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Additively manufactured (AM) parts still lack a thorough understanding of their optical properties, particularly
surface texture and reflectance characteristics at different viewing angles. This study examines the reflectance
properties of material jetting (MJT) parts using bidirectional reflectance distribution functions (BRDFs). The
visual appearance of the MJT parts was analyzed using a gonio-spectrophotometer at 328 unique incidence and
viewing geometries for seven different wedge angles for build orientation (BO) from 0° to 90° at 15° intervals.
The redundancy analysis (RDA) and principal component analysis (PCA) were used to study BO and to determine
the prominent measurement geometries. The results indicate higher BOs resulted in more color and texture
variation and rougher surfaces, with S; 4.21 um vertical compared to 1.42 ym for horizontal BOs. Furthermore, it
affected the visual representation and parametric estimation of BRDF, where significantly lower luminance, more
diffuse reflection, and less hue distribution were observed for all CMYK resins printed at higher BOs. Accordingly,
vertically printed surfaces showed a wider near-to-specular luminance area than other BOs. An analysis of the
bidirectional reflectance property suggests that a gonio-spectrophotometer can be embedded in the printing
process and quality assurance in AM as a computationally efficient model.

1. Introduction

A key advantage of additive manufacturing (AM) is the ability to
create complex geometries and customized designs. 3D printing in color
has become increasingly popular as a result of its ability to produce
realistic and vibrant appearances [1]. However, the poor surface finish
and high roughness of 3D-printed models have limited the widespread
adoption of this technology and require additional post-processing for
most applications [2]. Moreover, it is challenging to achieve accurate
color reproduction due to the complex interaction of light with the
surface, particularly when measuring 3D-printed polymers. Typically,
this is due to their structural color, translucency, and high gloss
appearance [3,4], which affects the perception of color. Structure color
refers to the color produced by light interference, diffraction, and

scattering on the surface microstructure of a material [5]. Using an
optimized AM method to reduce the inherent roughness of the surface
can also affect the appearance of structured AM surfaces [2]. To ensure
quality control and to meet the color 3D printing expectations, it is
essential to accurately measure the appearance attributes of 3D printed
parts.

Material jetting (MJT) techniques, such as PolyJet, have become
popular in producing functional polymers, scaffolds for tissue engi-
neering, multi-material structures, and memory shape polymers for 4D
printing [6,7]. It is primarily due to their general homogeneity and ac-
curacy [8]. Furthermore, MJT with a typical average surface roughness
of Rq < 10 pm is a promising technology for 3D printing smooth surfaces
as it can be considered in the range between vat photopolymerization
(Rq < ~5 pm) and fused filament fabrication (~1 pm < Rq < ~35 pm)
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[2]. Despite the popularity of 2D profile measurements using a stylus,
there is a growing interest in X-ray computed tomography (CT) scanning
(ISO 4287) and contactless 3D optical profilometry (ISO 25178-2) to
obtain greater information without scratching the surface [2]. However,
more studies are required to adopt a non-destructive method for
assessing both the surface roughness and visual appearance of the same
AM specimen due to their translucency in polymers and structured
surfaces in 3D-printed parts.

The quality of a printed part can be affected by a number of pa-
rameters throughout the printing process. The primary processing pa-
rameters, such as layer thickness, printing speed, printing temperature,
and feedstock materials, are among the most investigated factors [2,9].
To discuss how these parameters can be optimized to improve surface
quality for appearance, it is necessary to examine the role of measure-
ment in appearance assessment. A variety of interactions determine the
appearance of an object, including reflection, scattering, and absorption
[10]. There is a shortage of accurate color measurement methods, such
as spectrophotometry, that can capture these characteristics.

The color of a material is determined by wavelength-specific light
phenomena, while the gloss, translucency, and similar properties are
determined by geometric or directional selectivity [11]. Numerical ex-
pressions of appearance attributes are essential for simplifying quanti-
fication and advancing the science and technology of the material
appearance field [12]. However, the measurement geometry and di-
rection play a significant role in evaluating the material appearance
[11,13].

Material jetting is characterized by the longitudinal stacking effect,
which occurs during the layer-by-layer deposition of the material. The
longitudinal height variation of printed color samples was taken into
account by Wang et al. [14] in developing an evaluation system that
differs fundamentally from the current color reproduction quality
evaluation system used in graphic printing from the perspective of
assessing the geometric characteristics of the printed object.

