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Abstract

Two-flux models are practical tools for predicting the appearance of strongly scattering
materials, but may fail to predict the spectral reflectance factor of translucent (i.e. weakly
scattering) materials because of the simplifying assumptions upon which they are based. In a
previous study, we showed how the internal reflectance at the interface of translucent layers, a
parameter usually calculated assuming a Lambertian angular light distribution, can be adjusted
in order to consider a directional light distribution, thus improving the predictive performance
of the two-flux model applied to translucent dental resin composites. In this paper, we explore
the dependence of this parameter on the layer’s thickness and show how different values should
be considered for accurately predicting the spectral reflectance factor of either thin or thick
layers of translucent direct resin composites according to their thickness. We also extend the
model to the layering procedure of resin with different levels of opacity which usually belong
to the category of thick layers and show that the two-flux model can reach good prediction
accuracy for their spectral reflectance factor.
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1. Introduction

The appearance management of dental restorations opens up new prospects for the practice of
dentists and manufacturers of dental materials, such as the development of materials which more
faithfully mimic the optical characteristics of human enamel and dentin, the improvement of aesthetic
quality of dental restorations, or in the long term, the use of 3D printers to make dental restorations,
overall improving patient care.

However, dental materials, just as skin or many other biological tissues, are translucent, i.e., weakly
scattering on an optical point of view [1,2]. This undermines simple flux transfer models, e.g., two-flux
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[3,4,5] or four-flux [6,7] models, in their ability to predict the spectral reflectance factor, and
consequently the color of dental materials under a certain lighting. While these models are well suited
to the study of highly scattering materials such as paints [8,9] or textiles [10], they often fail in
predicting accurately the reflectance factor of slices of translucent materials in which light can keep
some directionality when crossing the material. Solving methods of the Radiative Transfer Equation
[11-17] can overcome this issue, but they are ruled out because of the complex optical measurements
required for their calibration which makes them unfit to use in an optical device intended for dentists.
Hence, two-flux and four-flux models remain interesting for their ease of practical implementation, and
their predictive performance should be sought to be improved with translucent materials.

The two-flux model is very easy to use and only requires two measurements for its calibration.
According to this model, the optical characteristics of a given material are described by its spectral
absorption coefficient K(A), its spectral scattering coefficient S(A) and its refractive index n, often
assumed to be 1.5 as in this study [18]. However, it only considers the propagation of a Lambertian
diffuse flux inside the material, which is not consistent with reality. Indeed, measuring instruments
based on a directional-hemispherical (or hemispherical-directional geometry), capture the exiting
radiance at a specific angle (just as our eyes when observing a scene under diffuse light). Even if the
object receives a Lambertian illumination, the flux reaching the sensor does not necessarily come from
the whole hemisphere and is therefore not representative of the Lambertian flux inside the object. This
is especially the case for non-scattering materials (e.g., a glass plate) for which the received flux only
comes from one specific angle, or for translucent materials. For a highly scattering material, for which
it can be assumed that the radiance captured by a detector in any direction is proportional to the exitance
of the object, the two-flux model’s assumptions apply. In a previous study [19], we showed that the
internal reflectance at the material-air interfaces is a key parameter for the prediction accuracy of the
reflectance and transmittance factors. For a thin slice of translucent dental resin composite, a better
prediction accuracy is achieved when considering internal reflectances corresponding to directional
light, as if the slice was a non-scattering plate. The accuracy should be improved with a four-flux model
describing the propagation of both directional and diffuse light into the material. Proposed by Maheu
et al. [6], the four-flux model describes the propagation of a directional flux, its forward and backward
scattering, and the propagation of diffuse light, inside a layer. A material is optically characterized by
four spectral parameters: its spectral absorption coefficient (1), its spectral scattering coefficient s(A),
the spectral forward scattering ratio {(A) and the spectral average path length parameter ¢(A). Rozé et
al. [20,21] updated the four-flux model with look-up tables enabling to use the asymmetry parameter
of the Henyey-Greenstein scattering phase function [22] denoted g, instead of {"and e.

