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Abstract

Accurate colour reproduction remains a challenge in manufactured dental restorations
because tooth appearance depends on wavelength-dependent absorption and scatter-
ing, geometry, illumination, and viewing conditions. We present a measurement- and
simulation-based workflow for determining 3D-printable multi-material compositions. We
demonstrate our workflow by reproducing the appearance of the 16 VITA classical A1-D4
shade guide colours with a set of six Stratasys Vero and VeroUltra photopolymers. Each
reference tooth was recorded in a photobox using a camera with six narrow-band spectral
filters spanning 450 nm to 700 nm. A physics-based, GPU-accelerated Monte Carlo light
transport simulation was then used inversely to recover the six material concentrations
that minimised the CIE AEjq colour difference between the measured and simulated
appearance considering all six wavelength bands. Additionally, we compared four colour
optimisation strategies for determining material compositions. We further investigated
metamerism in the colour optimisation by independently the illuminant and comparing a
single- and double-light-source setup. These variations produced substantial changes in the
resulting colour differences. With the given material set, the resulting mixtures reproduced
all 16 teeth across the shade guide with a mean colour difference of CIE AEypg = 2.76 0.88
over the evaluated tooth regions. Crucially, the printing materials require optical char-
acterisation only once, after which new target teeth need only be spectrally measured to
determine their printable compositions. More broadly, the framework provides a general
route from spectral measurements to physically realisable multi-material reproductions,
extending beyond dental applications.

Keywords: dental shade matching; multi-material 3D printing; physics-based rendering;
inverse rendering; Monte Carlo light transport

1. Introduction

Customisation of tooth colour is an important aspect of dental restoration manufac-
turing [1]. Existing approaches range from manual staining and characterisation tech-
niques [2,3] to computational colour reproduction using multi-material 3D-printing sys-
tems [4]. Compared with the conventional manual approaches, computational methods
have the potential to reduce production time and reliance on specialised personnel and
expertise, while improving the reproducibility and consistency of the resulting restorations.
In addition to satisfying functional requirements, a dental restoration should reproduce the
visual characteristics of natural teeth and integrate with the surrounding dentition [5].
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Accurate reproduction of tooth colour remains challenging because real tooth appear-
ance cannot be described by a single surface colour. Instead, it primarily results from
wavelength-dependent absorption and scattering within enamel and dentine, together with
the thickness and geometry of these tissues [6]. Enamel modifies the lightness and chro-
maticity of the underlying dentine [7], while the orientation and distribution of dentinal
tubules influence light attenuation, scattering, and the local refractive index of dentine [8].
Variations in material composition or internal structure may therefore affect the perceived
colour of a restoration [9]. Previous research has addressed both the acquisition and com-
munication of natural tooth colour and the selection or spatial arrangement of materials
required to reproduce a target appearance [10-13].

Additive manufacturing provides a means of controlling the composition of a restora-
tion during fabrication. However, many dental printing processes are based on a limited
number of predefined resins and offer only restricted control over colour and translu-
cency [14]. Multi-material jetting extends this capability by combining several photopoly-
mers in different proportions [11,15]. Simon et al. [4] recently investigated colour matching
and biomimicry for multi-material dental 3D printing using the same set of Stratasys
photopolymers considered in this work, but employed a different approach for determin-
ing and spatially distributing the printable materials. They first characterise the printing
process using flat, layered test specimens designed to mimic the enamel-dentine-root
structure of a tooth, and use the measured slab appearance to train a forward model that
can approximate the appearance of corresponding layered tooth geometries. A learning-
based backward model then determines the enamel and dentine layer colours required to
reproduce target surface colours for prescribed layer thicknesses and translucencies, while
a morphable star-shape parametrisation is used to embed these layers within the tooth
geometry prior to multi-material slicing and printing. Determining a suitable composition
for 3D printing is challenging because the relationship between material concentrations
and observed colour is influenced by the optical properties, object geometry, illumination,
and viewing conditions [16].

In this work, we developed a measurement- and simulation-based workflow for
determining 3D-printable material compositions that reproduce the colour appearance of
the 16 teeth in the VITA classical A1-D4 shade guide. These reference teeth were recorded
in a photobox using a camera equipped with a set of narrow-band spectral filters [17]. Six
images covering wavelengths from 450 nm to 700 nm were acquired for each tooth. The
light source, camera position, sample geometry, holder, and background were represented
in the corresponding simulation model, enabling direct comparison between the measured
and simulated appearances of the teeth [18]. This workflow requires only that the material
set be characterised once and that the reference tooth be recorded. Other material sets or
additional materials can be treated in the same way.

We also compared and theoretically evaluated four strategies for determining the
material composition, using a homogeneous tooth restoration material not related to the
VITA shade guide, whose absorption and scattering coefficients were characterised spec-
trally resolved with an integrating sphere: directly matching the intrinsic optical properties,
matching the ratio of the reduced scattering coefficient to the absorption coefficient, ap-
proximating the spectral reflectance, and minimising the perceptual colour difference in
CIE L*a*b* colour space.

We modelled each VITA restoration tooth as a monolithic, homogeneous volume com-
posed of a single material mixture. This simplification avoided introducing assumptions
about the internal structure or spatial distribution of materials within the restoration. We
then iteratively optimised a material mixture formed from Stratasys Vero cyan, magenta,
yellow, and clear materials and VeroUltra black and white. The previously determined
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wavelength-dependent optical properties of these materials [16] were combined according
to the material concentrations in the mixture. At each iteration, a graphics processing
unit (GPU)-accelerated Monte Carlo (MC) simulation numerically solved the radiative
transfer equation (RTE) [19] and predicted the spectrally resolved appearance under the
measurement conditions [16,17,20]. This physics-based rendering approach accounts for
volumetric absorption and scattering, object geometry, and reflection and refraction at
material interfaces.

