
Scattering-Aware Color Calibration for 3D Printers Using a Simple
Calibration Target

TOMÁŠ ISER, Charles University, Czech Republic and Additive Appearance, Czech Republic
TOBIAS RITTIG, Additive Appearance, Czech Republic
ALEXANDER WILKIE, Charles University, Czech Republic and Additive Appearance, Czech Republic

Our renderTranslucent printout (photo) Thick printout (photo)

camera / sensor

ill
um

in
at

io
n illum

ination

Small printed calibration target

5.5 cm (2.2 in)

5.0 cm
 (2.0 in)

3.0 cm
 (1.2 in)

5.5 cm
 (2.2 in)

O
ur algorithm

 (Fig. 5)

O
ptical properties per resin

m
ore

resins

Our render

Fig. 1. We designed a small calibration target (left), where thin, translucent resin layers are stacked on top of thick black and white layers. The target is
3D printed, illuminated, and captured using a camera, or optionally a spectrometer if spectral accuracy is desired. The color of each patch is processed in our
algorithm (Fig. 5), outputting the physical optical properties (single-scattering albedo and extinction coefficient) for each resin. The properties are used for
accurate predictions of 3D printouts’ appearances, which is also useful for scattering-aware halftoning optimization loops (Fig. 2).

We present a novel method for accurately calibrating the optical properties of

full-color 3D printers using only a single, directly printable calibration target.

Our approach is based on accurate multiple-scattering light transport and es-

timates the single-scattering albedo and extinction coefficient for each resin.

These parameters are essential for both soft-proof rendering of 3D printouts

and for advanced, scattering-aware 3D halftoning algorithms. In contrast to

previous methods that rely on thin, precisely fabricated resin samples and

labor-intensive manual processing, our technique achieves higher accuracy

with significantly less effort. Our calibration target is specifically designed

to enable algorithmic recovery of each resin’s optical properties through

a series of one-dimensional and two-dimensional numerical optimizations,

applied first on the white and black resins, and then on any remaining

resins. The method supports both RGB and spectral calibration, depending

on whether a camera or spectrometer is used to capture the calibration target.

It also scales linearly with the number of resins, making it well-suited for

modern multi-material printers. We validate our approach extensively, first

on synthetic and then on real resins across 242 color mixtures, printed thin

translucent samples, printed surface textures, and fully textured 3D models

with complex geometry, including an eye model and a figurine.
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1 Introduction
Material-jetting 3D printers equipped with colored resins can create

printouts with an intricate, textured appearance [Bader et al. 2018]

(see Fig. 1). Their inkjet printheads deposit liquid resins next to each

other, where the resins are different primary colors, typically cyan,

magenta, yellow, black, and white (CMYKW). Each layer is solidified

with ultraviolet (UV) light in a photopolymerization process and by

stacking layers an arbitrary 3D shape can be formed.

A single resin droplet is typically in the order of tens of microme-

ters, so 1 cm
3
consists of millions of droplets arranged in a 3D grid.

The printing process is discrete, meaning that each coordinate cor-

responds to exactly one resin and they are idealized as having no

droplet mixing. However, because the resin droplets are translucent,

they scatter and selectively absorb photons beneath the surface,

causing visual color mixing within the printout and acting as a blur

filter. Even a single voxel deep inside the object can influence the

surface appearance. Brunton et al. [2015] demonstrated that this is

a challenging scenario, more difficult than in 2D printing.

A challenging problem is how to arrange resins in the 3D grid to

achieve a given appearance (texture). Many algorithms have been

presented (Sec. 2) where some can even counteract the blur and loss
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Table 1. The notation of physical quantities used throughout this publication, including their meaningful ranges, units, and relations.

Symbol Range Unit Description Useful relations

𝜎a [0,∞) mm
−1 Absorption coefficient; exp(−ℓ · 𝜎a) is the fraction of collimated light

absorbed in a homogeneous layer of 𝜎a over ℓ mm of distance

𝜎a = (1 − 𝛼) · 𝜎t = 𝜎t − 𝜎s

𝜎s [0,∞) mm
−1 Scattering coefficient; exp(−ℓ · 𝜎s) is the fraction scattered out 𝜎s = 𝛼 · 𝜎t = 𝜎t − 𝜎a

𝜎t [0,∞) mm
−1 Extinction coefficient; exp(−ℓ · 𝜎t) = exp(−ℓ · 𝜎a) · exp(−ℓ · 𝜎s) 𝜎t = 𝜎a + 𝜎s = 𝜏/ℓ

𝛼 [0, 1] - Single-scattering albedo; a ratio of scattering to extinction 𝛼 = 𝜎s/𝜎t
ℓ [0,∞) mm Physical thickness of a homogeneous layer ℓ = 𝜏/𝜎t
𝜏 [0,∞) - Optical thickness of a homogeneous layer 𝜏 = ℓ · 𝜎t

of contrast caused by lateral subsurface light transport [Elek et al.

2017; Nindel et al. 2021; Sumin et al. 2019]. These approaches are

based on iterative optimization loops (Fig. 2), that utilize predictions

of the surface appearance to fine-tune the arrangement.

Typically, this prediction relies on Monte Carlo volumetric path

tracing, which requires the resins’ optical properties, some of which

are summarized in Table 1 (consider also Jarosz [2008] or Novák

et al. [2018] for an overview). Although Monte Carlo path tracing

was also demonstrated for non-exponential, spatially-correlated me-

dia [Bitterli et al. 2018; Jarabo et al. 2018], the general assumption

that we also follow in this publication is that light absorption and

scattering are exponential effects. Each resin is then optically char-

acterized by its extinction coefficient 𝜎t
[
mm

−1]
, the single-scattering

albedo 𝛼 , the index of refraction 𝜂, and the phase function describing

the angular distribution of light scattering. Each of these parameters

is RGB or wavelength-dependent.

Previous measurement literature [e.g., Elek et al. 2017, 2021; Kissel

et al. 2025] showed that for 3D printing resins, we can reasonably

assume a refractive index 𝜂 ≈ 1.5 and the Henyey and Greenstein

[1941] phase function with 𝑔 ≈ 0.4, although our method concep-

tually works with other phase function parameters as well, which

follows from similarity relations [Wyman et al. 1989; Zhao et al.

2014] and we also demonstrate it later in one of our experiments.

We therefore set these parameters constant and focus on calibrating

the unknown 𝛼 and 𝜎t of each resin, both in RGB and spectrally.

Calibrating the resins effortlessly is important. Manufacturers

often release new resinswith improved performance but different op-

tical properties (e.g., Stratasys Vero, VeroVivid, VeroUltra, TrueDent,

Agilus30 Colors, VeroEco Flex, which are all families of differently

colored resins). Different batches of the same family printed on var-

ious printers also result in slightly different properties [Kissel et al.