Nevertheless, the four-flux model does not solve the issue of the angular distribution of diffuse light
at the interfaces, from which the internal reflectance of the interface is computed. Indeed, two-flux and
four-flux optical models assume that the angular distribution of diffuse light is Lambertian at both
interfaces of the layer, whereas in a recent study, Gautheron ef al. [23] showed that it is far from being
Lambertian in thin or weakly scattering layers and is not necessarily equal at both interfaces.

Because of the diversity of clinical situations encountered by dentists, optical models predicting the
color of dental materials must be accurate in various cases: for a single layer of material or layering of
two different materials for a wide range of thicknesses.

Layering procedure of resin composites aims to use a first deep layer (with a so-called dentin or
opaque composite which aims to mimic optical properties of dentin, namely high levels of opacity and
chromaticity) with a second superficial layer (with a so-called enamel or translucent composite which
aims to reproduce optical properties of enamel, namely high level of translucency, different levels of
lightness and opalescence).

Mikhail et al. assessed the accuracy of the two-flux model for predicting the reflectance factor of
dental resin composite samples in optical contact on drawdown cards for thicknesses ranging from 0.3
mm to 1.2 mm [18], and for layering of samples of a total thickness of approximately 4 mm [24].
Kristiansen et al. and Wang et al. assessed the color prediction capability of the two-flux model to
predict the color of 1.0 mm thick dental ceramic samples on 5.0 mm samples [25,26].

In this paper, we study the two-flux and four-flux models’ ability to predict the reflectance factor of
samples of dental resin composites for different thicknesses, the ability of the two-flux model’s matrix
formalism to predict the reflectance factor of layered resin composites, and highlight the influence of



the internal reflectance at the interface parameter in the predictive performance of these models for thin
samples and thick layered dental resin composites.

2. Materials and methods

This experiment was carried out with samples made of the Estelite Universal Flow Medium in A2
and OA2 shades (Tokuyama Company). In the Vita Classical colorimetric terminology of dental resin
composites, the A2 shade is a light color with low chroma level, which aims to replace enamel. The
OAZ2 shade corresponds to the same color, but is opaquer than the A2 shade. It aims to replace the dentin
within the tooth, whose optical properties it imitates. Estelite Universal Flow is a direct light cured
supra-nano filled resin composite. It contains spherical silica-zirconia filler (mean particle size: 200
nm), bis-GMA, Bis-MPEPP, TEGDMA, UMDA, Mequinol, Dibutyl hydroxyl toluene, and UV
absorber. Batch numbers of A2 and OA2 shades are respectively 0503 and 7095. The Estelite Universal
Flow Medium A2 material will be referred to as A2 and the Estelite Universal Flow Medium OA2
material will be referred to as OA2.

2.1. Samples preparation

For both shades A2 and OA2, eight flat cylindrical samples with different thicknesses were
fabricated. The flowable dental resin was injected between two glass-slides, whose spacing is controlled
with high precision wedges and defines the nominal thickness of the sample. Samples with thickness
0.4 mm, 0.5 mm, 0.8 mm, 1.0 mm, 1.2 mm, 1.5 mm, 1.6 mm, and 2.0 mm were made. The samples
were light cured with a L.E.D. light curing unit (Radii Xpert, SDI company at 1500 mW/cm?) according
to the curing scheme 1.S.0. 4049:2009 (each sample was irradiated five times, 40 seconds each
irradiation, at 12-3-6-9 o’clock positions and ending in the center of the sample). The sample diameter,
determined by the volume of material deposited, is ranging from 20 mm to 22 mm. The thickness of
each sample was measured with a precision micrometer as resin composites shrink during the curing
process. Although the measured thicknesses were considered in the experiments, samples will be
referred to by their nominal thickness for clarity. The fabricated samples are presented on Figure 1 and

Figure 2.

Figure 1: Samples of the Estelite Universal Flow Medium material shade A2 on a drawdown card (no
optical contact). The picture is taken in daylight with an uncalibrated camera. Samples are sorted from
the thickest on the left to the thinnest on the right: 2.0 mm, 1.6 mm, 1.5 mm, 1.2 mm, 1.0 mm, 0.8
mm, 0.5 mm and 0.4 mm.
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Figure 2: Samples of the Estelite Universal Flow Medium material shade OA2 on a drawdown card (no
optical contact). The picture is taken in daylight with an uncalibrated camera. Samples are sorted from
the thickest on the left to the thinnest on the right: 2.0 mm, 1.6 mm, 1.5 mm, 1.2 mm, 1.0 mm, 0.8
mm, 0.5 mm and 0.4 mm.

