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Abstract
Material jetting (MJT) is a recognized additive manufacturing (AM) method to combine various materials and create a wide 
range of designed appearances. However, the measured color of MJT objects is frequently different from the color provided in 
the printer software. As a result, estimating the color quality and the measured color attributes of an object before printing is 
vital for accurate color reproduction. This study investigates the color variation based on the texture in an object 3D-printed 
using the MJT method on a rotary tray. The novel radial shape of the rotary tray build platform and variation in the layers 
structure were targeted as the main factors that can increase the uncertainty in accurate color reproduction. The influence of 
the PolyJet printer setup has been examined by thickness variation of the colored layers, location on the tray (swath selection), 
ink color, and finish type between layers. Color quality was assessed by comparing the produced object color by calculating 
spectral and colorimetric differences. Spearman rank correlation coefficient and principal component analysis (PCA) methods 
were used to analyze the direct or indirect influence of independent categorical factors on the measured color variables. Based 
on the studied parameters, switching swathes did not fail printer objects for industrial color matching. In contrast, a thickness 
variation as small as 0.5 mm could cause CIEDE2000 above 5 for most models, resulting in unnatural color reproduction. 
Color differences in most objects might be discernible to inexperienced observers, depending on the 3D printing parameters.
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1  Introduction

The rapid development of office 3D printers offers a broader 
range of innovative designs that were previously impossi-
ble to produce using traditional manufacturing methods. 
Vat photopolymerization (VPP) [1] and material jetting 
(MJT) [2] are two examples of current AM methods that 
have been adapted to the personal 3D printing market. It 
opens new avenues for the economy and society due to its 
rapid development in recent years. While material jetting 
has made significant advances in the enhancement of surface 
roughness [3], the technology has yet to catch up with the 
development of fused filament fabrication (FFF) in terms of 
personal applications [4, 5].

Prototyping is the primary purpose of personal 3D print-
ers. Data from over 10,000 3D printers shows that they are 
mostly used for prototypes, hobbies, gadgets, art/fashion, 
and scale models [6]. This means that rather than mechani-
cal or thermal capabilities, the quality of 3D-printed items 
is judged primarily based on their tactile and appearance 
perception. Instrumental color measurement is an indirect 
practical method of analyzing a product based on its appear-
ance to evaluate the processing performance and quality of 
manufactured products. However, visual color assessments 
and color perception are qualitative, subjective, and con-
troversial. It has become an industry concept of quality 
control to determine, among other things, color strength, 
color difference, match prediction, shade sorting, and white-
ness measuring [7]. A spectroradiometer is a valuable tool 
for measuring light over complex shapes and designs, as it 
measures both wavelength and intensity for radiance, lumi-
nance, and chromaticity remotely.

The reproduction of appearance is one of the most signifi-
cant aspects of 3D printing using MJT technology [8]. Since 
2014, several companies, including 3D systems, MCOR-
technology, HP Multi Jet Fusion (MJF), and Stratasys, 
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have introduced multicolor 3D printers based on powder, 
paper, or plastic [9]. Currently, color reproduction systems 
use halftoning techniques, which combine different inks 
spatially at the surface of an object to create colors. As a 
result, the object exhibits a variety of artifacts, particularly 
when viewed from a closer distance [8]. Y. Cheng et al. [10] 
prepared photocurable resins for MJT and colored the resin 
with CMYKW colors to achieve full-color printing using a 
homemade MJT printer. They developed mechanical mecha-
nisms, automatic print head alignment algorithms, leveling 
mechanisms, and color dithering methods to improve color 
consistency. Using a custom MJT printer for 3D printing, 
V. Babaei et al. proposed a method for reproducing color 
using a 3D printing process. They create colors by combin-
ing inks with different thicknesses inside the volume of the 
object by 3D color contouring, which was inspired by the 
inherent ability of 3D printers to layer different materials 
over one another. Most of these studies, however, focused 
on the conventional movement of the build platform in MJT 
3D printers.