2025]. In the face of a growing number of printheads per machine

and research printers with open material ecosystems, traditional

one-time calibrations that rely on combinatorics are becoming un-

suitable [Song et al. 2018]. Users may also want to print with custom

resins to increase the color gamut [Shi et al. 2018]. Unfortunately,

existing calibration methods for individual resins require manual

preparation and careful polishing of thin resin samples [Elek et al.

2021; Iser et al. 2022; Song et al. 2016], or require precise calibrations

and expensive laboratory equipment, such as integrating spheres

[Kissel et al. 2025; Song et al. 2018, 2016].

Our contribution. In this paper, we present a new calibration strat-

egy that does not require any laboratory equipment, and is based on

a single, simple and compact calibration target. The target can be

3D printed and measured in-situ on the machine whose calibration

is performed, which is a significant improvement over previous

methods that required manual interaction. Our method is compati-

ble with any set of at least two resins, with the only requirement

being that two of them have a high contrast, which is a natural

expectation in full-color printing with black and white. The runtime

and target size scale linearly with the number of resins, so it is suit-

able even for printing with a large number of resins, e.g., for spot

colors. Our algorithm is based on three principles (Fig. 5), which we

derived from observing how optical reflectance depends on 𝛼 and

𝜎t in semi-infinite, layered samples. We demonstrate that there are

one-to-one mappings between reflectance and the optical properties

under certain assumptions and that a series of one-dimensional and

two-dimensional algorithmic space searches suffice to find the prop-

erties within a couple of minutes. To evaluate the method, we first

design a synthetic experiment as a proof of concept. Finally, we ex-

tensively evaluate the calibration on real resins and 3D printed color

mixtures, thin translucent samples, textures on slabs, and textured

3D models. We also compare our results to other publications.

2 Related work
Our calibration method lies at the boundary of two fields in com-

puter graphics. First, full-color 3D printing and appearance fab-

rication (Sec. 2.1; see also the review of Yuan et al. [2021]). And

second, measurement methods for estimating𝛼 and𝜎t of translucent

materials (Sec. 2.2). Note that additional information on obtaining

optical properties of translucent materials in general, beyond the

3D printing scope, can be found in the survey of Frisvad et al. [2020].

2.1 Full-color 3D printing and appearance fabrication
Initially, fabrication papers in graphics focused on subsurface scat-

tering without color calibrations [Dong et al. 2010; Hašan et al. 2010].

The first full-color method was presented by Brunton et al. [2015].

They printed and measured a large calibration target with 512 com-

binations of CMY resins on top of a white resin slab, from which

they constructed a CMY↔RGB lookup table. To print a 3D texture,

the lookup table was used together with halftoning based on 3D er-

ror diffusion. Although the method was later extended to support

transparency and alpha-channel printing [Brunton et al. 2018; Urban

et al. 2019], subsurface scattering was not taken into account.

Babaei et al. [2017] presented contoning (stacking resins on top

of each other) as an alternative to halftoning to improve the visual

ACM Trans. Graph., Vol. 44, No. 6, Article 182. Publication date: December 2025.
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Scattering-aware optimization loop
e.g., Elek et al. [2017], Sumin et al. [2019],

Rittig et al. [2021], Nindel et al. [2021]

Focus of this paper

Visual difference metric

Target appearance

Resin placement optimization

Resin 3D grid

Final physical 3D printout

Rendering

Calibrating resin optical properties

Fig. 2. Diagram of scattering-aware optimizations for halftoning full-color
3D printouts. We propose a new optical calibration method and evaluate it
for rendering, which is a necessary component of the pipeline.

quality. They used a modified model of Kubelka and Munk [1931]

[Nobbs 1985], taking into account an entire stack of resin layers

up to a certain thickness. Simulating the appearance of resin layers

and/or the local neighborhood is also possible using deep neural
networks trained on calibration targets of varying resin arrange-

ments [Chen and Urban 2021; Nagasawa et al. 2022, 2021; Shi et al.

2018]. An orthogonal line of work is concerned with gloss, i.e. the
specularity of surface reflectance mostly achieved using transpar-

ent ink or varnish; focusing on its capture [Elkhuizen et al. 2020],

calibrated fabrication [Piovarči et al. 2020], and perceptual impact

on the appearance [Condor et al. 2023]. Recently, directional re-

flectance also became of interest in 2.5D [Habib et al. 2023] and 3D

printing [Abu Rmaileh and Brunton 2023].

The most complex methods use accurate volumetric rendering

with subsurface scattering. In an iterative optimization loop (Fig. 2),

resins are first distributed on the surface, the printout is rendered,

and the visual error between the prediction and target appearance

is used in the next iteration to improve the resin arrangement. This

results in detailed, high-contrast printouts that are unachievable

with other methods. It was first presented by Elek et al. [2017] on

planar slabs and later extended for full 3D geometries with thin fea-

tures [Sumin et al. 2019]. Follow-up works used Radiance-Predicting

Neural Networks (RPNNs) to improve the performance of the ren-

dering step [Rittig et al. 2021] or formulated the whole optimiza-

tion problem in a differentiable rendering context [Nindel et al.

2021]. Using differentiable rendering, Luci et al. [2024] fit the op-

tical properties of the resins and infer a mixing pattern between

neighboring voxels. In this paper, we focus on calibrating the opti-

cal properties for each resin, which extends the viability of these

previously-mentioned works that build on accurate rendering.

2.2 Estimating the 𝛼 and 𝜎t scattering properties
In physics, scattering properties are typically estimated from the to-

tal hemispherical reflectance and transmittance of a material sample

[Pickering et al. 1992, 1993; Prahl et al. 1993] using two integrating

spheres or a Coblentz hemisphere [Schröder et al. 2015]. Recent

works focused on setups with a single integrating sphere [Terán et al.

2019] and creating an optimized measurement system, improving

the accuracy with Monte Carlo simulations, and taking the exact

sphere geometry into account [Bergmann et al. 2020; Foschum et al.

2020]. The fitting of the properties (𝛼 , 𝜎t, and optionally 𝑔) to mea-

sured quantities can be done using inverse adding doubling [Prahl

2011], a diffuse four-flux model [Song et al. 2018, 2016], or Monte

Carlo simulations. In the context of 3D printing, the integrating

sphere setup was demonstrated by Kissel et al. [2025], which we

included in one of our comparisons (Sec. 6.7). Their high accuracy

comes at the cost of expensive laboratory equipment and the need

for manual preparation of thin resin samples. In our method, the

calibration target can be 3D printed and photographed as-is.

In search of low-cost setups, methods based on lateral scattering
profiles emerged. A sample is photographed and the falloff profile

of the reflected light is analyzed. Examples include the dilution

method [Narasimhan et al. 2006], diffusion-based prediction models

[Jensen et al. 2001; Weyrich et al. 2006], or a combination of Monte

Carlo and quantized diffusion [D’Eon and Irving 2011; Papas et al.