2.2. Optical measurements.



The Color i7 spectrophotometer from X-Rite (USA) was used to measure the spectral reflectance
factor and transmittance factor of each sample. This device is based on the d:8° measuring geometry in
reflectance mode and on the d:0° geometry in transmittance mode [27]. The highest possible
illumination aperture of 17 mm was selected, while the smallest measuring aperture of 6 mm was
selected in order to limit the edge-loss phenomenon, which is known to alter the measurement of
translucent materials [28,29]. Measurements were performed from 400 nm to 750 nm by steps of 10
nm with a UV filter blocking wavelengths lower than 400 nm to prevent UV to visible fluorescence,
which is not accounted for by the evaluated two-flux and four-flux optical models. Each measurement
was repeated seven times and the average is calculated. To measure the reflectance factor of layered
resin composites, each sample of the A2 shade was superimposed to several samples of the OA2 shade
successively in order to create A2/OA2 couples of total thickness ranging from 1.0 mm to 4.0 mm. The
optical contact was performed between samples using a clear immersion oil (Immersion Oil Type B
from Cargille), which has a refractive index of 1.5180 at 546.1 nm. The A2/OA2 pairs evaluated are
presented in table 1. The reflectance factor of an A2/OA2 couple being necessarily different from the
reflectance factor of an OA2/A2 couple, the A2 samples (enamel-like shade) were always placed in
front of the spectrophotometer, just as enamel is superposed to dentin in teeth. The spectral reflectance
factor of each sample was also measured in optical contact on a black background (Byko-chart with L*
= 8.20, a* =-0.07, b* = 0.28) and on a white background (Byko-chart with L*=91.5, a* = -0.46, b* =
4.65).

Table 1.
Pairs of A2/OA2 samples evaluated for the prediction of their reflectance factor. The nominal
thickness of each sample is given in mm.

A2 sample OA2 sample
0.5 0.5
0.5 1.0
1.0 0.5
1.5 1.0
0.5 0.5
0.4 1.5
1.5 2.0
1.0 1.0
0.5 1.5
0.8 2.0
1.5 2.0
1.0 1.5
1.2 2.0
1.5 2.0
1.6 2.0
2.0 2.0

2.3. Experimental protocol.

To evaluate the capability of two-flux and four-flux optical models to predict the spectral reflectance
and transmittance factors of translucent dental restorative materials, and the spectral reflectance factor
of layered enamel/dentin resin layers of different thicknesses, the optical parameters of both A2 and
OA2 materials according to the two-flux and four-flux models must be determined.

The inverse two-flux model provides close-form analytical formulae giving the material’s spectral
absorption coefficient K(A) and spectral scattering coefficient S(A) as functions of the measured spectral
reflectance and transmittance factors, by assuming that the refractive index of the material is known
(we assume n = 1.5), and the thickness / of the sample under study is known as well. K and S coefficients



can be extracted for each wavelength either from the measured reflectance and transmittance factors of
one sample, or from the reflectance factor measurements of the sample in optical contact against a black
and a white background (with different sets of analytical formulae for each method). These two methods
were implemented, and the method requiring reflectance and transmittance factor measurements for
calibration is denoted the “2F-RT” model while the method requiring reflectance factor measurements
on a black and on a white background for calibration is denoted the “2F-Rbw” model. In these two
formalisms, the internal reflectance of the interface, denoted 7;, is involved. This parameter is calculated
using eq. 1.

1= ;72 Ry (0)L(6) sin(26)d8/ [,2 L(6) sin(26)d, (1)
where R»; is the material-air Fresnel reflectance and L(0) the outgoing radiance at the interface within
a cone. Usually, one can assume that the radiance incident at the interfaces and reaching the sensor is
Lambertian. In this case, L() is a constant and 7; is calculated by integrating the Fresnel reflectance
over the hemisphere [30] as in eq. 2. For n = 1.5, r; = 0.5963.