Among the factors that influence the light reflectance and color
appearance of the ink are its spectral characteristics, the thickness of the
layer [3,15], the density of the ink, and the surface roughness of struc-
tured surfaces [5,10]. To understand the relationship between CMYK
colors, light interaction, and the resulting color perception in MJT parts,
it is necessary to understand these fundamental principles.

To solve the complexity of appearance measurement in 3D printed
parts, various color data analysis categories have emerged in recent years
for color reproduction. As reviewed by Yuan et al. [1], the main color
reproduction methods include optical parameter modeling, colorimetric
difference evaluating, computer-aided colorization, and voxel droplet
jetting. By analyzing the captured spectral data and tristimulus values and
using CIE Geometries of illumination and measurement [16], these
methods are able to extract meaningful information relating to appear-
ance reproduction. Their purpose is to bridge the gap between color
measurement and accurate color reproduction in 3D printing.

It is essential to distinguish between the measurement of color and
the measurement of color appearance. In color measurement, spectral
data for calculating hue, chroma, and lightness are typically measured
using objective instruments, such as spectrophotometers, as shown in
our previous work [15]. Alternatively, color appearance measurement
considers other appearance attributes, such as glossiness, texture, and
translucency, to capture a better perception of appearance [3].

In order to address the challenges involved in the measurement of
color in 3D printed parts, researchers [17-19] have examined the pa-
rameters of the bidirectional reflectance distribution function (BRDF).
The BRDF describes the direction in which light is reflected from a
surface. It is possible to understand and predict the color appearance of
3D printed materials by characterizing the BRDF parameters [1]. BRDF
modeling can be computationally efficient [10] and a reliable appear-
ance assessment method for homogenous and opaque surfaces.

The parameters used in a BRDF model can vary depending on the
specific formulation, but common examples include the incident zenith
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angle (6;), which is the angle between the incident light direction and the
surface normal, as well as the reflected zenith angle (6,), which is the
angle between the reflected light direction and the surface normal [20].
Additionally, the incident azimuth angle (¢;) represents the azimuthal
angle in the plane of incidence, while the reflected azimuth angle (¢,)
represents the azimuthal angle in the reflection plane. These parameters
establish the geometric relationship between the incident and reflected
light directions for a given combination of angles. With the adjustment
of these parameters, the BRDF model can accurately represent various
reflection behavior types, including diffuse, specular, and anisotropic
reflections [21]. For instance, Kumar et al. [22] analyzed surface texture
using machine vision by analyzing reflections from a real surface using
3D reconstructions based on anisotropic parametric BRDFs.

Other modeling methods include spatially varying BRDF (svBRDF)
[23], or the bidirectional scattering-surface reflectance distribution
function (BSSRDF) [24], depending on the optical properties [21].
BSSRDF and svBRDF are considered to be more reliable methods for
non-opaque and non-homogenous materials [25]. However, for appli-
cations such as on-line quality assurance for 3D-printed products, the
BRDF model is significantly faster and simpler to implement than the
svBRDF and BSSRDF models, given its reduced dimensionality [26].
MJT surfaces are typically printed smooth and can be glossy [15]. As a
result, the BRDF model can be suitable for simulating surface reflectance
for MJT surfaces with specular reflections.

There are even more complex models for appearance evaluation
based on reflation. The geometric aspect of parts is supposed to affect
their aesthetics and perceived quality. An aesthetic quality index (AQI)
was developed to evaluate the user-perceived quality of 3D printed parts
and their robustness by Galati and Minetola [27]. Serrano et al. [28]
presented a model for the effects of shape and illumination on material
perception, focusing on six critical dimensions of appearance: glossiness,
sharpness of reflections, contrast of reflections, lightness, metallicness,
and anisotropy. They demonstrated the ability of the predictor to
reproduce gloss in 3D printing based on BRDF editing by integrating the
predictor into a differentiable renderer. Accordingly, BRDF can employ
accurate physical-based reflectance models to study light interactions
with materials by incorporating the surface properties of the material,
such as the bidirectional reflectance distribution [29]. For ease of inte-
gration, however, reducing the number of parameters describing the
BRDF model is necessary.