Based on the comparison of the colour optimisation strategies, the final VITA shade-
guide matching was performed using a gradient-based optimisation [21] to vary the mate-
rial concentrations and minimise the CIE AE;ggg value [22-24] between the measured and
simulated colours. We then compared the photographed teeth and forward renderings
of the best-fit material compositions, together with the calculated AE maps, the resulting
absorption and reduced scattering coefficients, and the material concentrations computed
in this study for 3D printing the restorations.

2. Materials and Methods

In this section, we briefly review the theory and methods used to compute light
transport, optimise colour, and perform the measurements. These include the MC algorithm
used to render light transport, the different colour optimisation strategies, the Levenberg—
Marquardt fitting algorithm, and the measurement setup used.

2.1. Monte Carlo Light Transfer Simulation

To compute physics-based light transport in turbid media, we used a GPU-accelerated
MC simulation [20] that provides a numerical solution of the RTE. This MC software
was developed in-house and has been validated extensively against another MC software
package [25] and an analytical RTE solution [26]. The software was developed using
OpenCL [27], allowing the simulations to be distributed across multiple GPUs. Simulation
execution is managed through a Python 3.12 interface, which starts separate OpenCL
kernels on each GPU. The eight NVIDIA A10 GPUs employed in this study (NVIDIA
Corporation, Santa Clara, CA, USA; NVIDIA A10 GPU, 24 GB GDDR6 VRAM) are located
in a single server. Because individual MC simulations are statistically independent [28], the
GPUs can operate without exchanging data during execution. The examined media are
described in the context of the RTE by their optical properties [29], namely the scattering and
absorption coefficients s and p,, the refractive index 1, and the scattering phase function.
In this case, the Henyey-Greenstein phase function [30], characterised by the anisotropy
factor g, was chosen as the scattering phase function. In what follows, we use the reduced
scattering coefficient u = ys(1 — g). Interactions between media with different refractive
indices were handled using the Fresnel equations [31]. The geometry of the 3D scene was
incorporated into the simulation via a tetrahedron-based characterisation of the objects and
their material distributions. Within this MC framework, light propagation is represented
by individual energy packets, referred to as photons, which are traced through the medium
under variable lighting and viewing conditions. As demonstrated in [16,20], this approach
produces rendered images exhibiting good agreement with actual photographs, with the
agreement quantified using the CIE AEjy colour-difference metric, hereafter referred
to as AE [22-24]. A more detailed description of the method and examples of previous
applications can be found in [16,17,20].

2.2. Colour Optimisation Strategies and Levenberg—Marquardt Fitting

We aim to reproduce the colour appearance of measured samples using a given set
of materials that can be combined in arbitrary concentrations and printed in arbitrary
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geometries. In this study, we used the Stratasys PolyJet materials VeroCyan, VeroMagenta,
VeroYellow, and VeroClear, together with VeroUltraBlack and VeroUltraWhite (Stratasys
Ltd., Minnetonka, MN, USA) [32,33]. Although these particular materials are not bio-
compatible, comparable sets of biocompatible materials, including materials specifically
intended for dental applications, can be used with the proposed workflow in exactly the
same manner. The wavelength-dependent optical properties of these materials were charac-
terised in a previous study [16]. This study also demonstrated that the optical properties of
a material mixture can be expressed as a linear combination of the optical properties of its
constituents, provided that the constituent materials are randomly distributed throughout
the volume at a sufficiently fine voxel resolution. The Stratasys J826 printer used in the
above study provides sufficient printing resolution to realise such distributions. Let N
denote the number of available printing materials, and let

c= (Cl)il\io: (cl,...,cN>T (1)

be the vector of material concentrations. The concentrations are constrained by
>0 VieN and Y =1 2)

Under the linear-mixture approximation, the absorption and reduced scattering coefficients
of the mixture are given by

Pamix(A, €) = Hai(A),  Homix(A€) = c'uli(A), 3)

where Einstein’s summation convention was used. Here, y, ; and V;,i are the absorption and
reduced scattering coefficients of the i-th constituent material, respectively. The resulting
mixture parameters, together with the refractive index and scattering phase function, define
the material model used in the MC simulation. A colour-optimisation strategy is then re-
quired to determine the concentrations ¢’ that provide the best agreement with the reference
sample. Four strategies that can be combined with our MC light-transport and inverse-
rendering framework are considered: directly matching the optical properties, matching
the ratio of the reduced scattering coefficient to the absorption coefficient, approximation
of the spectral reflectance, and minimisation of the perceptual colour difference in L*a*b*
space. These approaches were previously discussed in detail by Glockler et al. [34]. Here,
we describe the general approach used to formulate mixtures of our Stratasys materials to
match the colour of a reference material.