2013]. Closest to our work, Kienle et al. [1998] fit the properties

of a two-layer stack from the falloff of an orthogonal laser beam

and swapping the layer order, which is related to our Principle 2

(Sec. 3.3). Elek et al. [2021] measured 3D printing resins from the

lateral scattering profile of thin resin samples on a black and white

step edge. There are two downsides: first, modern color resins have a

high𝜎t, requiring extremely thin sampleswith a consistent thickness

and a well-polished surface. Second, the capture relies on a one-

dimensional signal (lateral light spread), so it can only be captured

by a camera and not a point spectrometer. Accuracy issues may

arise in RGB calibrations, as we show in Fig. 10 [consider also the

supplemental document of Iser et al. 2022].

The latter downside was solved by Iser et al. [2022], who showed

that two spot measurements on separate black and white back-

grounds, and an optional transmission measurement, are sufficient.

Pranovich et al. [2024] modified the approach by only approximating

single scattering to avoid the slow pre-computations. Both require

manually prepared samples of various thicknesses to ensure a robust

fit. One of the strongest downsides of methods based on thin sam-

ples is the difficulty in preparing very thin, polished resin samples,

which makes it hard to predict highly absorbing resins. Later in

our evaluation experiments, we show that our method outperforms

Iser et al., especially on the strongly absorptive yellow resin, even

when using an RGB camera instead of a spectrometer. Difficulties

with the yellow resin were also observed in the concurrent work

of Abu Rmaileh et al. [2025], who use Monte Carlo simulations of

resin samples to train a machine learning model. Their method also

allows determining the intrinsic optical properties of the resins.

As the method was published just after our original submission

deadline, we were unable to provide a direct comparison.

Certainmethods can also estimate the phase function anisotropy𝑔,

which is assumed to be fixed in our method. While Pranovich et al.

[2024] assumed 𝑔 = 0.0 (isotropic), others showed that most resins

are forward scattering with 𝑔 ≈ 0.4 [Elek et al. 2021; Kissel et al.

2025] or 𝑔 ∈ [0.0, 0.8] [Iser et al. 2022]. In practice, small errors

in 𝑔 should simply result in scaled 𝜎s as described by similarity

relations [Wyman et al. 1989; Zhao et al. 2014] under the assump-

tion of semi-infite media. Precise phase function estimations are

possible by measuring the out-scattering of a collimated beam from

various angles using laboratory equipment [Gkioulekas et al. 2013;

Leyre et al. 2014], or, for optically-thin or dilluted media, capturing a

diffused image of the single-scattering field [Minetomo et al. 2018].

ACM Trans. Graph., Vol. 44, No. 6, Article 182. Publication date: December 2025.
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3 Method
We assume a flat, plane-parallel geometry (Fig. 3) for which one-

dimensional light transport can be described by accurate adding-
doubling equations that model multiple scattering in layered materi-

als (Sec. 3.1). Using these equations, we study the relations between

the reflectance and the layers’ optical properties, and devise a set
of three principles to map between them (Secs. 3.2–3.4 and Fig. 5).

Based on these principles, we design a calibration target (Sec. 3.5)

that can be 3D printed, photographed (or optionally measured with

a spectrometer), and then the reflectances of the individual patches

are used to fit 𝛼 and 𝜎t of each resin (diagram in Fig. 1).

3.1 Reflectance of planar 3D-printed layers
Simulating light transport with subsurface scattering typically re-

quires Monte Carlo volumetric path tracing to solve the radiative
transfer equation (RTE). We use Monte Carlo to render 3D printouts

in our figures. However, using it inversely to calibrate the optical

properties is difficult: Monte Carlo with dense scattering and refrac-

tive layers is extremely slow to converge and suffers from noise.

Despite recent improvements such as recursive control variates

[Nicolet et al. 2023] or differential ratio tracking [Nimier-David et al.

2022], we decided to use a computationally much faster approach

based on adding-doubling. First, we make the following assumptions

about the calibration geometry (follow Fig. 3):

• The geometry is plane-parallel.

• The incoming light is directional, covering the entire patch (i.e.,

the light source is far away or collimated).

• The reflectance is measured orthogonally (at 0
◦
).

• Each patch of the calibration target is sufficiently big, so it can

be approximated as infinite in the horizontal plane.

• There is no azimuthal dependency (light interactions are sym-

metric within a cone shape with a given polar angle).

This geometry significantly simplifies the light transport into a

one-dimensional regime. Following previous literature on layered

light transport [e.g., Chandrasekhar 1960; Grant and Hunt 1969; Hill

et al. 2015; Zeltner and Jakob 2018] and using its nomenclature, we

notice that the radiance 𝐿𝑜 (𝜇) leaving the sample in the direction

absorbing surface

bottom layer (thick)

top layer (thin)

air

sensorcone of
incoming light

at polar angle μ’

incoming
light Li

outgoing
light Lo

cone of
measurement

at polar angle μ

internal

light scattering

sensor

η=1.0

η=1.5

η=1.5αtop σt,top ℓtop

αbottom σt,bottom ℓbottom

Fig. 3. Our calibration geometry is based on plane-parallel, 1D light trans-
port in a stack of two semi-infinite layers of resins with homogeneous optical
properties 𝛼 , 𝜎t, 𝜂, and thicknesses ℓ (see Table 1). The illumination (as a
cone of light) is reflected from the dielectric surface or refracted into the
layers. Inside, multiple scattering occurs, after which the photons reach the
sensor that is orthogonally placed to avoid the direct mirror reflection.

𝜇 = cos𝜃 can be written as:

𝐿𝑜 (𝜇) =
∫

1

−1
𝑓 (𝜇, 𝜇′) 𝐿𝑖 (𝜇′) |𝜇′ | d𝜇′, (1)

where 𝐿𝑖 (𝜇′) is the incident radiance from 𝜇′ = cos𝜃 ′, and 𝑓 (𝜇, 𝜇′)
is the energy transport within the sample between incoming 𝜇′ and
outgoing 𝜇, where 𝜇 > 0 are directions above the sample (upper

boundary) and 𝜇 < 0 below (lower boundary). The one-dimensional

integral can be solved by a numerical quadrature using 𝑁 discrete

angles 𝜇1, . . . , 𝜇𝑁 ∈ [−1, 1] \ {0} with 𝑁 weights𝑤1, . . . ,𝑤𝑁 :

∀ 𝑘 ∈ {1, . . . , 𝑁 } : 𝐿𝑜 (𝜇𝑘 ) =
𝑁∑︁
𝑗=1

𝑓 (𝜇𝑘 , 𝜇 𝑗 ) 𝑤 𝑗 |𝜇 𝑗 | 𝐿𝑖 (𝜇 𝑗 ) . (2)

This set of 𝑁 equations can be written in a matrix form with an

R𝑁×𝑁
matrix and vectors Lo, Li ∈ R𝑁

, where the matrix can be

split into four submatrices T1,R1,R2, T2 ∈ R𝑁 /2×𝑁 /2
based on their

quadrant, refering to light transport in all directions at each layer,

which we visualize in Fig. 4. We can then write:

Lo =

(
T1 R1
R2 T2

)
· Li =

(
𝜇>0 𝜇′<0 𝜇>0 𝜇′>0

𝜇<0 𝜇′<0 𝜇<0 𝜇′>0

)
· Li (3)

=

(
↑ upward transmittance ↘↗ top reflectance

↗↘ bottom reflectance ↓ downward transmittance

)
· Li .