Rotational 3D printing is currently being introduced to 
help reduce the size and complexity of 3D printers without 
using large robot arms. PolyJet® 3D printing, developed by 
Stratasys, is a promising MJT method that utilizes a rotary 
tray to create realistic-looking colored parts, such as physical 
replicas of biological structures, prototype samples, educa-
tional models, and artistic designs [11]. Office 3D printers 
have recently repurposed MJT for the personal 3D print-
ing market. The PolyJet system builds three-dimensional 
objects by jetting fine droplets of photopolymer in CMYKW 
(cyan, magenta, yellow, black, and white), solidifying when 
exposed to ultraviolet light [11]. Thermoplastics and elasto-
mers are used more frequently than photopolymers in some 
production environments, yet they can simulate these mate-
rials mechanically, thermally, and visually [12]. As a result 
of the high-resolution 3D printers available in MJT, it is 
now possible to print single objects with numerous colors 
and various surface properties, including a variety of color 
shades, anisotropic reflectance (AR), gloss, halftone pat-
terns, and goniochromatic effects [11].

While the dimension accuracy and surface finishing in 
the manufactured objects represent high manufacturing 
quality, printed objects have a measured color that often 
differs from the selected color in the printer software. Cur-
rently, limited studies have been conducted on accurate 
color reproduction methods for various color 3D printing 
materials. Compared to color studies on AM processes with 
color reproduction capability, such as FDM [13–15] as the 
dominant AM technique, materials jetting allows for greater 
control over the color reproduction of 3D-printed items. For 
instance, X. Wei et al. [16] studied the significant-finish 
effects type on measured color, as well as the interaction 
effects of finish type and specified color. L. Zheng et al. [17] 

characterized the achievable range of color by comparing 
the gamut of PolyJet color 3D printing and ink-jet printing 
on a paper surface. Effects of the number of printing lay-
ers, hue, brightness, saturation, and chromatic aberration 
have been studied by C. Li et al. [18]. The colorimetric 
characterization of 3D printers using highly translucent 
printing materials was addressed by c. A. Arikan et al. 
[19]. In another study, O. Elek et al. [20] developed a self-
contained, end-to-end system for the translucent resin to 
produce high-frequency color texture. A. Brunton et al. 
developed techniques [21, 22] for precise and efficient mate-
rial placement control in multi-jet 3D printers for halfton-
ing, vital in accurate color reproduction. X. Wei et al. [11, 
23] demonstrated that the response surface methodology 
(RSM) and multilayer perceptron (MLP) neural network 
model perform well in predicting the measured color. These 
studies, however, were carried out on standard XYZ build 
platforms, with industrial Stratasys J750 PolyJet or HP 
Multi Jet Fusion (MJF) printers as the primary printers.

Studies [24, 25] have shown the significant influence of 
build orientation, i.e., planar, vertical, and inclined sur-
faces, on the surface quality and roughness of MJT parts. 
G. Kim and Y. Oh [26] reported that the surface quality of 
MJT printing is superior to SLA printing on all inclined 
surfaces except for the vertical surface, which has an incli-
nation of 90°. Build orientation can also affect the surface 
appearance of 3D-printed parts. Manufactured objects 
can also be designed so that they appear differently from 
various viewpoints or by using the reflection properties of 
colors to achieve viewpoint-dependent appearances [27]. 
A few studies have mentioned the rotary build platform 
model of MJT technology [27, 28] and the liquid jetting at 
a rotary disk [29]. However, the effect of centrifugal force 
caused by the rotating build platform on shaping the layers 
and color quality has yet to be investigated.

Using rotational 3D printing, 3D printers may become 
smaller and easier for office applications. Different patterns 
are created on the surface because the tray rotates about a 
vertical axis, presenting new challenges. Therefore, it will 
be necessary to examine the surface texture and the quality 
of 3D-printed objects to develop rotational 3D printing 
methods. Accordingly, this work presents a texture study 
to statistically analyze connections between observed color 
and four PolyJet control parameters, including the speci-
fied color, design thickness (Δt), swath (manufacturing 
track) location on the build platform, and finish type. In 
order to clarify the contribution of the rotary tray to the 
color appearance of the samples, we studied the texture 
and layers of the samples manufactured at different places 
on the build platform. At the end of this work, we exam-
ined the possible conditions of color reproduction using a 
PolyJet 3D printer by evaluating multivariate analysis over 
the studied parameters and response variables.
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2 � Materials and methods