In the first strategy, the optical properties of the mixture of the six Stratasys materials
are fitted directly to those of the reference material, whose scattering and absorption prop-
erties can, for example, be determined using an integrating sphere [25,35]. No information
about the geometry, illumination, or detection setup is required for this approach. In the
following, this procedure is referred to as the “direct method”. Since VeroUltraWhite is
the only material used to control scattering in the available set, the reduced scattering and
absorption coefficients were fitted sequentially. Firstly, the concentration c* of VeroUl-
traWhite was determined by scaling its scattering coefficient. Let w denote the material
index corresponding to VeroUltraWhite. The reduced scattering coefficient of the material
mixture p! . (A, c) is then given by

Vé,mix(A/ Cw) = Cw.ug,w()\)‘ (4)

The root-mean-square error (rmse) between p . (A,c) and the reduced scattering coeffi-
cient of the reference material p () is
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] (Cw) o 1 Z c .us,w()‘) - ‘us,ref()‘) (5)
,di YAl
s,direct |A| = Vé,ref(/\)
The optimum concentration of VeroUltraWhite is then given by
= arg min ]s,direct (Cw>' (6)

0<c?<1

Here, A is the set of considered wavelengths and |A| is the number of wavelengths. All
wavelengths are weighted equally. The concentration of VeroUltraWhite was then fixed
at c*. Secondly, the absorption contribution associated with this concentration was also
fixed. The absorption coefficient of the direct mixture is

Va,direct()\/ C) = Ci,ua,i(/\) + (Cw'* - Cw),ua,w (/\)/ (7)

where the second term effectively fixes the contribution of the white material to j, girect (A, €)
to the optimum white concentration. The rmse between the absorption coefficient of the
mixture and that of the reference material j1, ref(A) is

1/2
1 Ha direct()\/ C) — Ha ref()\) 2
I i C) = —_— |: 4 z . (8)
o) = AT L [T )
The optimal concentration vector is then given by
Crﬁrect = arg mln ]a,direct (C) N (9)
c

Direct matching of the optical properties is the most physically comprehensive approach
because, if all relevant optical properties are reproduced accurately, the resulting light
transport is expected to remain valid across different illumination conditions, viewing con-
ditions, and geometries. Ideally, this approach avoids metamerism caused by differences in
the underlying spectral response of the material. However, it requires the optical properties
of the reference material to be known, as well as a sufficiently diverse set of absorbers and
scatterers that can be mixed to reproduce the wavelength dependence of the absorption and
reduced scattering coefficients of the reference material to be available. Because the mixture
properties can be evaluated directly using Equation (8), no MC simulation is required
during this optimisation.
The second strategy optimises the ratio of the reduced scattering coefficient to the
absorption coefficient, defined for the mixture and the reference material as
Clﬂ;,i (A)
Rmix(/\l C) - W! Rref(A)

_ ]“l;,ref(}w

= . 10
.ua,ref()\) ( )

For an ideal semi-infinite medium, the reflection is a function of the ratio of y} to u,. Since
the perceived colour is determined by the spectral distribution of the reflected light, this
ratio can therefore also be used to approximate the colour of the medium. The rmse between
the ratio of the mixture of the 3D-printed materials and that of the reference material is

‘ o) — 2y 1/2
Jratio (€) = {|1A| ) [R‘“‘M’ ) Rref“)] } : (11)

AEA Rref()‘)

The optimal concentration vector is then given by
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C;katio = arg min Jratio (C) . (12)
c

The third strategy determines the material concentrations by matching the simulated
spectral reflectance to the measured reflectance of the reference sample. The geometry of
the reference sample is assumed to be known and is reproduced in the MC model. The
geometry and measurement configuration remain fixed throughout the optimisation and
are therefore omitted from the following notation. The simulated spectral reflectance is
given by

Risim (A, €) = M [pamix(A, €), e mix (A, €)], (13)

where M denotes the MC model. The agreement between the simulated and measured
reflectance spectra is quantified using the rmse

2y 1/2
(14)

Jr (C

i\ — L RSim(A’ Ci) B Rref()‘)
> a ‘A| 2 [ 7?'ref()‘) ’

AEA

where R ¢(A) is the spectral reflectance of the reference material. The optimal concentration
vector is then given by

cp = argmin Jg(c). (15)

For highly scattering samples, the reflectance may be comparatively insensitive to small
changes in sample geometry, as light does not penetrate deeply into the sample [34].

The fourth strategy directly minimises the perceptual colour difference between the
reference and the simulated sample. The simulated and reference colours are represented
by the L*a*b* vectors £gim(c) and £,s. These colour vectors are obtained as described
in [18]. The cost function is defined as the colour difference:

]AE(C) = AE(esim(C)fEref)/ (16)

where AE denotes the CIE AEyyg colour-difference metric [22-24]. The optimal concentra-
tion vector is then given by

crhp = argmin Jag(c). (17)

This optimisation determines the material concentrations that provide the smallest per-
ceptual colour difference for the fixed illumination spectrum, observer, geometry, and
viewing configuration. However, it is also the most computationally expensive strategy
because each evaluation of the cost function requires a full-spectrum MC simulation and
subsequent colorimetric processing. Furthermore, the resulting composition is optimised
for the selected observation conditions and is not necessarily optimal under a different
illuminant or viewing configuration. Each iteration of this optimisation computes the
spectral simulation output from 450 nm to 700 nm in steps of 50 nm. From these data, a
complete image was rendered for the current material composition. As described in [18],
the simulated spectral data was extrapolated from 450 nm to 400 nm, providing a defined
lower boundary for interpolation across the visible spectrum.

The underlying optimisation algorithm was configured as in our previous work [17].
It uses the gradient-based framework described by Transtrum and Sethna [21]. As in our
previous work, scaling relations are employed to calculate the required gradients [36,37].
These gradients describe the change in the simulated output caused by variations in the
material concentrations. Consequently, through the optical property scaling relations, each
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MC simulation provides information about both the current material composition and the
effects of variations in the material components.