We use this representation because the submatrices T1,R1,R2, T2
can be easily computed using adding-doubling equations [described
in detail in prior works, e.g., Prahl 1995]. For example, for a single

homogeneous layer with known 𝛼 , 𝜎t, ℓ , we can compute its subma-

trices with an initialization method followed by doubling equations.
We can also stack two layers using adding equations, which com-

pute the submatrices of the layer stack from the submatrices of the

two layers. To work with refractive boundaries, we compute the

matrices using the Fresnel equations and we adjust the quadrature

points (angles) to account for the refraction, taking into account

that certain angles become invalid (Fig. 4, right).
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T1 R1

R2 T2

Fig. 4. Examples of the T1,R1,R2, T2 submatrices used in adding-doubling,
visualized as logarithmic intensities of the elements (142 = 196 elements
per submatrix). The spacing between angles is not uniform and is given by
the numerical quadrature. The reflection is stronger at grazing angles (𝜇 =

𝜇′ → 0) due to Fresnel equations and forward scattering. The transmittance
is stronger when passing straight through (𝜇 = −𝜇′). Note that the angles
are from the point of view of the sample, so for the refractive index of𝜂 = 1.5

(right), most of the elements are invalid (gray) as such angles cannot be
achieved due to total internal reflection at the refractive boundary.
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Principle 1

αW σt,K αC and σt,C αM and σt,M αY and σt,Y
αK σt,W

Principle 2 Principle 3

Fig. 5. Our calibration is bootstrapped in three consecutive steps. Princi-
ple 1 estimates the albedo 𝛼 of white and black resins independently, from
a single thick layer. With known 𝛼 , Principle 2 then estimates their extinc-
tion coefficients 𝜎t, from their thin layers printed on top of the opposite
color. With known 𝛼 and 𝜎t, Principle 3 then estimates the 𝛼 and 𝜎t of any
remaining resins, from thin layers printed on top of white and black.

In our method, per Fig. 3, we are interested in light being reflected

at 𝜇 = cos 0
◦ = 1 (sensor direction) and 𝜇′ ≈ cos 45

◦
(light direction).

In practice, we compute all the submatrices for a given stack of resin

layers, and then extract the directional reflectance 𝜚 = 𝐿𝑜 (𝜇)/𝐿𝑖 (𝜇′)
from the corresponding region of the R1 submatrix. On a modern

CPU, with 14
2 = 196 elements in each submatrix, the equations can

be evaluated in only a few milliseconds, and their numerically stable

implementations are available as C++ and Python libraries (Sec. 4).

3.2 Principle 1: Estimating 𝛼 when 𝜏 → ∞
We first consider a single-layer sample with virtually infinite thick-

ness (Fig. 5, left). Intuitively, the thicker the layer is, the less the

background influences the reflectance. For example, a thin layer of

spilled milk is see-through, but a glass of milk is opaque.

In Fig. 6 (left), we study how the reflectance 𝜚 (𝛼, 𝜏) relates to
𝛼 and 𝜏 . We observe that as 𝜏 → ∞, the directional reflectance

in our measurement configuration eventually converges. More im-

portantly, the converged reflectance 𝜚 (𝛼, 𝜏)𝜏→∞ is strictly related

to the material’s albedo 𝛼 and does not depend on its extinction

coefficient 𝜎t. A similar observation was made by Elek et al. [2017,

Sec. 6.1, Eq. 4], who found an analytic mapping for a diffusely lit

measurement geometry. Notice as 𝛼 is defined as a ratio, it is highly

non-linear and differentiating between, i.e., 𝛼 = 0.99 and 0.999,

becomes imporant in practice.
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Fig. 6. Principle 1. Left: As the optical thickness 𝜏 increases, reflectance 𝜚
converges (the curves flatten, visualized by the × markers and a gray area).
It is non-linear and occurs at higher 𝜏 for materials with higher albedo 𝛼 .
Right: By following the left graph, we construct a one-to-one mapping
between the material albedo 𝛼 and reflectance 𝜚 .

Having confirmed our intuition, we construct a one-to-one map-

ping (Fig. 6, right) based on the converged values 𝜚 (𝛼, 𝜏)𝜏→∞. For

solving the inverse problem, i.e., finding 𝛼 from a measured direc-

tional reflectance 𝜚★, we formulate a one-dimensional optimization:

argmin

𝛼

��� 𝜚 (𝛼, 𝜏)𝜏→∞ − 𝜚★
���, (4)

which has a unique minimum, as the function 𝜚 (𝛼, 𝜏)𝜏→∞ is abso-

lutely monotonic.

Discussion. Regarding practicality, this calibration principle is

best suited for resins with high extinction 𝜎t or low albedo 𝛼 . Oth-

erwise, for high 𝛼 , the reflectance only converges at high 𝜏 (Fig. 6,

note the horizontal axis is logarithmic). And, as the relation 𝜏 = ℓ ·𝜎t
(Table 1) shows, for low extinction 𝜎t, one would also need a thicker
layer (ℓ) to compensate for it. Fortunately, white and black resins

on which we apply this principle fall into favorable categories. Any

white resin must have both high 𝜎t and high 𝛼 to be reflective and

appear white. Conversely, any black resin must have low 𝛼 such

that it absorbs light and appears black.

3.3 Principle 2: Estimating 𝜎t with known 𝛼

From Principle 1, we can estimate the albedo 𝛼 of white and black

resins. In Principle 2, we want to estimate their extinction 𝜎t. Al-

though it is irrelevant what color they actually have, it is practical

to assume two resins that have at least some contrast. Later in Sec. 5,

we show that the contrast does not have to be strong and the method

works even for two similar resins (such as light gray and dark gray

instead of white and black).