2.1 � Experimental design

The role of printing location on the build platform (swath), 
the thickness of layers, color, and finish type is studied 
using a full factorial design of experiments as three control 
factors connected to the measured color. The Stratasys J55 
3D printer was used to prepare the samples. A J55 place-
ment zone consists of three areas of the same width: inner, 
mid, and outer (Fig. 1). The innermost location of the parts 
should be utilized first for optimal placement and reduced 
build time. The finish types between the colored layer and 
white bottom substrate were selected glossy on glossy 
(GoG) and glossy on matte (GoM) for studying as-printed 
samples. The specimen dimensions were 10 × 10 × 3.5 
mm3 for color study (Fig. 2) and 60 × 13 × 3.5 mm3 for 
texture evaluation and trial color evaluation, respec-
tively. The thresholds for each parameter were chosen to 
eliminate the influence of post-processing, as well as the 
limitations imposed by processing software and the 3D 
printer. For instance, the matte surface finish was avoided 
due to surface alteration during the support removal pro-
cess. Furthermore, parts were designed with the minimum 
size required for measurement to counteract the effect of 
extended radial layers.

The primary specimens were 3 mm thick with 1.5-mm 
support material at the bottom, 1-mm white background, and 
1-mm colored material on top (Fig. 2). This design method 
is based on Stratasys best practices for PolyJet and according 

Fig. 1   a Illustration of swathes and main zones of the rotary tray. b Top view of the swathes with the same width (60 mm) in a J55 PolyJet 3D 
printer. Samples were printed in a swath from the inner zone toward the outer area of the tray

Fig. 2   As-printed MJT samples for color evaluations as observed 
under D50 daylight illumination
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to Pantone validated color matching system. It states that 
printed parts should have a wall thickness of at least 1-mm 
white background for optimal color reproduction. Since the 
defects and errors in observed CIEL*a*b* values for repli-
cated samples were minimal in the trial experiments, one 
piece is studied under each experimental condition for the 
main investigation. In order to investigate the influence of 
each printing process parameter on the color quality, two sets 
of experiments have been conducted to reach the optimum 
condition using the minimum required samples. Levels for 
each of the experiments are shown in Table 1. In experiment 
1, samples with a thickness of 1 mm in the colored layer 
were manufactured in different swaths. As part of experi-
ment 2, samples with different thicknesses were 3D-printed 
in the middle swath of the rotating disk of the 3D printer. 
In both experiments, two different surface finishing options 
were selected between the white background and CMYK-
colored layers. A total of 48 color samples were subjected 
to in-depth spectral analysis.

2.2 � Measurements

A Konica Minolta CS-2000 tele-spectroradiometer (TSR) 
was used to determine the spectral radiance at the 3D-printed 

object surface in the 380–780 nm spectral range (Fig. 3). The 
physical sampling interval was 10 nm, whereas the optical 
resolution was 1 nm. Using 45:0° viewing geometry, the 
surface of the 3D-printed item was evaluated according to 
CIE Publication 15.2 [30]. Each series of measurements was 
calibrated with the white Spectralon patch (Barium sulfate 
coating). The obtained radiances have been averaged from 
measurements in the field of view of 0.2° on three-centric 
regions of the surfaces to overcome edge loss in measuring 
reflectance on semi-translucent materials. At least ten hori-
zontally distrusted 3D-printed layers were present at each 
targeted location on the studied surface. Any site having 
odd coloration, external particles, or support materials was 
avoided.

Measurements were taken in a dark room to avoid errors 
caused by other light sources such as ambient lighting. Radi-
ance spectra have been recorded considering noise reduc-
tion due to the possible stray lights in the darkroom of the 
measurement.

Calculations were performed using the computational 
color science toolbox in MATLAB 2021 [31]. For this pur-
pose, CIEXYZ tristimulus values were calculated accord-
ing to the CIE 2° color-matching functions, using the sam-
ple reflectance and under the D50 illuminant. CIEL*a*b* 

Table 1   Experiments and their 
levels

a GoG, glossy on glossy finish; GoM, glossy on matte finish
b Inn, inner (r-tray < 120 mm); Mid, middle (120 mm < r-tray < 180 mm); O, outer (180 mm < r-tray < 230 mm) 
swath

Experiment 1 Experiment 2

Color Finishing Swath Thickness 
(mm)

Swath Thickness  
(mm)

Cyan GoG and GoMa Inn, mid, and outb 1 Mid 0.2, 0.5, 1, and 2
Magenta GoG and GoM Inn, mid, and out 1 Mid 0.2, 0.5, 1, and 2
Yellow GoG and GoM Inn, mid, and out 1 Mid 0.2, 0.5, 1, and 2
Black GoG and GoM Inn, mid, and out 1 Mid 0.2, 0.5, 1, and 2

Fig. 3   Schematic diagram of the 
measurement setup using a tele-
spectroradiometer. The enlarged 
area represents the comparable 
size of the measurement area 
and the average width of the 
uppermost layers
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coordinates were further calculated according to CIE1976 
[30] and using the CIEXYZ tristimulus values in Eqs. 1–3.

where Xn, Yn, and Zn are the tristimulus values of a specified 
white achromatic stimulus (Spectralon).