To enforce the unity-sum constraint during the gradient variation of the concentra-
tions in Equation (2), the optimisation variables are expressed as ratios relative to the
concentration of the first material. Fori =1, ..., N, the ratios are defined as

==, where r>0 (18)

and explicitly ¢! > 0. The concentration of the first material was parametrised in terms of
N — 1 independent ratios as

N -1
ol = (1 + er) . (19)
j=1

The concentrations of the remaining materials are then given by

N o\l
=7 (1 +) rf> ) (20)
=1

This parameterisation reduces the number of independent optimisation variables from
N to N — 1 and ensures that the reconstructed concentrations satisfy the constraints in
Equation (2).

2.3. Spectral Detection Setup and Photobox Configuration

In this work, we aim to reproduce the colour appearance of the 16 tooth colours in the
VITA classical shade guide (VITA Zahnfabrik H. Rauter GmbH & Co. KG, Bad Sackingen,
Germany; VITA classical A1-D4 shade guide [38]). The measured data of the investigated
shade-guide teeth used in this study were recorded with a spectrally filtered detection setup.
This setup was previously described and validated in [18]. The thorough investigation of
its theoretical limits and the inverse method with which optical properties can be recovered
from the data obtained with this setup can be found in [17]. Here, only a short summary of
the setup and its configuration in a photobox is provided.

The photobox was illuminated using an LED panel with a fully characterised spectral
intensity distribution [20]. Image acquisition was performed with an IDS camera (IDS
Imaging Development Systems GmbH, Obersulm, Germany; U3-3060CP-M-GL Rev.2.2)
equipped with a 25 mm lens (Edmund Optics, Barrington, NJ, USA; 25 mm Focal Length
Lens, 1” Sensor Format, #63-246). The spectral sensitivity of this camera was previously
determined [18]. A set of hard-coated bandpass filters (Thorlabs, Newton, NJ, USA; Hard-
Coated VIS/NIR Bandpass Filter Kit, FKBV10) was positioned in front of the lens. The
filters were housed in a motorised filter wheel (Edmund Optics, Barrington, NJ, USA;
USB/RS-232 Motorised Filter Wheel, #23-646), which allowed the filters to be changed
without altering the camera position. This configuration enabled images to be acquired at
discrete wavelength bands centred around the indicated wavelength of the filters. In this
study, filters with a full width at half maximum (FWHM) of 10 nm were used, covering
centre wavelengths from 450 nm to 700 nm in approximately 50 nm intervals.

The shade-guide teeth were then placed upright in front of the detection setup and
centred in the field of view (FOV) of the camera. To ensure the best positioning of the
samples, a specially designed holder was 3D printed. This holder was taken into account in
the simulation. The optical properties of the grey printing material were determined with
an integrating sphere [25,35]. A white silicone cube with known optical properties [39] was
placed behind the teeth to provide a well-defined background. These optical properties
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were used in the MC simulation. The photobox configuration and the sample holder are
shown schematically in Figure 1.

z Y

Figure 1. Schematic representation of the experimental setup used in this study. The left panel
shows the general configuration of the photobox. The green spot indicates the position of the camera
aperture (C), defined by the spherical coordinates (dc, 9c, ¢c). The blue spot indicates the position of
the centre of the light source (L), defined by the spherical coordinates (d;, 9;, ¢;). The green rectangle
represents the bandpass filters positioned in the light path towards the detector. The surface normals
of both the light source and the camera are directed towards the origin. The right panel shows the 3D
model of the tooth holder with a tooth placed inside. The origin of the photobox was defined as the
centre of the 3D tooth model.

We set the parameters of the photobox, as defined in Figure 1, to the following values:
for the light source we chose d; = 39.0cm, ¢; = %, and ¢; = %T and for the camera
dc = 18.0cm, ¢ = 7, and ¢c = 7. With this choice, the camera looked directly at the
tooth’s front surface with the illumination placed at an angle to the right and the white
cube positioned behind the tooth as the background. Positioning within the photobox
was performed manually by generating an overlay of the full simulated scene geometry
and displaying it in the camera live view to align the measurement with the simulation as
closely as possible. We then recorded six images, using the six spectral filters, of each of the
16 teeth and used these as inputs for our colour optimisation.

As described in [18], accurately simulating the image intensity data I.omef requires
knowledge of the filter transmission profiles combined with the camera sensitivity. This
combined response is denoted by the filter function F, (A). Following [18], the camera-
reference intensity is given by

s dA ) By (W) L)
Icamref()‘O) - V?Vs dir F/\()()\) L()\) ’ (21)

where I(A) is the intensity obtained from the MC simulation at wavelength A, and Ag
denotes the centre wavelength. The quantity L(A) represents the spectral intensity distri-
bution of the light source. The integration is performed over the visible spectrum (VS) in
order to include all filter contributions, as the filter profiles are non-ideal. In this work,
Equation (21) was used to match the simulated reflectance to the recorded images.
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3. Results
3.1. Theoretical Evaluation of Colour Optimisation Strategies

We have evaluated the four colour optimisation strategies outlined in Section 2.2
using measurements of a separate dental restoration material, unrelated to the VITA teeth,
from which we calculated a rendering that served as the reference for this evaluation. The
reduced scattering and absorption coefficients were determined with an integrating sphere
and are shown in black in Figure 2, for which we have assumed a value of g = 0.75. Firstly,
we matched the reduced scattering and absorption coefficient curves directly; secondly,
we matched the ratio R = p//p,. These first two methods were performed over the full
wavelength range from 400 nm to 700 nm, using a step size of 1 nm. Next, we ran the fits
that optimised the reflectance and colour difference, for which we assumed the geometry
of the teeth from the VITA classical shade guide. The 3D geometry was acquired with the
ZEISS COMET L3D (Carl Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany;
ZEISS COMET L3D). The results are also shown in Figure 2. The third and fourth methods
were performed at seven wavelengths ranging from 400 nm to 700 nm in 50 nm intervals to
imitate the measurements with the camera described in Section 3.3.