Several measurement techniques, such as a gonio-reflectometer [30],
a dome-shaped system [31], robotic arms integrated with cameras, or an
image-based system [32], have been used in the past to measure surface
reflectance bidirectionally. However, the process of bidirectional
reflectance measurement can also be time-consuming and tedious [1],
which requires workflow improvement. Color science and colorimetry
widely use the CIEXYZ tristimulus values [16] that are calculated using
the surface reflectance, the CIE color-matching function, and spectral
power distribution of the light source. The CIEXYZ — Y component
represents luminance, an essential aspect of AM color reproduction and
color-matching surfaces. The chromaticity coordinates are represented
by the CIEXYZ - X and CIEXYZ - Z components [4]. BRDF modeling is
heavily influenced by the luminance of the color [13,30]. Although the
L* component in the CIELAB and CIELCH color models reflects the
lightness of the color [4], this component is based on a nonlinear
transformation using the CIEXYZ — Y and therefore is used to model
surface reflectance in most of the cases [16,33].

Typical MJT machines such as PolyJet J750 follow a three-
dimensional Cartesian coordinate system equipped with a multi-nozzle
printhead [34]. The rotary continues manufacturing using recently
developed machines, such as Stratasys J55 [15] can produce even more
visually appealing 3D objects due to their stability to create homoge-
neous surfaces. However, MJT is prone to missing/clogged nozzles and
depressions (sunken-in areas on the model surface). While routine
maintenance and process optimization should cause high reproduc-
ibility in part fabrication, by reducing the influence of errors in the



A.P. Golhin et al.

measurement process and following a reproducible procedure, satis-
factory results for modeling and application such as multi-materials
tissue-mimicking [35] can be achieved.

The build orientation (BO) and the wedge angle for tilted surfaces are
considerably flexible, but specific directions may be required depending
on the design and to control the surface texture [36,37]. Furthermore, a
wrong orientation and high speeds can also impair accuracy and func-
tionality [38-40]. In terms of how BO influences the functionality and
quality of MJT parts, limited research is available [41-44] that focuses
on the typical MJT machines with Cartesian systems. Nevertheless, the
role of rotary discs in studying BRDFs has not yet been addressed.

In this paper, we discuss the role of measurement in appearance
assessment using BRDF and color variation models. A detailed analysis
of the influence of the build orientation on the MJT surface reflectance is
also provided. As part of explaining the role of BO in the surface
reflectance model, the variation in the surface texture and roughness in
the manufactured parts produced with CMYK resins is discussed as well.
The findings are summarized by providing multivariate statistical score
results for the most crucial measurement geometries.

2. Methodology
2.1. Test samples and bidirectional surface reflectance measurement

A J55 PolyJet 3D printer (Stratasys, Israel) was employed to generate
test samples using VeroCyan, VeroMagenta, VeroYellow, and Vero-
BlackPlus, as corresponding CMYK colors according to Fig. 1. Vero
materials are composed of acrylic oligomers combined with proprietary
components, providing low-viscosity materials with similar mechanical,
thermal, and electrical properties [45]. Bilayer structures of 35.5 x 40.0
(mm) were constructed using 1 mm thick CMYK plates on a 1 mm thick
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white background following the best practices of Stratasys for PolyJet
and Pantone’s guidelines for color-matching [46]. An array of seven
different build orientations was printed at intervals of 15° from
0° (reference) to 90° on the middle swath of a rotary disc using a glossy-
on-glossy (GoG) finish. To collect data, experiments were designed with
a full factorial approach.

Fig. 2a represents specimens manufactured at BO () 0°,15°, 75°, and
90° as viewed at 45° and under standard daylight illumination. Bidi-
rectional reflectance was measured spectrally using the GON 360 gonio-
meter (Instrument Systems, Germany) equipped with a CAS 140CT array
spectrophotometer (Instrument Systems, Germany). Fig. 2b and c depict
the geometry of measurements and the main components of the mea-
surement equipment. Bidirectional spectral reflectance was captured in
the 380 nm to 780 nm range at 5 nm intervals and at 328 unique pairs of
the incident (¢;) and viewing (6,) directions as measurement geometries.
Incidence angles were set between —60° and 0°, and the bidirectional
reflectance at viewing angles between —30° and 65° was measured at
intervals of 1° for specular and near-to-specular angles and 5° for the
rest.