We now construct a scenario where a thin resin layer of 𝛼top is

printed on top of a thick layer with contrasting albedo 𝛼
bottom

0
𝛼top (Fig. 5, middle left). From Principle 1, we know the bottom

layer’s reflectance is independent of its extinction 𝜎
t,bottom or optical

thickness 𝜏
bottom

. The reflectance of the stack thus only depends on

𝛼
bottom

, 𝛼top, 𝜏top, denoted as 𝜚 (𝛼bottom, 𝛼top, 𝜏top). In Fig. 7 a subset

of the three-dimensional function is plotted. Already, it is evident

that the more𝛼top differs from 𝛼
bottom

, the easier it is to discriminate
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Fig. 7. Principle 2. A thin layer (known 𝛼top, unknown 𝜏top) is printed on
top of a thick layer (known 𝛼

bottom
, assuming 𝜏

bottom
→ ∞, Principle 1).

By measuring reflectance 𝜚 of the layer sandwich, we estimate the optical
thickness 𝜏top. Notice that a higher difference between 𝛼top and 𝛼bottom
leads to a bigger range, allowing for higher accuracy.
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the top layer 𝜏top (vertical axis) given the measured reflectance 𝜚★

(horizontal axis).With both𝛼top and𝛼bottom known from Principle 1,

estimating 𝜏top is again a one-dimensional optimization problem:

argmin

𝜏top

��� 𝜚 (𝛼bottom, 𝛼top, 𝜏top) − 𝜚★
���, (5)

from which we can compute 𝜎t,top = 𝜏top/ℓtop (see Table 1) given

that we know how thick the 3D printer printed the top layer (ℓtop).

Discussion. The optimization problem in Eq. 5 has a unique min-

imum as the function 𝜚 (𝛼
bottom

, 𝛼top, 𝜏top) in Fig. 7 is monotonic

but with two plateaus at either end. Especially if 𝛼top is close to

𝛼
bottom

, the absolutely monotonic interval, in other words the well-

discriminating range, shrinks. This effectively means a higher like-

lihood of landing in the upper plateau, which only represents the

lower bound of 𝜏top. In practice, this is solvable in two ways: first, by

printing the top layer as thin as possible, reducing the value of 𝜏top.

And second, as we show later in Sec. 3.5, printing a mixture of the

resins, which blends the optical properties and increases robustness.

3.4 Principle 3: Estimating top-layer 𝛼, 𝜎t
In Principles 1–2, we found the albedo 𝛼 and extinction 𝜎t of white

and black resins, or generally two resins with different values of 𝛼 .

Having established that, we can calibrate any remaining resins by

printing two samples for each: a thin layer on top of white, and on top
of black (Fig. 5, right). This creates a contrasting scenario in which

we observe the translucent resin against two different backings. Iser

et al. [2022] already showed that placing a sample against two back-

grounds, black and white, allows estimating its optical properties.

However, they required a lookup table, precomputed with Monte

Carlo, which we avoid by working with fast adding-doubling.

Akin to Principle 2, the reflectance 𝜚 (𝛼
bottom

, 𝛼top, 𝜏top) (Fig. 7) is
measured, but in two variants 𝜚1, 𝜚2 differing by 𝛼bottom,1, 𝛼bottom,2.

We visualize slices of this four-dimensional parametrization in Fig. 8

and observe plots resembling Iser et al. [2022, Fig. 2a], providing

a mapping between (𝛼top, 𝜏top) ↔ (𝜚1, 𝜚2). Finding the unknown
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Fig. 8. Principle 3. The same thin layer (unknown 𝛼top, 𝜎t,top) is printed
twice and its reflectance is measured. Once on top of a dark, thick layer
(here 𝛼bottom = 0.5, horizontal axis). Once on top of a bright, thick layer
(here 𝛼bottom = 0.999, vertical axis). Two structured mappings are con-
structed between these reflectances and 𝛼top (left), and 𝜏top (right), from
which the top-layer resin’s properties are estimated.

(𝛼top, 𝜏top) is then a two-dimensional optimization problem:

argmin

𝛼top,𝜏top

��� 𝜚 (𝛼bottom,1, 𝛼top, 𝜏top)−𝜚★1
���+��� 𝜚 (𝛼bottom,2, 𝛼top, 𝜏top)−𝜚★2

���,
(6)

where 𝜚★
1
, 𝜚★

2
are the two reflectance observations, and the extinc-

tion coefficient, again, follows 𝜎t,top = 𝜏top/ℓtop.

Discussion. The optimization in Eq. 6 has a unique minimum

under most circumstances, as the values visualized in Fig. 6 are

monotonic. However, we observe the same limitations as Iser et al.

[2022]: if 𝜏top is very low, it becomes impossible to distinguish

between different values of albedo 𝛼top; conversely, if 𝜏top is very

high, the top layer absorbs so much light that we can only estimate

the lower bound of 𝜏top. Similarly to Principle 2, we ensure the

robustness of the optimization by also printing a mixture diluted

with the white resin (Sec. 3.5).

3.5 Designing the calibration target
Capturing the input reflectances for Principles 1–3, we need to

3D print the resin stacks as in Fig. 5. With practicality in mind,

we design the calibration target as a single slab (see Fig. 10, top

left) of at least 5mm thickness, split into two areas: one made of

white resin, the other of black resin. Thin squares of all resins to be

calibrated are placed on top of both areas, including the black and

white themselves. In our experiment, the squares were 10 × 10mm

large and 0.675mm thick. Principle 1 uses the white squares on

white resin, and black on black resin, essentially homogeneous

blocks. Principle 2 uses the white squares on black, and black on

white. And Principle 3 uses the remaining squares.

Additionalmixtures. For an ablation study (Sec. 6.1), we also tested
larger calibration targets (Fig. 10) containing additional dithered

mixtures. In Target B, we added a 10:90 and 90:10 mixture of black

and white, and 10:90 mixtures of colors and white. In Target C, we

further added 5:95, 10:90, 25:75, and 50:50 ratios, with the inten-

tion to increase the robustness of Principles 2 and 3. As absorption

and scattering are linear quantities, a mixture of two resins in the

proportions 𝛾 ∈ [0, 1] for the first and (1 − 𝛾) for the second, has:

𝜎a = 𝛾𝜎a1 + (1 − 𝛾)𝜎a2, 𝜎s = 𝛾𝜎s1 + (1 − 𝛾)𝜎s2, (7)

where 𝜎a1, 𝜎a2, 𝜎s1, and 𝜎s2 are the absorption and scattering coeffi-

cients of the two resins in the mixture, and the conversion equations

between 𝜎a, 𝜎s, 𝜎t, and 𝛼 can be found in Table 1.

4 Implementation
Printing the calibration target. The 3D printer expects instructions

where to print each resin within a discrete 3D grid. We wrote a

Python script that outputs layer-by-layer bitmaps, encoding where

each resin should be printed. The bottom layers are horizontally

split into 100% white and 100% black pixels. The top layers are a

regular grid of squares with resin mixtures per Sec. 3.5.