1 = [;72 Ry1(6) sin(26)d, (2)

This value is used in the 2F-RT and 2F-Rbw models. In the latter, the white background being highly
scattering, justifies the assumption of a uniform radiance falling on the interface.

We also implemented the two-flux reflectance/transmittance model, but this time assuming that the
light falling on the interfaces and reaching the sensor is mainly directional (as in a non-scattering glass
plate). In this case, the Fresnel reflectance is not integrated over the hemisphere for the calculation of
ri, which gives r; = 0.04 at normal incidence for n = 1.5. This model is denoted the “dir2F-RT”” model.

In contrast with two-flux models, four-flux models cannot be easily inversed. Therefore, a fitting
algorithm based on the finincon Matlab® solver was implemented in order to minimize the root mean
square difference between the predicted and measured reflectance/transmittance factors with respect to
the model’s parameters. The four-flux model was implemented according to the formalism proposed
by Rozé et al. [20,21] (denoted “Roz¢4F-RT”), and also according to the formalism proposed by
Eymard et al. [31] (denoted “Eymard4F-RT”). Compared to the four-flux as generalized by Maheu et
al. [6], Rozé et al. calculated look-up tables enabling to use the asymmetry parameter of the Henyey-
Greenstein phase function [22] denoted g as a fitting parameter instead of the forward scattering ratio
and the average path length parameter ¢, reducing the number of unknown from 4 to 3. Therefore, the
refractive index can be used as a fourth fitting parameter instead of considering n = 1.5. Eymard’s four-
flux model uses the Rozé4F-RT formalism, but considers the g parameter to calculate the internal
reflectance at the interfaces of the layer (see eq. 3).

1 = J3Zo Ror(9)Puc(9,0) sin(20)d8/ [ Puc(g, 0) sin(26)d8 3)
where Pyg is the Henyey-Greenstein phase function. This enables to use 7; as an indirect wavelength
dependent fitting parameter for each material accounting for scattering anisotropy at the interfaces
instead of considering a Lambertian angular light distribution, as it is done in the Rozé4F-RT model.

The parameters of the five aforementioned models are extracted using measurements of one sample
with thickness / called calibration sample, and are assumed constant regardless of the thickness of the
sample. Once calibrated, each model is used to predict the spectral reflectance and transmittance factors
of other samples with different thicknesses. The spectral reflectance factor of stacks of samples is also
predicted using the matrix formalism of the two-flux model. The prediction error is evaluated by
calculating the color distance between measured and predicted spectra according to the perceptually
stable CIEDE2000 color distance metric. Measured and predicted spectra are converted into CIE 1931
XYZ tristimulus values considering the color matching functions of the 2° standard observer and a D65
power spectral distribution as illuminant [32]. XYZ tristimulus values are then converted into the CIE
1976 L*a*b* color space by considering a perfect white diffuser under illuminant D65 as white
reference for the chromatic adaptation. To assess the validity of predictions, the notions of perceptibility
threshold and acceptability threshold, developed in [33-36] for dental resin composites and ceramics,



are considered. The perceptibility threshold corresponds to the color distance below which most human
observers cannot distinguish two colors. It is evaluated between 0.8 and 1.3 CIEDE2000 units
depending on the study. The acceptability threshold corresponds to the color distance under which two
colors can be distinguished, but the color difference is deemed acceptable by most observers. It is
evaluated between 1.8 and 2.25 CIEDE2000 units depending on the study.

3. Predictive performance of two-flux and four-flux models

The 2F-RT, dir2F-RT, 2F-Rbw, Roze4F-RT and Eymard4F-RT models were applied to both A2 and
OA2 samples and their predictive performance was assessed.

3.1. Prediction of single samples.

Figure 3 (resp. Figure 4) shows the prediction accuracy for the reflectance and transmittance factors
of A2 (resp. OA2) shade predicted by the 2F-RT, dir2F-RT, 2F-Rbw, Rozé4F-RT and Eymard4F-RT
optical models when the calibration sample is the sample with 1.2 mm thickness (Figure 3a, resp. Figure
4a) and when it is the sample with 2.0 mm thickness (Figure 3b, resp. Figure 4b). In each graphic, the
lower grey rectangle represents the perceptibility threshold and the upper grey rectangle represents the
acceptability threshold.
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Figure 3: Deviation between measured and predicted reflectance factors (left graphic) and
transmittance factors (right graphic) expressed in CIEDE2000 color distance units, for samples of the
Estelite Universal Flow Medium material, A2 shade. (a) The sample with thickness 1.2 mm is used for
the calibration of the models. (b) The sample with thickness 2.0 mm is used for the calibration of the
models.