CIEDE2000 [32] colorimetric differences as given in 
Eq. 4 was calculated between the object printed on the three 
swaths. CIEL*a*b* values obtained from the objects with 
1-mm thickness printed in the middle swath were used as 
reference measurements when calculating the CIEDE2000 
difference.

In Eq. 4, L*, C*, and h* refer to lightness, chroma (the 
distance out from the neutral axis—saturation), and hue as 
defined in CIE15.2 [30]. The constant values of kL (light-
ness), kC (chroma), and kh (hue) are usually unity [33]. Other 
parameters refer to the hue rotation term (RT) and the com-
pensation for lightness (SL), chroma (SC), and hue (Sh).

A total of nine printer objects, including three pieces 
printed on each swath, have been scanned vertically and 
horizontally using a coordinate measuring machine (CMM) 
model Zeiss DuraMax. The step width was set at 10 µm, a 
probe radius of 1.5 mm was chosen, and the machine was 
accurate to 2.4 µm. A desktop 3D scanner (Autoscan Inspec, 
Shining 3D) was utilized in dark conditions. An 8-times 
rotation was made with the specimens mounted on a turn-
table every 45° until a 360° view was achieved. An object 
was scanned with an accuracy of ≤ 10 μm under a blue-light 
projector emitting structured-light patterns. The distorted 
dimensions are measured using two 5.0MP CCD cameras 
on the scanner. The registered point cloud is collected from 
multiple scans at various object orientations. All digitiza-
tion was merged using UltraScan 2022 software, and a raw 
texture-based model in STL (stereolithography) format was 
created in MeshLab (v2022.02). The 3D coordinates of the 
object were compared with the CMM results. Following the 
CMM acquisition, the raw data was processed in Gwyddion 
(v2.59) to determine layer thickness and heights as well as 
the topography.

Holmberg et al. [34] examined the surface microstruc-
ture changes during machining processes based on the 
full width at half maximum (FWHM) analysis and optical 
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microscopy study. We utilized the FWHM values to ana-
lyze the height distribution. Texture evaluation allows 
reconstructing of the profile of additive manufacturing 
and realizing data registration and appearance evaluation.

Surface features in AM technology are the presence 
of microscale repetitive layers in the surface texture of 
3D-printed objects [35]. There are two approaches to the 
analysis of texture: structural (analytical), where primi-
tives are analyzed, and syntactical (statistical), where 
statistics are used to determine the texture of the entire 
textural region [36]. Autocorrelation and Fourier analysis 
are the most common structural methods for the analysis 
of texture, while for statistical analysis, co-occurrence 
matrices or run-lengths are common methods. To evaluate 
the surface texture analytically, we used Fourier analysis.

The FFT (fast Fourier transform) method removes all 
high-frequency noise, revealing the actual signal [37]. 
Several authors have demonstrated that the power spectral 
density (PSD) of a contact area determines the morphology 
of its surface [38–40]. Accordingly, we developed an algo-
rithm for evaluating the 3-D geometry of additive manufac-
turing surfaces. Our method transforms 3D texture into a 
2D coarseness profile using 1D Gaussian filtering and FFT 
filter smoothing. The asymmetric profiles associated with 
shape have been subtracted from the repeated texture profiles 
using polynomial fitting tools in OriginPro v9.5 to remove 
the effects of the form on the texture results.