As our 3D printer cannot print a linear mixture of two resins, we

use dithering. At each pixel within a mixture, we randomly choose

the resin given the mixture ratio. The resin droplets are microscopic

and the entire layer is large in comparison, so we compute the layer

properties with Eq. 7.
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The printheads may suffer from clogged nozzles causing imper-

fections and artifacts such as tiny stripes on the top surface. If that

occurs, the top of the sample can optionally be polished. If the

3D printer is equipped with a transparent resin, it is beneficial to

print a transparent layer on top of the target to protect the color

layers from abrasion. As the color squares in our target are rela-

tively large, minor artifacts are averaged out over the entire patch,

and we noticed that small scratches do not degrade the calibration
quality. Printing in gloss mode, which alters the curing intensity of

the top layers and prevents coverage with support material, might

be beneficial for avoiding user interaction with in-situ calibrations

inside the 3D printer.

Capture. The calibration target is placed on a dark, opaque sheet

to prevent light transmission from the back of it. We illuminate the

front of the target at approximately 45
◦
with roughly collimated

light, which can be achieved using a distant light source (more af-

fordable) or a collimating lens. The sensor is placed orthogonally to

the sample to avoid specular reflections. To measure RGB optical

properties, we used a DSLR camera (Canon EOS E8, RF 100mm

𝑓 /2.8 L Macro lens) positioned at a distance to capture the reflec-

tions orthogonally. We placed a small X-Rite color checker in the

photographs to allow color corrections of the photos. The photo-

graph was processed semi-automatically with the user selecting

the edges of the calibration target, and our Python script would

then isolate the individual squares, taking their average reflectance

value. We also tested our approach on spectral optical properties

with a calibrated spectrometer (Broadcom Qwave VIS, 350−880 nm,

0.5 nm resolution) pointed at each target square, one by one. To

normalize the spectral measurements, we captured a Spectralon

with 99% diffuse reflectance.

Fitting and performance. The fitting requires the computation of

layer reflectances via Eq. 3. We wrote a Python script computing the

adding-doubling equations based on the iadpython package [Prahl

2018], which ensures numerical stability and includes the refractive

boundaries. Our plots in Figs. 6–8 were also based on these equa-

tions. Fitting the optical properties of the individual resins was done

following our Principles 1–3 (Secs. 3.2–3.4). For the derivative-free

optimizations of the one-dimensional and two-dimensional func-

tions, we used an adaptive sampling strategy implemented in the

adaptive Python package [Nijholt et al. 2019]. The optimization is

fast and scales with the number of observations and channels (wave-

lengths) to fit. For Target B, the optimization took about 2 minutes

in RGB and around 8.5 minutes spectrally with a 25 nm resolution,

on a modern desktop CPU (Intel Core i9-13900K). As the fitting is

executed in Python, we believe that further speed optimizations

could be performed.

Preview rendering. For the photorealistic renders of 3D printouts

in this paper, we employed Monte Carlo volumetric path tracing in

scenes with manually aligned cameras and lights. The objects are

represented by a heterogeneous grid, where each voxel corresponds

to one resin with the calibrated 𝛼 , 𝜎t, and 𝑔 = 0.4. The surfaces are

assumed to be dielectric with 𝜂 = 1.5. The slabs were rendered as

smooth dielectrics, the figurine was rendered with surface rough-

ness 0.2 and the eye model with 0.05 as it had a smoother surface,

where the roughnesswasmodeledwith the Trowbridge–Reitz (GGX)

distribution [Trowbridge and Reitz 1975; Walter et al. 2007]. The

rendering used Mitsuba 3 [Jakob et al. 2022], which supports both

RGB and spectral rendering with an arbitrary spectral resolution.

5 Synthetic evaluation
Before evaluating our calibration on real resins (Sec. 6), we per-

form a synthetic stress test on virtual simulations. The goal of the

experiment is to stress test whether our calibration supports a wide

range of optical properties. As our method requires at least one

reflective (“white") and one absorptive (“black") resin, we also test

what happens if both of these resins are optically similar to each

other, i.e., they are not really white and black but rather light gray

and dark gray. We also compare that to the measurement method of

Iser et al. [2022]. All experiments in this section are run virtually by

simulating the inputs (reflectances) to the methods with added ran-

dom noise (normal distribution with 𝜎 = 0.005, which corresponds

to 0.5% of the reflectance of a white diffuse surface). All results of

this section are visible in Fig. 9.

Stress test 1. For our first test, we set the optical properties of the
“white" and “black" resins to sufficiently different constant values:

𝛼 = 0.999, 𝜎t = 20mm
−1

for the white resin and 𝛼 = 0.5, 𝜎t =

5mm
−1

for the black. For the “colors", we artifically construct four

resins whose extinction coefficient 𝜎t continuously varies from 0.1

to 30.0mm
−1

and their albedo 𝛼 ∈ {0.1, 0.9, 0.99, 0.999}. We believe

that this selection sweeps through the reasonable ranges that one

can expect in real conditions (see further Sec. 6).

Stress test 2. In our second test, we attempt to break our calibration

method by using “white" and “black" resins that are optically similar

to each other. We use the same “color" resins as in the first test, but

we set the “white" to 𝛼 = 0.99, 𝜎t = 5mm
−1

(light gray) and the

“black" to 𝛼 = 0.90, 𝜎t = 5mm
−1

(dark gray).

Results using Iser et al. [2022]. In the older calibrationmethod, each

resin is measured independently and there is no requirement for a

white and black resin. Hence, between the two stress tests, the four

“colors" are estimated almost identically and the small differences

are caused by the random additive noise. We use the exact same

pre-computed lookup tables (for 𝑔 = 0.4) and thicknesses as in the

original publication. The calibration is based on two samples for

each resin: 0.38 and 0.79mm thin, polished, and homogeneous slabs.

Practically, it is very difficult to achieve samples thinner than that.

As we can see in Fig. 9, the accuracy of the calibration is limited by

the minimum thickness, which makes it impossible to measure high

extinction 𝜎t with low albedo 𝛼 and likewise high 𝛼 with low 𝜎t.

Our results. In the first stress test using calibration Targets B

and C, our calibration successfully handles the entire range of 𝜎t ∈
[0.1, 30.0]mm

−1
and 𝛼 ∈ {0.1, 0.9, 0.99, 0.999}. We observe that

Target A is insufficient for high 𝜎t with low 𝛼 and the additional

samples in Target B are required. In the second stress test, we can

see that our method is very robust and accurate even in the difficult

case of using gray resins in the bottom layers. The only difficult

range for the calibration is high 𝛼 with low 𝜎t.
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(b) Stress test 2: Scenario in which the “white" and “black" resins are similar to each other, which is more difficult for our method

Fig. 9. Synthetic evaluation of the optical calibration on two sets of six virtual resins (“white", “black", and four “colors"). While Iser et al. [2022] (blue) has low
accuracy for resins with high extinction 𝜎t and low albedo 𝛼 , our method recovers the wide range of optical properties significantly better. It also illustrates
that our larger calibration Targets B and C provide more stable results than Target A. More information on the experiment: text in Sec. 5.