Notice that the color distance between the predictions and the measurements reaches 0 for the
thickness of the calibration sample except for the 2F-Rbw model. This is because the 2F-RT, dir2F-RT,
Roz¢4F-RT and Eymard4F-RT models were calibrated using reversible protocols aimed at finding the
parameters that minimize the color deviation for this sample, while the 2F-Rbw model predicting the
reflectance and transmittance factors was calibrated using reflectance factor measurements performed



on drawdown cards (which minimizes the color deviation of predictions made on drawdown cards

rather than reflectance/transmittance factor predictions).
a) Calibration sample: 1.2 mm
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Figure 4: Deviation between measured and predicted reflectance factors (left graphic) and
transmittance factors (right graphic) expressed in CIEDE2000 color distance units, for samples of the
Estelite Universal Flow Medium material, OA2 shade. (a) The sample with thickness 1.2 mm is used
for the calibration of the models. (b) The sample with thickness 2.0 mm is used for the calibration of
the models.

Generally, the five optical models are more accurate for predicting the spectral reflectance factor of
the OA2 shade than the A2 shade. Indeed, OA2 shade, being opaquer and less translucent, is more in
line with the simplifying assumptions of two-flux and four-flux models.

For thicker samples, we expect the assumption of the Lambertian angular distribution of light at the
interface and then reaching the sensor to be more valid than for thin samples, since light is necessarily
more and more diffuse as it crosses the translucent layer. However, extracting the optical parameters
from the thickest sample does not improve the prediction accuracy of two-flux models: the color
distance increases rapidly when the thickness of the evaluated sample differs from the thickness of the
calibration sample. This shows that the two-flux model, as we implemented it, is not suited for
predicting the spectral reflectance factor of thin resin composites of dental biomaterials. Nonetheless,
the dir2F-RT model accurately predicts the spectral transmittance factor of most samples of A2 and
OA2 shades.

The four-flux models are generally more accurate than the two-flux models for predicting the
spectral reflectance factor of A2 and OA2 samples. The Eymard4F-RT model, using 7; as an indirect
fitting parameter, is more precise than the Rozé4F-RT model in most cases, especially for thin samples,
which shows the importance of adapting the value of the internal reflectance at the interfaces.
Nonetheless, even four-flux models do not provide acceptable reflectance factor predictions for the
thinnest samples, which shows that work is still needed to address the physical issues posed by samples
with thicknesses lower than 0.4 mm.

3.2. Fitting the interfaces’ internal reflectance.

We have observed that the value of 7; has a major influence in the accuracy of two-flux and four-
flux models. However, means to account for the specific angular light distribution at the interfaces are
scarce, as spectrophotometers used in conjunction with two-flux and four-flux models do not permit to



measure it. In a recent paper, Gautheron et al. [23] have shown the dependence of the internal
reflectance at the top (denoted 7;) and bottom (denoted 7;’) interfaces of layers of translucent materials
with respect to their optical properties (namely, its absorption and scattering coefficients, asymmetry
parameter of the scattering phase function and refractive index) and their thickness. In an attempt to
evaluate the internal reflectance at both top and bottom interfaces, we implemented an optimization
algorithm to fit the reflectance and transmittance factors predicted by 2F-Rbw model to measurements,
with 7; and 7;” as fitting parameter. As the white background is highly scattering, we assume that the 7;
value 0.5963 used to extract the absorption and scattering coefficients of the 2F-Rbw model is the most
valid in this case. Once the absorption K and scattering S parameters are extracted, the reflectance and
transmittance factors are fitted with »; and r;” as free parameters. This experiment was repeated with
many other dental resin composites at our disposal. The extracted 7; and 7;” parameters are presented on
Figure 5. Values of 7; and r;” show a strong dependence to the thickness of the sample from which they
are extracted. Furthermore, their distribution seems consistent with the modelling presented by
Gautheron et al. [23].
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Figure 5: r; and r/’ parameters extracted from numerous translucent dental biomaterials.