A —— Dental Material
\) 4 b} . .
\'f....._“\\ 8 \ - Direct Fit
\\ A\ ——- Ratio Fit
AR v\ 1
1011 N ol N\ Reflgctance Fit
TH RN o AR AE Fit
NN | \X
IS R I
E E
NG -4
2 Et
1072’4x10*‘ A‘//‘/ A\,\ \-\‘ N\ N
: N \<\,\ N
N AN ,
\ Y \\
| '
3\
10—3 410 430 450 470‘ 0
400 450 500 550 600 650 700 400 450 500 550 600 650 700
A [nm] A [nm]

Figure 2. Comparison of the recovered absorption (left) and reduced scattering (right) coefficients of
the different colour optimisation strategies. The optical properties of the dental restoration material,
determined with an integrating sphere, are shown as solid black lines. The results of the reflectance
and AE optimisation are very similar, which is illustrated in the inset plot on the left.

The 1, results follow the dental restoration material’s y, approximately, whereas
the . results reproduce its spectral behaviour only to a limited extent. This is because
our material set, given by the Stratasys printer, contains only one scattering material.
Thus, the shape of our fitted u/ curve cannot change. We can only scale the overall
magnitude of the curve. To better evaluate the results of the different strategies, we
compare forward renderings, for which we chose the LED panel of our photobox as the
illuminant, computed with the obtained reduced scattering and absorption coefficients,
to the simulation with the measured properties of the dental restoration material, shown
in Figure 3. There are mismatches in both the refractive index and anisotropy factor
between the dental material and the 3D printing materials in our set. The refractive
indices of the dental material and 3D printing materials at 400 nm are #,¢(400nm) = 1.545
and n1mat(400nm) = 1.505, respectively. The anisotropy factor of the dental material
was assumed to be 0.75, while the anisotropy factors of the reconstruction materials are
approximately 0.4, as previously determined in [16]. The direct and ratio optical property
matching methods do not account for these differences, which may therefore result in
increased AE values. In contrast, the reflectance and colour-difference optimisation methods
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can compensate for reflectance and colour errors due to the refractive index mismatch by
adjusting the concentrations accordingly.

Direct Reflectance

Figure 3. Colour differences of the forward renderings of the recovered optical properties compared
to a forward rendering of the dental restoration material under the LED panel illuminant. The dental
restoration material is shown on the left in each of the triplets; the fitted materials are shown in the
middle in the order of direct matching (upper left), ratio matching (lower left), reflectance matching
(upper right), and AE matching (lower right). In the AE maps on the right, two ROIs have been
marked and the mean AE values are displayed next to them. All AE maps use the same colour scale
on the right.

We find that the optimisation approaches produce different results when we compute
the mean AE value over the entire tooth and within two ROIs near the base and top
of the tooth, as marked in Figure 3. The results are listed in Table 1. As described in
Section 2.2, direct optical property matching theoretically produces the best results but due
to the limitations of our material set, particularly the availability of only one scattering
material, we can only produce moderate AE values. Nonetheless, we find a well-reproduced
translucency on the left side of the tooth, due to the best match of the optical properties.
Here, we use the term translucency to refer specifically to the contribution of photons that
are transmitted through the tooth material and then contribute to its colour appearance. In
the following, we therefore refer to discrepancies in such regions as translucency errors,
distinguishing them from colour differences that arise predominantly from reflected light.
Conversely, the ratio fit yields a slightly better colour match in the middle of the tooth but
increases the error in translucency. Both the reflectance and AE optimisations produce better
results regarding the colour in the middle and on the right side of the teeth. Yet, this comes
at the cost of slightly increased translucency errors on the left side. With the limitations of
each method in mind, we chose to optimise the AE values in the subsequent fits.

Table 1. Colour differences of the comparison of the renderings shown in Figure 3 under the LED
panel illuminant.

Optimisation AEop AEpottom AE
Direct 4.21 3.32 3.25
Ratio 4.07 3.26 3.75
Reflectance 1.33 1.09 1.46
AE 1.34 1.08 1.47

3.2. Metamerism of the Colour Optimisation

Next, we investigated the metamerism affecting the AE optimisation. For this, we
examined two variations of the lighting setup. Firstly, we changed the illumination charac-
teristics of the light source used for the forward renderings from the previously measured
LED-panel illumination to a standard D65 illuminant. The resulting images are shown in
the upper part of Figure 4.
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Direct Reflectance

Figure 4. (Upper): Colour differences of the forward renderings of the recovered optical properties,
recovered under the LED panel, compared to a forward rendering of the dental restoration material
under a D65 illuminant. The dental restoration material is shown on the left in each of the triplets; the
fitted materials are shown in the middle in the order of direct matching (upper left), ratio matching
(lower left), reflectance matching (upper right), and AE matching (lower right). In the AE maps on
the right, two ROIs have been marked and the mean AE values are displayed next to them. (Lower):
Comparison of forward renderings under a double-light-source setup and a D65 illuminant. The
optical properties were taken from the AE matching in the upper part of this figure. The AE maps in
the upper and lower sections use the colour scales shown on the right.