CIEXYZ tristimulus values were further calculated based on the
spectral reflectance of the sample surface S(1), D50 illuminant I(1), and
CIE standard observer (2°) X, ¥, and z color-matching functions ac-
cording to CIE15.2 [11].

A Keyence VH-ZST microscope (Keyence International, Belgium) was
used to non-destructively evaluate the surface morphology and rough-
ness measurements of the 3D-printed objects.

2.2. Redundancy and principal component analysis

Redundancy analysis (RDA) was set to use ¢; and 6, as observed
variables, as well as BOs associated with build orientation as

3D printing #
direction 2

Colored
material

White
material

Support
material

Printhead movement

direction

dl

Rotation direction

Part

Build tray

White
material
(1 mm thickness)

Fig. 1. Manufactured MJT parts using PolyJet technology with a rotating build tray and multi-nozzle printhead. o represents the wedge angle in build orientation.
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Fig. 2. a) CMYK specimens manufactured at BO 0°,15°, 75°, and 90°, as observed under D50 daylight standard illumination, b) measurement geometries, and c)

gonio-spectrophotometer components.

explanatory labels. To validate luminance evaluation by reflectance data
and determine the prominent measurement angles, principal component
analysis (PCA) was used to analyze multivariate spectral data. PCAs
were performed for all 328-reflectance data of each printed resin at
different build orientations, considering the correlation matrix. The
periodic peaks of pulse integration results for PCA scores were used to
identify the most important spectral bands or wavelengths contributing
to the observed changes in the Y value as a function of build orientation.
Identifying significant wavelengths and frequencies in the spectra
resulted in detecting critical BRDF measurement angles. Data analysis
was conducted using R statistical software 4.2.1 and Origin 2022
(OriginLab).

3. Results and discussions

CIE1976 w’, v’ chromaticity diagrams in Fig. 3 show the distribution
of 328 points corresponding to the measurement geometries for each
CMYK color at various build orientations according to their corre-
sponding BOs in the specimens. Results indicate that when the samples
were manufactured at the horizontal direction (BO 0°), there was
generally a higher distribution of points for each CMYK color than for
higher angles, particularly 90°. Furthermore, the distribution was more
pronounced for cyan and magenta colors as compared to black, where
yellow resin showed a mediate distribution.

As CMYK colors interact with light at different angles, the distribu-
tion of points on the CIE1976 u’, v’ chromaticity diagram altered. As a
result, the distribution of points on the chromaticity diagram will vary.
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A surface can reflect, absorb, or transmit light, depending on the surface
properties. For instance, a smooth and reflective surface may predomi-
nantly reflect light, resulting in a glossy appearance. In contrast, a rough
surface may scatter and diffuse light in various directions, resulting in a
matte or diffused appearance [16]. As a result of the interaction between
light and surface properties, the color, glossiness, texture, and other
visual characteristics of a surface are determined.

It is common for MJT objects to be complicated in appearance and to
represent a mixture of textures created by applying layers of ink [1]. Asa
result, it is crucial to study the detailed texture properties of the 3D-
printed surfaces when evaluating BRDF models using non-invasive and
robust surface texture evaluation tools. According to Fig. 4a, the
microsurfaces of 3D-printed objects with zero BOs reflect light directly,
which may interact for a more extended period and more directly. It led
to more scattering of light, thus resulting in a high variation of u’ and v’
values in the CIE1976 u’, v’ chromaticity diagram for each CMYK color.
Furthermore, it resulted in texture variation, as can be seen in Fig. 4b.
With the increasing BO, the microsurfaces of the 3D-printed object were
oriented away from the direction of the light source. As a result, light
scattering was reduced, resulting in a slight variation of u’ and v’ values
in the CIE1976 u’, v’ chromaticity diagram. The scattering of the re-
flected light was higher for cyan and magenta compared to the black
material. Therefore, adjusting the object orientation or modifying the
resin properties might need to be considered to achieve a more consis-
tent color distribution in MJT.

As listed in Table 1, MJT produced exceptionally smooth surfaces,
although it was affected by the build orientation. The smoothest surface
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Fig. 4. a) Variation in the surface texture with the build orientation and b) focal microscopic images of BO 0°,45°, and 90°.

Table 1
Results of mean surface roughness.