6 Real calibration results
We evaluated our method in real-life conditions on several different

sets of samples to examine how well it generalizes to various colors

and geometric shapes. All samples were printed on a Stratasys J750

PolyJet 3D printer with a horizontal resolution of 300 × 600DPI

and vertical resolution of ≈ 940DPI (27 µm layer height). The cali-

bration targets were gently polished, the remaining samples were

not and only their support material was cleaned. The printer was

equipped with the following resins: VeroVivid (cyan, magenta, yel-

low), BlackPlus, PureWhite, and VeroClear. All result photos

were captured in a dark room, with the printouts illuminated by

LED lights. The images were published as raw as possible, with

color corrections based on X-Rite ColorCheckers.

In some of our experiments, we provide direct comparisons to the

calibration results of Iser et al. [2022]. We followed their calibration

procedure and show results fitted to 𝑔 = 0.4, same as they did in

their Sec. 5. These comparisons are valuable, as they are the only af-

fordable previous work that handles multiple scattering and spectral

rendering. Their results exhibit difficulties to fit resins with high 𝜎t,

mainly the white and yellow resins at wavelengths between 400 nm

to 500 nm. Such measurements would require almost impossibly

thin samples that can only be polished on expensive, specialized

machines. In the results that we show, it is noticable in yellow hues,

which are not as saturated as they should be. In contrast, our method

succeeded in fitting these properties without any problems.

Printable files from this section are attached in the supplement.

6.1 Color and spectral accuracy on resin mixtures
Our first experiment verifies the color accuracy for halftoned resin

mixing. We printed 121 resin mixtures, 0.675mm thick, once on top

of white and once on the black resin, with 242 total combinations

(Fig. 11). This allows observing the translucency and how the color

depends on the layers below. Resins with low 𝛼 appear dark on top

of a dark layer, even though they can appear bright on white.

In Fig. 10, we show a quantitative evaluation on these 242 patches

with different calibrations based on Targets A–C. We observe that

spectral calibrations outperform RGB, and that 25 nm spectral bins

are sufficient, with no requirement for a finer spectral resolution.

We also confirmed that a larger calibration Target B provides an

advantage over the smaller Target A, mainly because our resins are

highly absorptive, which is difficult to measure from 100% concen-

trations. We observe that our method significantly outperforms Iser

et al. [2022], who struggled with highly absorptive resins. Finally,

an even larger Target C does not seem to provide any advantage.

Still, we used the spectral calibration (Target C, 5nm) to compute

the rest of our results, unless otherwise noted. In Fig. 11, we also

show the color prediction for each of the 242 patches, and then the

spectral curves for a selection of 16 patches. The spectral predic-

tions are computed using adding-doubling, illuminated by the same

LED spectrum as the measurements, and converted to sRGB using

the CIE XYZ 2
◦
color matching functions. We observe a high color

accuracy that is consistent across all color mixtures with a mean

CIE DeltaE 2000 of below 2.
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Fig. 10. Left: Three variants of our calibration target with 10, 20 and 50 patches. The primaries and mixtures are printed in a thin layer on top of white
and black blocks. Right: A quantitative comparison against Iser et al. [2022] on CIE DeltaE 2000 (↓) over additional mixtures (Fig. 11) using three different
capturing devices: a DSLR camera (RGB) and two spectrometers downsampled to 25nm and 5nm resolutions respectively. Even an RGB calibration on our
Target B can outperform previous work, while a higher-resolution spectrometer and more mixtures (Target C) bring little benefit.
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6.2 Spectral transmission on thin resin samples
Showing further generalization of our calibrations to various layer

thicknesses ℓ , we compare to the type of calibration targets that Iser

et al. [2022] are using. We therefore manually prepared 9 samples

of thin resin layers enclosed in an index-matched glass sandwich.

In Fig. 12, we show spectral measurements and predictions of the

collimated transmission through these samples obtained by adding-

doubling on the (Target C, 5nm) calibration. We observe that

our results are similar to Iser et al. [2022], except for the highly-

absorbing yellow resin, where our results are better.
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Fig. 13. Comparing photographs of thin, translucent textures to Monte
Carlo renderings. Two textures (Loris bunny and peacock) are each printed
three times: 0.25, 0.50, and 1.00mm thin, enclosed in additional 0.50mm

clear resin. A checkerboard pattern printed with a laser printer on smooth
paper is placed below. Our calibration leads to precise simulations of the
translucency and colors. While Iser et al. [2022] can also predict the translu-
cency, they have a “milky appearance" and cannot achieve deep yellows.

6.3 Color accuracy on thin translucent textures
Following the previous experiment on thin, homogeneous samples,

we also prepared thin, textured samples. We printed 45 × 30mm

large and 0.25–1.00mm thin textures (halftoned photographs) that

were enclosed in an additional 0.5mm clear resin on top and bot-

tom. As the texture itself is very thin, the background below the

slab is partially visible. Because our calibration accounts for both

absorption and scattering, we are capable of accurately simulating

the translucency. In Fig. 13, we demonstrate a direct comparison

between photos and our renders on a checkerboard backing sheet.

The goal of this experiment is to prove that our calibration can be

used for highly translucent thin objects and accurately predict how

the background can be seen through.

6.4 Color accuracy on textures on thick white slabs
While above we printed thin textures enclosed in clear resin to

showcase translucency, a more common scenario is printing textures

on thick printouts. In this experiment, we printed thick slabs, each

about 55 × 42mm large and 5.0mm thick, where approximately

0.5mm thickness is textured and the remaining 4.5mm is white

resin. Four colorful, public domain paintings were 3D printed using

an algorithm inspired by Sumin et al. [2019]. The goal is to render

a 3D-printed grid of resins and to achieve a good match with the

photographs of the printouts. For this purpose, we algorithmically

aligned the two images, optimizing for the 2D translation, rotation,

and scaling factors as well as adjusted the exposure of the renders.

In Fig. 14, we demonstrate that our spectral Monte Carlo renders

based on (Target C, 5nm) are highly accurate, with a pixel-based

prediction error about 2.5× lower than of Iser et al. [2022]. Please

note that a perfect color match cannot be ensured unless the spectral

sensitivity curves of the camera and lens are taken into account

during renderings. Hence, the Δ𝐸00 values in the insets are best

interpreted relative to each other, and not in absolute terms.

6.5 Color accuracy on 3D shapes
We also evaluate 3D shapes (Fig. 15), for which we chose two ob-

jects: a model of a human eye, which has a simpler geometry but

high-resolution texture, and a figurine, with complex geometry such

as thin arms and legs. In addition to spectral Monte Carlo renders

based on (Target C, 5nm), RGB renderings based on (Target B,
RGB) calibrations are shown. We observe that there is little practical

difference between our RGB and spectral rendering, which is pos-

itive as RGB calibrations are faster and more affordable. It seems,

again, that Iser et al. [2022] suffer from mismatched yellow hues.