For the same optical properties, we now obtain new colour differences listed in Table 2.
The results show that changing the illuminant can influence the colour difference because
different illuminants have different spectral intensity distributions and therefore weight
the contributions of discrepancies in the optical properties differently. This can increase
or decrease the colour difference. The main difference between our LED panel and D65
illumination lies in the spectral weighting at different wavelengths. For example, shorter
wavelengths contribute only weakly using our LED panel [18], whereas they are weighted
much more strongly under D65 illumination. Consequently, colour differences arising from
mismatches in the optical properties in this spectral range are amplified under D65. For
example, the direct matching method exhibits the largest increase in AE when changing
the illuminant. This can be attributed to the mismatch in the reduced scattering coefficient
towards 400 nm, while the absorption coefficient remains well matched, cf. Figure 2. The
resulting increase in reflectance is visible as a bluish hue in the rendering shown in Figure 4.
In contrast, the ratio method also exhibits a scattering mismatch at shorter wavelengths,
but this is compensated, by design, by a corresponding increase in absorption.

Table 2. Colour differences of the comparison of the renderings shown in the upper part of Figure 4.

Optimisation AEop AEpottom AE
Direct 8.32 6.92 6.31
Ratio 5.18 422 4.66
Reflectance 2.92 2.08 2.71
AE 2.95 2.10 2.73
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Secondly, we changed the setup from one light source to two light sources on opposite
sides of the tooth while keeping the material exactly the same. This was done to illustrate
how the lighting setup can mask the error in translucency. We used the optical properties
from the AE optimisation from Figure 4 with the double-light-source setup and obtained
substantially reduced colour differences of AE = 1.24, AEop = 0.92, and AEpgtom = 0.99,
shown in the lower part of Figure 4. This is a direct result of the light-source arrangement,
which masks the contribution of photons travelling through the tooth to the previously unil-
luminated side. Illuminating the tooth from both sides reduces their relative contribution
to the observed colour appearance.

3.3. Shade Guide Fit Results

As described in Section 2.3, we recorded a full set of spectrally filtered images for
each of the 16 teeth in the VITA classical shade guide in our photobox. The photobox
configuration and the tooth holder are described in Section 2.3 and Figure 1. The six
spectral images were then combined to produce sRGB images, shown on the left in each
triplet in Figure 5. This procedure is described in detail in [18].

We then used a full 3D model of the tooth, the background cube, and the holder to
simulate the scene recorded in the photobox and ran the AE optimiser to recover the con-
centrations of the materials of the Stratasys printer that best match the colour appearance
of each tooth. For the initial parameters, we started with uniformly distributed concen-
trations of 1/6. The brightness calibration to match the simulation to the photographs
was performed by removing the tooth and the grey holder and then recording the white
background cube. Since the optical properties of the cube material are known very accu-
rately, the corresponding scene was rendered and used as an independent measurement to
calibrate all images. This procedure is described in detail in [18,20]. Using the hardware
mentioned in Section 2.1 and our chosen initial values, the fit typically converges within
10 to 25 iterations. For each wavelength, 2 x 10° photons are simulated to ensure good
statistical accuracy. Since each iteration involves computations at six wavelengths, a single
iteration takes approximately 12 min. Renderings of the best-fit result for each tooth colour
are shown in the middle image of each triplet in Figure 5. The corresponding AE maps are
also shown. The colour difference on the background cube remains well below AE = 1.
The holder shows slightly elevated AE values with peaks at the edges where it is slightly
misaligned. However, apart from the edges, the colour difference remains AE < 1. Two
areas of the tooth consistently show elevated AE values: the upper-right region, where spec-
ular reflections occur, and the left side, where translucency errors appear most prominently.
The specular reflections mostly have the same shape as those shown in the renderings.
However, their position, shape, and size vary in the photographs because of differences
between the surfaces of the recorded teeth and their representation in the 3D scan, as well
as misalignment between the photographs and simulations.

The regions of the tooth that we then examined to compute the colour differences
between the shade-guide teeth and the fitted restoration material compositions are shown
in Figure 6. In the marked blue region, we excluded both areas that showed systematically
increased colour differences. Again, we defined two additional ROISs: one close to the top
and one close to the bottom of the tooth. The resulting AE values for these three ROIs are
listed in the table shown in Figure 6.

Additionally, we show the resulting y, and . curves for each fitted colour in Figure 7.
We find that the reduced scattering does not vary substantially between the tooth colours,
but we can see clear differences in the absorption curves over the range of 400nm to
600 nm, with the curves being nearly identical at wavelengths above 600 nm. Looking at
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the absorption curves of the Stratasys materials [16], the two main components for this
absorption behaviour above 600 nm are cyan and clear.

ol N |
| | 7
LW @)
‘N ‘N 4
g ‘N |
" ' | 1
] = °

Figure 5. Comparison of SRGB images of photographed (left) and rendered (middle) teeth from the
VITA classical shade guide with the corresponding AE maps (right). The photographs were taken
with the spectral filter setup. Each AE map is normalised with respect to the global colour scale on
the right side. The tooth colour is noted to the left of each triplet. The colour differences for the
background and the grey holder are AE < 1.

The corresponding recovered concentrations of the six materials are listed in Table 3.
These values represent the proportions of each material in the mixtures that can be 3D
printed to fabricate the restorations shown in Figure 5. The results indicate that the black
material contributes only minimally across all iterations, suggesting that it could be omitted
from the material set without substantially affecting the reproduction of the target tooth
colour range. This demonstrates that our method cannot only determine suitable material
concentrations, but also identify materials that are unnecessary for reproducing a given
colour range. Such information enables a principled preselection of materials, which is
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particularly useful in practical systems where only a limited number of materials can be
made available simultaneously.

Table 3. Material concentrations, given in percent, of the six Stratasys 3D printing materials, VeroCyan,
VeroMagenta, VeroYellow, VeroClear, VeroUltraBlack, and VeroUltraWhite, recovered from the AE
fit for each tooth colour of the VITA classical shade guide. The VeroUltraBlack concentrations are
reported in percent with a factor of 1073.