Area roughness parameter”

Build orientation (°) Sq (pm) Sq (pm) Ssk Sku
0 1.02 1.42 0.03 2.20
45 2.09 2.65 0.05 3.13
90 3.83 4.21 0.06 2.95

# S.: height deviations from the mean reference plane of the measurement area
(A); S4: root mean square of surface heights.

was obtained with a flat orientation (S, = 1.02 pm), followed by a BO
45° angle (S, = 2.09 pm) and a vertical angle (S, = 3.83 pm). The results
are consistent with those reported by Pandey et al. [47] (Rg
0.818-4.024 pm) and Giilcan et al. [48] (Rg: 0.03-13.59 pm) for other
MJT machines, while they measured 2D profiles based on tactile pro-
filometry. All specimens had slightly positive skewness values (S),
resulting in more peaks and asperities than valleys, according to ISO
25178-2 [49]. These profile peaks were slightly sharp, as indicated by
high kurtosis (Sg,) values.

As a result of multilayering semi-transparent digital materials to
achieve desired aesthetics, MJT objects tend to appear glossy and hazy
[50], which can be explained by studying the specular and near-to-
specular measurement angles, i.e., at most 10° away from specular
reflection (6y.s) [30]. A specular reflection occurs when light reflects off
a surface at an angle equal to its angle of incidence, resulting in a bright,
mirror-like reflection [29]. Y values differ between specular and near-to-
specular angles due to differences in reflectance properties. A near-to-
specular reflection occurs when light is reflected off a surface at an
angle slightly different from the angle of incidence, which results in a
diffuse reflection [11]. As evident from the test results in Fig. 5, certain
angles showed higher luminances, suggesting that the optical properties
at these angles were more efficient at reflecting light and were specular.
It provides information about the surface gloss and reflectance of the
printed material, which can be correlated with its underlying physical
properties, e.g., texture.
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Fig. 6 illustrates that the Y component of the tristimulus color value
for 3D-printed objects was the maximum for specular angles and
decreased as the build orientation increased. In particular, the Y values
for specular angles were consistently higher and narrower than those for
near-to-specular angles, with maximum values observed at BO 0°. The Y
values for both specular and near-to-specular angles decreased with
increasing BOs, with a more significant decrease in specular angles.
Moreover, BO 90° demonstrated significantly more hazy luminance
compared to other specimens for all resins, leading to a complex visual
appearance. It was attributed to the change in surface texture and
reflectance properties of the printed objects (Fig. 4b). As the wedge
angle for BO increased, the surface texture became rougher (Table 1),
leading to an increase in diffuse reflection, a decrease in specular
reflection, and reducing the Y values. The comprehensive results for the
complete list of BO angles and CMYK colors are presented in Appendix
A.

Parts printed in a horizontal orientation resulted in smooth surfaces
because layers of material were deposited on top of each other.
Conversely, the materials were deposited at an angle when pieces were
printed in a non-horizontal orientation, i.e., tilted surfaces. It caused
stair-stepping effects and a rougher surface finish, resulting in a diffuse
appearance [51]. However, several other factors could affect the surface
finish of parts produced by MJT, such as the size of the droplets and the
duration of the curing process. For instance, reducing the droplet size
could improve the surface finish of parts produced in a vertical orien-
tation, as seen previously for fused deposition modeling (FDM) [3].