Note that side-by-side comparisons on 3D shapes are significantly

more difficult than on flat geometries as the object’s appearance

is influenced by postprocessing (such as removing the residues of

support materials), surface treatment, alignment, illumination geom-

etry, shadows, and similar. Therefore, reporting Δ𝐸00 values would
be meaningless and the comparison is purely subjective.

6.6 Phase function anisotropy coefficient
Ourmethod is not aimed at calibrating the phase function anisotropy

coefficient 𝑔. Throughout this paper, we assume 𝑔 = 0.4 (justified in
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Fig. 14. Comparing photographs of four textured slabs (center) to aligned, spectral Monte Carlo renderings on either side. Our calibration on (Target C, 5nm)
provides a better color match than Iser et al. [2022] as evident from the mean color error in the center regions of the difference images (first & last column). All
textures in this figure are adaptations of old paintings that are in the public domain.
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Fig. 15. A qualitative comparison between photographs and Monte Carlo renderings on two 3D objects. The spectral calibrations of Iser et al. [2022] and our
(Target C, 5nm) calibration differ greatly, especially in the hues containing yellow such as the skin and the veined sclera. The difference to our (Target B,
RGB) calibration is less noticeable. Figurine by fablabbudapest is licensed under CC BY 4.0. Eye by Alexander Antipov is licensed under CC BY 4.0.
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Sec. 2.2). To verify that this choice is not detrimental to color accu-

racy, we executed the spectral calibration script on Target B with

25 nm bins for a varying 𝑔 ∈ {−0.95, 0.90, . . . , 0.00, . . . , 0.90, 0.95}.
Each choice of 𝑔 (fixed during each individual calibration) can con-

verge to different (𝛼, 𝜎t) for each resin. We then simulated the re-

flectances of the 242 color patches from Sec. 6.1 and computed the

color prediction error for each result (Fig. 16).

We observe that the median error is higher for 𝑔 < −0.5 (stronger
backward scattering) and for 𝑔 > 0.5 (stronger forward scattering).

We also observe that the error variance and the number of outliers

decreases for higher 𝑔, which results in more consistent color pre-

dictions. In conclusion, it seems that the choice of 𝑔 = 0.4 is valid

and does not hinder color accuracy. In fact, there is a wide range of

anisotropies 𝑔 that give similar color accuracy on our reflectance

data, so it is not possible to select any 𝑔 as clearly the best choice. A

similar observation was also made in the method of Abu Rmaileh

et al. [2025] and it is not surprising: equivalence classes (also called

similarity relations) in light-scattering materials have been described

in the past [Wyman et al. 1989; Zhao et al. 2014].

6.7 Spectral extinction coefficient accuracy
Our final validation experiment is based on comparing our fitted

optical properties to accurate measurements performed in an optical

lab with an integrating sphere. We compare to the results obtained

by Kissel et al. [2025, Fig. 5], who measured their own samples of

the resins of the same brand (Stratasys VeroVivid: cyan, magenta,

yellow). A full comparisonwas not possible as we did not have access

to the same white and black resins (UltraWhite and UltraBlack).

Note that Kissel et al. assumed that cyan, magenta, and yellow

were non-scattering, i.e., 𝜎s = 0 or equivalently 𝛼 = 0, whereas

our calibration method includes scattering for all resins. Simply

comparing the 𝜎a obtained by each method would be wrong: a

collimated beam of light traveling through the material loses light

energy by both absorption and scattering, so reducing one of them

to zero necessarily increases the other estimate. Therefore, we take

into account the entire extinction along the light beam and compute

a reduced extinction coefficient computed as 𝜎′
t
= 𝜎a +𝜎′s = 𝜎a +𝜎s ·

(1−𝑔). In Fig. 17, we can see that our results for the three resins are

very close to the results obtained by Kissel et al. [2025]. The only

differences can be observed for wavelengths with low extinctions,

where even Kissel et al. observed high variance.

7 Conclusion
Full-color 3D printing is challenging because of subsurface scatter-

ing. A body of work has improved the printing quality given the

resin’s optical properties. However, finding these properties has

been difficult and has relied on expensive laboratory equipment

or excessive manual work. In this paper, we present a calibration

technique that can readily be performed in the field. The results are

directly applicable for the rendering of 3D printouts, to visualize the

printouts before they are printed, hence saving material costs by

avoiding failed prints, and enabling automatic appearance enhance-

ment using the existing scattering-aware optimization pipelines.

We expect the importance of our calibration technique to raise in
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Fig. 16. A quantitative evaluation of the color accuracy when the calibra-
tions are performed with varying phase function anisotropy coefficients. We
visualize the CIE DeltaE 2000 color difference metric (↓) between predicted
and measured reflectances of 242 resin mixtures.
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Fig. 17. Reduced extinction coefficients calculated from the measurements
of Kissel et al. [2025], Iser et al. [2022], and us. Each measurement was
done on a different sample but of the same resin family from the same
manufacturer. The data from Kissel et al. were measured using integrating
spheres and serve as ground truth.

the near future, as more affordable full-color 3D printers are being

developed, and the market is slowly opening to a wider audience.

For the future, we could forsee a complete embedding in the 3D

printers. When a new batch of resins is installed, the printer would

print our small calibration target, and a built-in RGB ormultispectral

sensor would measure the reflectances. A calibration algorithm

could then, within a couple of minutes, provide the optical properties

to the slicing algorithm, without any user intervention.

Limitations. The method assumes that white and black resins are

calibrated together with the colors. In theory, one might want to

calibrate a resin set that does not contain white and/or black. In that

case, there are two possible approaches: first, we showed in Sec. 5

that the method also works for resins with a lower contrast (such as

light gray and dark gray instead of white and black); second, certain

3D printers allow printing on top of existing objects, so one could

print resins on top of existing white and black surfaces. Another

limitation is calibrating a clear resin: when a thin layer of clear is

printed, it can be treated as fully transparent, which is what we did

in our experiments. However, thick layers of several centimeters of

clear resin usually have a yellow color cast. Our method could still

be used to calibrate the absorption in such case, but the top layer

would need to be sufficiently thick to ensure the absorption could be
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detected. Finally, our method cannot estimate the refractive index 𝜂

nor the anisotropy coefficient 𝑔. It is reasonable to expect that most

resins will be around 𝜂 ≈ 1.5, which is common for polymers. As for

the anisotropy, we showed in Sec. 6.6 that due to similarity relations,

it seems that an exact match is not required as the color accuracy on

printed mixtures remains similar for a wide range of anisotropies 𝑔.
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