Tooth Colour  ccyan [%]  CMagenta [%]  Yettow [%]  cwnite [%]  cCiear [%]  cBlack [1073%]

Al 0.28 0.75 0.36 4.80 93.82 2.00
A2 0.27 0.92 0.51 4.90 93.39 1.40
A3 0.28 0.95 0.58 4.79 93.41 2.10
A3.5 0.28 1.25 0.73 4.78 92.97 2.10
A4 0.28 1.78 0.88 4.67 92.39 2.70
Bl 0.28 0.49 0.30 477 94.17 2.30
B2 0.28 0.49 0.30 477 94.17 2.30
B3 0.28 1.03 0.68 4.79 93.22 2.00
B4 0.28 1.06 0.67 478 93.21 2.10
C1 0.28 0.78 0.43 4.84 93.68 1.90
C2 0.28 0.98 0.52 477 93.46 2.20
C3 0.28 1.22 0.56 473 93.21 2.40
C4 0.28 1.39 0.60 472 93.01 2.50
D2 0.28 0.89 0.39 4.76 93.68 2.30
D3 0.28 1.09 0.49 4.76 93.37 2.20
D4 0.28 1.15 0.76 4.75 93.06 2.30

Tooth colour  AEop AEpottom AE

Al 2.90 3.56 3.07

A2 3.23 3.48 3.36

A3 3.05 3.50 3.16

A35 1.87 2.45 2.35

A4 2.61 2.99 2.86

Bl 3.69 4.29 3.72

B2 4.90 5.94 4.89

B3 2.57 3.03 2.71

B4 1.96 2.90 2.69

C1 2.74 3.03 2.94

C2 1.09 1.58 1.71

C3 2.27 3.07 2.57

C4 2.42 4.50 3.26

D2 0.95 1.44 1.53

D3 1.20 2.28 2.06

D4 0.47 0.72 1.34

Mean £+ SD 237 +1.12 3.05+1.26 2.76 £ 0.88

Figure 6. Regions used for the colour-difference analysis of the AE maps shown in Figure 5. The
corresponding mean AE values for each tooth colour are listed in the table on the right. The blue
region denotes the AE region, whereas the red squares mark the top Etop and bottom AEpom
regions. The final row reports the mean and sample standard deviation across the 16 tooth colours.
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Figure 7. Absorption (left) and reduced scattering (right) coefficient curves of the recovered material
mixtures from the AE fit for each of the tooth colours of the VITA classical shade guide.

4. Discussion

In this work, we presented a measurement- and simulation-based workflow for de-
termining multi-material compositions of a 3D printer that reproduce the colour appear-
ance of dental shade-guide teeth. Spectrally resolved images of the 16 teeth of the VITA
classical A1-D4 shade guide were recorded under controlled illumination and viewing
conditions and compared with corresponding MC renderings. By iteratively varying the
concentrations of six characterised Stratasys Vero and VeroUltra materials, we recovered a
homogeneous, monolithic material composition for each tooth colour that can, in principle,
be directly transferred to a compatible multi-material printing system.

We first compared four approaches for determining the material composition: direct
matching of the optical properties, matching of their ratio, matching of the spectral re-
flectance, and minimisation of the perceptual colour difference. Although matching the
intrinsic optical properties would theoretically provide the greatest independence from
geometry and illumination, its performance was restricted by the available material set. In
particular, VeroUltraWhite was the only constituent that provided control over scattering,
meaning that the wavelength dependence of the reduced scattering coefficient could be
scaled but not spectrally altered. The reflectance and colour-based methods could compen-
sate for discrepancies in scattering and differences in refractive index because errors in the
different optical properties are compensated mutually. We therefore selected the AE-based
approach for the shade-guide optimisation.

For the 16 VITA tooth colours, the recovered mixtures produced, for the illuminant and
lighting setup in our photobox, a mean colour difference within the evaluated tooth region
of approximately AE = 2.76 across all teeth. The lowest colour differences were obtained for
D4, D2, and C2, while B2 showed the largest remaining discrepancy. Thus, the achievable
accuracy varied across the shade guide rather than following a uniform trend. Nevertheless,
the simulations provided an individual printable material formulation for each reference
tooth. The recovered optical properties further indicated that the tooth colour differences
were governed predominantly by variations in absorption between approximately 400 nm
and 600 nm, while the reduced scattering coefficients varied comparatively little. Above
approximately 600 nm, the absorption curves were also largely similar. This suggests
that the same base material with different added absorbers might have been used in the
manufacture of the shade guide. Using the examined material set and homogeneous tooth
model, differentiation between the VITA tooth colours is achieved mainly through changes
in the coloured absorbing materials rather than through changes in scattering. The resulting
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concentrations constitute concrete manufacturing parameters rather than only a colour
description and may therefore serve as input for subsequent printing experiments.

Several factors explain the remaining differences between the recorded and rendered
teeth. Elevated AE values occurred consistently near specular highlights and along translu-
cent edge regions. The specular deviations are likely caused by differences between the
scanned and actual tooth surfaces and by residual errors in the alignment of the camera,
light source, tooth, and simulation geometry. Even small geometric deviations can alter the
position, shape, and intensity of a specular reflection. Furthermore, we observed that the
shape of the teeth varied between the different teeth in the shade guide.

