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Rendering realistic fabrics is an active research area with many ap-
plications in computer graphics and other fields like textile design.
Reproducing the appearance of cloth remains challenging due to the
micro-structures found in textiles, and the complex light scattering
patterns exhibited at such scales. Recent approaches have reached
very realistic results, either by directly modeling the arrangement of
the fibers [Schröder et al. 2011], or capturing the structure of small
pieces of cloth using Computed Tomography scanners (CT) [Zhao
et al. 2011]. However, there is still a need for predictive modeling of
cloth appearance; existing methods either rely on manually-set pa-
rameter values, or use photographs of real pieces of cloth to guide
appearance matching algorithms, often assuming certain simplifi-
cations such as considering circular or elliptical cross sections, or
assuming an homogeneous volume density, that lead to very differ-
ent appearances.

1 Our Approach

To fill this gap, we develop an accurate cloth appearance model with
precise data, including the most important factors such as fiber den-
sity, cross section, surface roughness, or volumetric structure, and
build digital replicas with the same structural and optical proper-
ties as their real counterparts. For this, we leverage the wealth of
measured, real-world data available from the textile research com-
munity, thus avoiding common simplifications assumed in current
models. We then simulate a gonio-reflectometer, and using models
of four of the most common fibers (cotton, wool, silk and polyester)
we capture the scattering of light from all angles. For this, we also
take into account the influence of textile dyes, in order to model the
optical absorption inside the fiber caused by the type and concen-
tration of such dyes. We rely on measurements of the molar extinc-
tions of the most common textile dyes, together with the amount of
dye absorbed by the fiber, also called depth of shade. Finally, we
procedurally build yarns [Lopez-Moreno et al. 2015] and garments
by incorporating information about fiber twisting, type of weaving,
or knit pattern, and develop a new volumetric model for cloth ren-
dering to produce the final renderings using our precomputed data
of light scattering in fibers.

1.1 Ligh Scattering from Textile Fibers

Most cloth fibers are made up of dielectric materials bounding an
absorbing media, whose shape has been traditionally modeled as
cylinders extruded from circular or elliptical cross sections. How-
ever, their actual cross sections differ greatly from these simplified
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Figure 1: Volumetric rendering of a scarf using the anisotropic
micro-flake phase function [Jakob et al. 2010] (with std. dev. 0.05)
(left) vs one of our phase functions of polyester fibers (right). While
the first models the appearance using an abstract parameter, our
phase function (Figure 2, polyester) is instead directly related with
the real properties of the cloth, specified in Table 1.

Type Diameter Density IOR Ra (l) β
µm g/cm3 η‖, η⊥ nm degrees

Polyester 10 1.39 1.73, 1.54 2.33-5 (30) 2.7-3.5
Silk 5-10 1.34 1.591, 1.538 8-9 (30) 6-7

Cotton 17-20 1.52 1.578, 1.532 12.5-15.8 (50) 14-17
Wool 24-40 1.31 1.553, 1.542 6 (40) 5

Table 1: Measurements of the physical and optical properties of
four of the most common fabrics, acquired from the textile liter-
ature: fiber diameters; fiber densities and index of refraction from
Hearle and Morton [2008]; surface roughnessRa and l from [Gill-
berg and Kemp 1981].

shapes, depending in fact on the type of fiber, as well as the chem-
ical or mechanical treatment of the fiber. Natural fibers may also
present overlapping, tilted scales. The outer surface, together with
the actual shape of the cross section, lead to visually important fea-
tures in the reflectance of the fiber [Bueno et al. 2004]. To take into
account the variety of shapes present in real textiles, we analyzed
actual microscope samples of real fibers and modeled a representa-
tive set of different cross sections for each type.

In addition to structural properties, the light scattered by a cloth
fiber also depends on its optical properties, such as its index of re-
fraction or its absorption, which is highly dependent on the con-
centration of the dye used to color it. Most previous works have
attempted to model these parameters using a top-down approach,
based on defining fiber color or by optimizing the fiber model to
match a specific appearance. While this leads to visually plausible
results, it reduces to values that might not have meaning in the real
life. Instead, we opt for a bottom-up approach, defining the fiber
appearance by means of measured data from real fibers, as well as
precise data of the specific dyes used with different cloth fibers.

While scattering is neglectable inside the fiber, absorption within
the fiber plays a crucial role on the appearance of the fibers, mainly
depending on the applied dye [Hearle and Morton 2008]. We
choose two of the most common dyes suitable for a very wide range
of commercial fabrics (reactive and disperse), and model the dye
concentration as a function of the depth of shade ζ, a quantity used
in industry for controlling the saturation of dyed cloth. ζ is defined
as the ratio of grams of dye to grams of fiber (ranging from 0.1% for
pale dye shades to 4% for deep shades. Then, the dye concentration
κ is a function of the fibers’ density ρ [g/cm3] (see Table 1), and
the depth of shade ζ, modeled as κ = ρζ.
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Figure 2: Scattering of a set of cloth fibers under different illumination setup, softly dyed to better visualize the scattering effects depending
on the type of fiber. From left to right polyester, silk, cotton and wool, each with several different cross-sections. From top to bottom, the
incident light varies from perpendicular direction to near grazing illumination angle - θi = 0◦, 45◦, 80◦ respectively. The fibers are dyed
with a Depth of Shade of 0.1%.

Figure 3: Example voxel of our volumetric cloth model (left), with
transmittance for increasing fibers cross-section (right) computed
using heterogeneous volumetric tracing from each of the axes, and
analytically using classical exponential attenuation and our model.
Note how the exponential attenuation overestimates the extinction
in the volume, leading to a significant energy attenuation even for
very small cross section. Our model, on the other side, is able to
match better the actual extinction in the volume.

Finally, we model surface roughness following a microfacet-based
approach with a V-cavity shadowing function whose parameters
come from real measurements (Table 1). Figure 2 shows the scat-
tering of a subset of our fibers in log10 scale under different lighting
angles and rotations.

1.2 A Volumetric Model For Cloth

Rendering a complete piece of cloth with splines as described in
Section 1.1 is impractical, given that each yarn can be made up
of hundreds of fibers. Instead, similar to previous works on cloth
rendering [Khungurn et al. 2015] we adopt a statistical volumet-
ric model, by voxelizing the spline-based description of the fibers.
Such previous works, however, rely on two assumptions about the
local spatial structure of the fibers within the volume: that their
distribution within a voxel is i) uniform, and ii) statistically inde-
pendent. However, for highly-structured media such as cloth, these
two assumptions do not hold, which has a significant effect on light
transport within the volume.

Highly structured volumetric media has been studied in compu-
tational transport outside computer graphics. We leverage ad-
vances in fields such as nuclear engineering or atmospheric sci-

ences [Newman et al. 1995] leading to new non-classical transport
theories [Frank and Goudon 2010], to present a new formulation of
the RTE, which takes into account the effect of locally structured
media, adapted to the particular case of cloth. Our model is analyt-
ical, and able to capture the effects of local structure on the within
voxel’s light transport, providing better matching to numerically-
computed ground truth light transport (see Figure 3).
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