Fig. 7a illustrates the mean CIEXYZ - Y (luminance) at specular (6y.s)
and near-to-specular (6.5 + 4°) angles from 18 geometries for each,
associated with luminance results in Figs. 6 and Al. The maximum Y at
specular angles could be found for BO 0° by 1600.43 + 924.31, 1410.02
+ 843.26, 1399.56 + 807.55, and 1376.93 + 793.8 for CMYK colors,
respectively. On the other hand, vertical printing (BO 90°) resulted in
the lowest luminances at specular angles by 273.56 + 166.87, 78.65 +
42.92, 136.67 + 55.97, and 174.36 + 111.41 for CMYK, respectively.
The standard deviation followed the same trend.
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Fig. 5. Surface plot of luminance (Y) of the CMYK resins test sample manufactured at different build orientations. Colors represent the corresponding SRGB hues.
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Fig. 6. Luminance Y distribution contour plots for cyan color at BOs 0°, 45°,
and 90°. The top and right graphs for each depict the projection of luminance
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color in this figure legend, the reader is referred to the web version of
this article.)
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Although increasing BO in most cases resulted in lower luminances,
BO 45° and 60° exhibit different behavior depending on the color. In the
case of BO 60°, for instance, the luminance for the cyan color was
considerably high (1011.95 + 683.7) compared to BO 45°. As well,
near-to-spectral angles for BO 90° displayed greater luminance than
specular angles, while in all other BOs, specular angles constantly
showed maximum VY. However, positive near-to-spectral angles (6.5 +
4°) for BO 0° showed higher levels of luminances, and standard de-
viations (SD) were recorded for magenta, yellow, and black compared to
cyan. In the case of specular reflection, the converse behavior was
observed for CMYK photo resins. This may be due to multiple factors,
including textured surfaces, pigmentation, and uncertainties related to
layers deposited at horizontal surfaces, which were observed generally
to be more specular at BO 0°. Compared to the other photo resins, cyan
photo resin exhibits more excellent specular reflection at BO 0°. The
asymmetrical distribution of luminances can be observed in Fig. 7b,
revealing both the effect of build orientation and textured surfaces in the
employed MJT machine. In this case, it can be related to the rotary build
platform and the formation of curvature in layers on the textured sur-
faces, as previously discussed for this 3D printer [3,15]. Accordingly, it
can be seen that negative studied near-to-spectral angles (6.5 - 4°)
showed higher CIEXYZ - Y compared to the positive angles because of
the orientation of microsurfaces on the manufactured objects [3].

Effective reflectance measurement is crucial for both on-line and off-
line appearance measurement. Both on-line appearance measurement
during the printing process and off-line appearance measurement of the
final product have their own characteristics. On-line measurements
must be able to consider any changes in the printing process, such as
changes in temperature or humidity, which can affect the final
appearance of the object [40]. On the other hand, the off-line mea-
surements employed in this work allow for a more comprehensive
analysis of the appearance of the printed item. In particular, BRDF
acquisition would be affected by variations in glossiness and trans-
parency caused by environmental agents [52], such as the tendency to
water molecules absorption in 3D-printed structures [53], as they are
intended to have a higher real surface area than polished objects.
Consequently, complex geometric designs and varied microsurfaces
result in shadows and highlight fluctuations that pose a challenge to the
reflectance capture process.

RDA can provide valuable insights into the relative importance of
studied factors and how they interact with each other to influence the
appearance characteristics of 3D-printed objects [54]. An RDA plot for Y
results is shown in Fig. 8a, which includes vectors representing ¢; and 6,
(observed variables), as well as associated BOs (explanatory labels in
Fig. 8b). Since principal component 1 (PC1) represents 99.24 % of the
cumulative eigenvalue, a linear correlation between the variables,
including measurement geometry and build orientation, could be
signified.

The variation in BOs was positively correlated with 6, whereas 6;
variation showed a weaker and negative correlation. It can be explained
by the alignment of all build orientation vectors toward 6,, and the
opposite direction of 6; with a shorter vector. Moreover, the vector
associated with a BO 90° was assigned to positive PC2, while the
remaining vectors were assigned to negative PC2. In other words,
printing vertically appeared differently from printing tilted surfaces.
This suggests that the build orientation BOs play a critical role in
determining the characteristics of the 3D-printed objects in this study.
Furthermore, this indicates that the effect of additional factors other
than BO variations, including resin colors, was negligible. Appendix B
provides complementary data on the RDA results.

PCA scores are presented in Fig. 9, illustrating the relationship be-
tween the 6; and 6, and the corresponding PCA scores. The sizes of the
points on the graph indicate their corresponding PCA scores, with larger
points indicating higher scores distributed mainly around —60°:60°.
Similar to the observed trends in Figs. 5 and 6, PCA and CIEXYZ - Y
demonstrated ties in terms of surface appearance and texture. However,
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BO 90° represented shifted results to higher viewing angles due to
different textures. Contrary to specular reflection for other BOs, vertical
BO demonstrated diffuse reflectance and a more expansive near-to-
specular reflectance zone. PCA for spectral data indicated a cumula-
tive percentage of eigenvalues between 97.2 % and 100 % for PC1. It
suggests that all the variability in the spectral data could be explained by
PC1, and the spectral data for each BRDF measurement batch were
linearly correlated.