The investigation of metamerism demonstrates that the recovered compositions must
be interpreted in relation to the optimisation conditions. When the illuminant was changed
from the calibrated LED panel to D65, the mean colour difference of the theoretical AE-
optimised material increased from 1.47 to 2.73. Conversely, introducing a second light
source reduced the value to 1.24 by decreasing the relative contribution of transmitted
light and thereby masking discrepancies in translucency. Consequently, a low colour
difference under one illumination configuration does not necessarily imply that the material
reproduces the intrinsic optical behaviour of the reference. The current mixtures are
optimised to reproduce appearance under the defined photobox conditions and may
show different agreement under clinical lighting, daylight, or illumination from multiple
directions. This dependence is particularly relevant for dental restorations, which are
viewed under a wide range of lighting conditions. This can be addressed by developing
3D printing materials with optical properties that more closely match those of real teeth,
for which our workflow can also be used. Additionally, simultaneous colour optimisation
across a comprehensive set of illuminants and lighting configurations could yield a solution
that is largely insensitive to these metamerism effects.

Despite these limitations, the presented approach offers several practical advantages.
The optical properties of the available printing materials need to be characterised only
once. A new target tooth can subsequently be recorded with the spectrally selective camera
setup, after which the optimisation provides the material concentrations required to ap-
proximate its appearance. In contrast to manual shade selection or empirical trial-and-error
printing, the workflow establishes a quantitative connection between a measured tooth, a
physics-based prediction of its appearance, and a printable material formulation. The com-
putational cost of the optimisation should also be considered when assessing the practical
applicability of the workflow. In the present implementation, determining the composition
for a single tooth required approximately two to five hours, depending on the number of
optimisation iterations. These runtimes were obtained using deliberately non-informative
initial concentrations, with all six constituent materials initialised uniformly at 1/6, re-
flecting the assumption that no prior knowledge of the target composition was available.
The required number of iterations could therefore be reduced by using informed initial
compositions that are already closer to the expected tooth appearance, for example, based
on previously optimised restorations or an approximate initial colour match. In addition,
the computational time is strongly dependent on the available hardware and degree of
parallelisation. In particular, the MC simulations for the six evaluated wavelengths can be
performed concurrently within each iteration, providing a straightforward route to substan-
tially shorter runtimes on systems with sufficient computational resources. Alternatively, a
neural network could be trained using simulated data generated by our workflow, provid-
ing a fast means of computing the colour match for a given material set included within the
range of the training data. Simulation times on the order of seconds or less appear feasible
for recovering the concentrations of 3D-printed materials. Our workflow could therefore be
used by dental laboratories, restoration manufacturers, or material developers to determine
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starting compositions for customised crowns, denture teeth, veneers, or other aesthetic
restorations. Although demonstrated here for dental colour reproduction, the workflow
itself is not specific to dental applications. In principle, it can be applied to any object or
application for which a target colour appearance is to be reproduced using a given set of
characterised constituent materials. The method may also support the development and
evaluation of material libraries for new multi-material printing systems. For example, in
dental applications, the optical properties of the 3D-printing materials should be selected to
more closely match those of established restoration teeth or, ideally, those of natural teeth.

Future work should first validate the calculated concentrations through physical print-
ing of the 16 shade-guide teeth and comparison with both the simulations and the original
references. Measurements under multiple illuminants would make it possible to quantify
metamerism and to formulate an optimisation objective that considers several lighting
conditions simultaneously. For the dental application studied in this work, expanding the
material set with additional independently controllable scatterers and absorbers with more
diverse spectral behaviour would improve the ability to reproduce both absorption and
scattering and may provide more stable appearance across illuminants. More generally, for
colour appearance reproduction, increasing the number of available materials would be
ideal. Importantly, the composition of such an extended material set need not be selected
heuristically. Within our workflow, candidate constituent materials can be evaluated with
respect to a prescribed target colour range to quantify their contribution to the attainable re-
production space and to identify redundant or insufficiently informative components. This
enables the material basis to be systematically optimised for a given application, yielding
application-specific material sets that balance reproduction capability against constraints
on the number of independently addressable materials. Denser spectral acquisition could
likewise capture narrow spectral features that are not resolved by the six wavelengths used
in this work.

A further important development will be the transition from a homogeneous material
model to spatially varying and layered restorations, such as the star-shaped descriptor for
layering used by Simon et al. [4]. Separate enamel- and dentine-like regions, local control
of translucency, or voxel-wise material optimisation could reproduce the internal optical
structure of teeth, such as tubules, more closely and reduce the systematic errors observed
at translucent edges. Such models could be informed by three-dimensional geometry and
colour data acquired with improved spectral intraoral scanners or dedicated extraoral
measurement systems. Automated registration of the measured tooth and the simulation
geometry would also reduce errors around highly curved surfaces and specular reflections.
Further, the workflow could be integrated into a digital dental manufacturing chain in
which a patient-specific tooth is measured, the spatial material distribution is calculated,
and the resulting restoration is manufactured with minimal manual colour adjustment.

5. Conclusions

In conclusion, the results of this work demonstrate that our physics-based inverse ren-
dering and measurement setup translates the colour appearance of dental shade references
into specific multi-material printing compositions. Even with the simplifying assumption
of a homogeneous tooth and a limited set of printing materials, the method reproduced the
general appearance of all 16 VITA classical shades with moderate perceptual colour differ-
ences. With physical print validation, improved material sets, multi-illuminant optimisa-
tion, and spatially resolved material models, the approach could provide a practical basis for
reproducible and increasingly automated colour customisation of additively manufactured
dental restorations. More generally, because the workflow is based on measured target ap-
pearance and characterised constituent materials rather than on application-specific dental
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parameters, the same approach could be extended to other colour-critical reproduction
tasks in which accurate and reproducible colour appearance matching is required.
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