Figure 6a (resp. Figure 6b) shows the improvement in prediction accuracy of the 2F-Rbw model
enabled by the fitting of 7; and 7;’. Note that Figure 6 should not be compared with Figure 3 and 4 but
it shows that a thickness dependent value for »; and ;" improves the accuracy of the model.



a) Material A2, calibration sample: 1.2 mm
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Figure 6: New prediction accuracy (cyan curves) of the 2F-Rbw model with r; and r/ fitted compared
to the previous predictive performance (blue curves). The calibration sample has a 1.2 mm thickness.
(a) A2 Material. (b) OA2 Material.

3.3. Prediction of layered samples.

Finally, we implemented the matrix formalism of the two-flux model, which enables to predict the
spectral reflectance factor of layered resin composites according to the 2F-RT, dir2F-RT, and 2F-Rbw
formalisms. The CIEDE2000 values assessing the deviations between the predictions and the
measurements are presented in Figure 7.
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Figure 7: Deviation between measured and predicted reflectance factors expressed in CIEDE2000
color distance units, for A2/OA2 layered samples of the Estelite Universal Flow Medium material. The
A2 and OA2 samples with thickness 1.0 mm are used for the calibration of the 2F-Rbw model while A2
and OA2 samples with thickness 2.0 mm are used for the calibration of the 2F-RT and dir2F-RT models.



The A2 and OA2 samples with thickness 1.0 mm were used to calibrate the 2F-Rbw model, while
the A2 and OA2 samples with thickness 2.0 mm were used to calibrate the 2F-RT and dir2F-RT models.
These calibration samples enable the best predictive performance for each model on average.

In contrast with the previous observations on thinner samples, the 2F-Rbw is the most accurate
model. In this situation, the A2 samples are placed in optical contact against the OA2 sample, an
opaquer (although still translucent) white background. Thus, optical parameters of the A2 and OA2
samples extracted with the 2F-Rbw model are necessarily closer to this case than the optical parameters
extracted from reflectance and transmittance factor measurements, which partly explains the good
predictive performance of this model. However, the 2F-RT model being almost as accurate as the 2F-
Rbw model, and the dir2F-RT being the least accurate, indicates that the assumption of a Lambertian
angular light distribution at both interfaces of the stack generally applies, which justifies using r; =
0.5963 in this case.

4. Conclusions

We implemented five different flux transfer models (two-flux and four-flux models) and analyzed
their predictive performance for the reflectance and transmittance factors of samples with different, but
relatively low, thicknesses. While two-flux models generally fail to predict the reflectance factor below
the perceptibility threshold, we observe that the value of the internal reflectance of the bordering
interfaces, 7, plays a significant role in their respective prediction accuracy. Four-flux models,
especially Eymard’s model, were much more accurate than two-flux models but their prediction
accuracy for the thinnest samples must still be improved. These results indicate that when the
measurements are based on a geometry where the incident light or the captured light is directional
(directional-hemispherical or hemispherical-directional geometry), which is almost always the case in
practice, the light that is received by the sensor cannot be assumed perfectly diffuse (i.e., Lambertian)
at any depth within the layer, in particular at the bordering interfaces. Consequently, the internal
reflectance of the interface is different from the value 0.5963 that we would have with perfectly diffuse
light in materials of refractive index 1.5.

By fitting the internal reflectance of the top and bottom interfaces with an optimization algorithm
based on the two-flux model and repeating this operation with many different dental resin composites,
we clearly observe that the optimal internal reflectance values vary with the sample thickness. This
corroborates the idea that the angular distribution of light propagating into the material and falling on
the interfaces before reaching the sensor is not uniform (i.e., non-Lambertian).

However, when thicker layered translucent resin composites are considered, the 2F-RT and 2F-Rbw
models were found accurate enough at predicting their reflectance factor. The samples are thick enough
in this case to strongly scatter light and meet the assumption that the light captured by the sensor is
representative of the whole Lambertian light that propagates into the sample. It is also consistent with
already published studies which are focused on similar types of translucent dental materials for
thicknesses greater than 4 mm [24-26].
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