caused by a dilation of
the blood vessels followed by an increase in the volume frac-
tions of blood in the dermal layers. Figure 8 shows images
generated to illustrate the capability of the BioSpec model of
spectrally simulate this medical condition by varying, within
actual biological limits, the parameters associated with the
increase of the volume fractions of blood in the papillary
(ϑp) and reticular (ϑr) dermis.

Jaundice, or hyperbilirubinemia [RKU∗01, Sai94], is a
medical symptom associated with the accumulation of
bilirubin in the dermal tissues. It is usually caused by liver or
gall bladder disorders, and it is characterized by the yellow-
ish appearance of the skin and eyes. Figure 9 shows images
generated to illustrate the capability of the BioSpec model of
spectrally simulate this medical symptom by varying, within
actual biological limits, the parameters associated with the

Figure 8: Images generated using the BioSpec model to
spectrally simulate erythema conditions. Left: ϑp = 1.2%
and ϑr = 0.91%. Center: ϑp = 2.7% and ϑr = 0.3%. Right:
ϑp = 3.6% and ϑr = 0.4%.

Figure 9: Images generated using the BioSpec model to
spectrally simulate jaundice symptoms. Left: cbil = 0.05g/L.
Center: cbil = 0.5g/L. Right: cbil = 3.0g/L.

increase of bilirubin concentration (cbil ) in the dermal lay-
ers.

The BTDF of the whole skin can be observed (in vivo)
in body parts with a thin or absent hypodermis, such as
ears, eye lids and fingers. In these areas the behavior of the
transmitted light is near Lambertian, to the point where no
internal structure can be noticeable [RYY∗02]. Figure 10
presents images generated using the BioSpec model to illus-
trate the translucency of skin tissues as well as its variations
due to different melanin pigmentation levels.

6. Conclusion and Future Work

We presented a novel biophysically-based model for light
interaction with human skin. It provides both spectral and
scattering data for skin specimens, and it is controlled by bi-
ologically meaningful parameters. Results from the model
were compared with results from actual experiments. These
comparisons showed good agreement between modeled and
measured data, and strengthened our confidence in the pre-
dictability of the proposed model. They also suggested that
there is still room for improvement.

As future work, from a scattering point of view, we in-
tend to investigate factors affecting the anisotropy of skin
specimens, such as the presence of wrinkles. External fac-
tors, such as cosmetics, oil and sweat, may affect the skin’s
BRDF and light polarization. These factors will be exam-
ined in the next stage of our research as well. From a spec-
tral point of view, we plan to extend the model’s scope to the
ultraviolet and infrared regions of the light spectrum and in-
corporate time dependent mechanisms of photon reemission.
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Figure 10: Images generated using the BioSpec model to
show variations in the translucency of skin tissues associ-
ated with different levels of melanin pigmentation. From left
to right: ϑm = 1.9%, ϑm = 5.2% ϑm = 12% and ϑm = 42%.

These features would allow us to use the proposed model in
the visual simulation of biological processes affecting both
the appearance and health of human skin, such as fluores-
cence and tanning, as well as the formation of melanomas.
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