Limited measurement geometries, mainly within the specular region,
could contribute the most to BRDF estimation using the measured
bidirectional reflectance. The number of crucial geometries ranged from
12 to 14 pairs of the §; and 0, angles out of the 328 measurement pairs.
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The bidirectional reflectance measurement process may be optimized
for these geometries compared to measuring all possible directions. This
would result in a quicker and cost-effective method for measuring the
bidirectional reflectance of these materials that can be used for reflec-
tance modeling. Complementary data on the pulse integration results
and PCA are listed in Appendix C.

4. Conclusions
Bidirectional reflectance measurements are crucial for understand-

ing the 3D-printed surface texture and appearance. This study evaluated
the light reflection on the MJT surfaces using the bidirectional
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reflectance measured using a gonio-spectrophotometer. Build orienta-
tion can significantly affect the surface texture and roughness of parts
produced using the material jetting 3D printing process. According to
the results, the combination of a wrong orientation can result in poor
accuracy. The texture and surface roughness study revealed a higher
build orientation resulted in higher surface roughness, particularly for
vertical 3D-printed surfaces. When parts were printed horizontally, the
layers of material were deposited on top of one another, resulting in a
more uniform surface texture. Alternatively, printed in a vertical
orientation, the layers were deposited at an angle, which resulted in an
irregular surface texture, especially for BOs of 90°.

In addition, the results indicated that the orientation of the object
results in hue and chroma variation, particularly for cyan and magenta
resins, compared to yellow and black. The orientation of the build
during printing also affects the quality of the 3D-printed part. As a result
of the high-speed technology of MJT, large volumes of material can be
jetted simultaneously, but a wrong orientation can lead to a decrease in
print accuracy. RDA and PCA techniques allowed for identifying sig-
nificant spectral bands or wavelengths that contributed more to the
change in reflectance, as well as the relationship between different
variables, such as build orientation and surface reflectance. PCA results
suggested that a few illumination and viewing directions were critical
for the accurate BRDF estimation. Incorporating luminance distribution
(CIEXYZ - Y) and PCA scores of reflectances provided a better under-
standing of 3D-printed surface appearance attributes like texture and
roughness and can lead to better 3D print process optimization. As
opposed to specular reflection for other BOs, vertical BOs demonstrated
diffuse reflectance and a more expansive near-to-specular reflectance
zone.

The choice of model for understanding the interaction of light with
materials in AM depends on the properties of the material and the
application requirements. It may be more accurate to model translucent
or transparent materials or materials that scatter light in all directions
with a spatially varying BRDF and/or a BSSRDF model. The BRDF
model, however, remains the most popular model to model surface
reflectance due to its computational efficiency and suitability for
modeling surfaces with specular reflection.

To achieve a full and reliable color accuracy assessment, it is critical
to consider various issues when assessing the appearance of 3D-printed
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color items. On-line measurements are prone to errors because of the
dynamic nature of the printing process and process parameters. Another
concern is the calibration and precision of measurement instruments to
provide accurate appearance measurements. The main factors contrib-
uting to measurement errors and discrepancies include illumination,
device variability, and color interpretation algorithms. In off-line mea-
surement approach, due to post-production issues such as the aging of
samples and defects caused by storage and handling, obtaining the ac-
curate color of a 3D object after printing could be more sophisticated. By
considering the specific requirements of the printing process and the
appearance characteristics of the printed objects, regardless of the on-
line or off-line measurement method, it is possible to reach a more
generalized and accurate measurement method.

For future studies, optimizing primary processing parameters and
accurately measuring appearance attributes are critical to improving
surface quality in MJT technology. It would be vital to evaluate and
compare the use of more complex reflectance models like the svBRDF,
BSSRDF, and bidirectional transmittance distribution function (BTDF).
Moreover, combining materials improvement with targeted appearance
attributes of 3D structures opens unprecedented opportunities for
further application of AM in the industry. Due to the wide range of
materials used in 3D printing, such as metals and ceramics, it is essential
to assess whether current measurement methods are effective for
textured surfaces. Although most appearance measurements can be
conducted following CIE recommendations for various surfaces, further
research is required to adjust the measurement workflow for non-resin
3D-printed parts. It is essential for comprehensive color appearance
measurement in 3D printing to understand the potential limitations and
modifications needed for different material types.
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