According to ISO 16610–31, the robust regression Gauss-
ian filter calculates weights individually for a primary profile 
and a waviness profile using iterative algorithms. Using this 
filter, the mean line is strongly associated with the general 
trend of the surface profile with spike discontinuities such 
as deep valleys and high peaks and is unaffected by outli-
ers. The FFT algorithm was implemented to remove high-
frequency noises and reduce the waveforms to the absolute 
magnitude and phase data in a frequency domain. The power 
output versus frequency spectrum of the surface profiles was 
examined by FFT spectra of signals, where power is nor-
malized as the space (time in standard notations)-integral 
squared amplitude (TISA) using the following equations:

where Pxx
(

ejω
)

 is the power density or spectrum (PSD), 
rxx(m) is the auto-correlation function of the input signal, Δt 
is the sampling interval, Re and Im are the real and imaginary 
parts of the transform data, and n is the length of the input 
sequence. In order to mitigate leakage, the single rectangle 
window function is applied as follows:

(5)Pxx
(

ejω
)

=
∑∞

m=−∞
rxx(m)e−jωm

(6)TISA(Power) =
Δt

(

Re
2 + Im

2
)

n
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where w(n) = 1 for 0 ≤ n ≤ N − 1 , and zero otherwise.
The statistical procedures were based on ISO/TS 

23,031:2020 (E). Accordingly, it is possible to evaluate the 
color difference between reference and test spectra and the 
root-mean-square error between them using the root-mean-
square error (RMSE) and the mean color difference from the 
mean (MCDM) [41]. The following are the definitions:

where rr and rt are the references and test spectrum, N is 
the number of reflectance readings, and Ci and Cm are the 
coordinate colors of the ith measurements and the average 
reflectance of all measurements, respectively. The RMSE of 
each quantitative variable is obtained to perform the spectral 
analysis, comparing the spectra of the target surfaces.

Multivariate analysis of the studied parameters and the response 
variables were run using principal component analysis (PCA) and 
the listwise Spearman rank correlation coefficient (Spearman rho, 
also signified by rs) due to small sample sizes [42]. PCA is a robust 
way of reducing the dimensionality of data. The raw data is lin-
early transformed into a set of principal components, which show 
the most significant variations in the raw sensor data. The PCA 
method of estimating correlations is a multivariate extension of lin-
ear regression to matrices containing independent and dependent 
variables [43, 44]. Two sets of variables can be viewed as asym-
metrical, as one batch is considered an independent variable such 
as printing parameters, and the other as a dependent variable. In 
this work, the matrix of appearance variables included measure-
ments of color attributes including dL, dC, and dh.

Furthermore, Spearman rho was utilized to measure the 
relationship between the frequency of print variables and 
color attributes. It is a non-parametric measure for categori-
cal data, which evaluates monotonic relationships of data that 
are not normally distributed regardless of linearity. Spearman 
rho of + 1 or − 1 refers to the case where each variable is a 
mathematically ideal monotone function of the other [42]. 
Statistical analyses were carried out using OriginPro v9.5.

(7)N∕
∑N−1
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w(n)

2
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1

N
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2
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1

N

N
∑
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shown in Fig. 4; a semicircle pattern can be observed in 
the corresponding surface texture image for the 3D-printed 
layers (Fig. 4c).

Using CMM data, Fig. 5 illustrates a closer look at 
additively manufactured layers and the results of an FFT 
examination applied to height maps (Z height). The strong 
peaks for averaged results in Fig. 5c confirm the periodic 
nature of the layers and the associated surface texture in 
the specimens studied. Arithmetic means of the periodic 
distance between layers can be obtained by calculating the 
average frequency of distances for the PSD peaks.

According to Fig. 5b, the obtained MJT surfaces were 
relatively smooth with a Z height of less than 15 µm. In 
addition, height distributions followed a normal distribution. 
There is a lack of understanding as to the mechanism by 
which texture affects color appearance on smooth surfaces 
in semi-translucent MJT materials. It has been suggested 

Fig. 4   a 3D-printed samples for texture evaluation, b STL model gen-
erated from 3D scanning, c 2D texture-based model created from the 
point cloud

3 � Results and discussions

3.1 � Texture evaluation

An optical image of a studied specimen and the cor-
responding STL model generated by the 3D scanner is 
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that the texture of the surface influences how light is scat-
tered and how the color is measured as a result [45]. J. H. 
Bae et al. [46] reported as the visual texture rank increased, 
inkjet-printed samples were perceived as darker. Neverthe-
less, this effect was not consistent across colors. Accord-
ingly, the texture of a surface can affect chromatic induc-
tion, which is essential for color constancy under full-field 
viewing conditions.

Table 2 lists the arithmetic mean height of asperities over 
vertical and horizontal scanning directions according to Fig. 5. 
CMM measurements show that the mean layer height and 
FWHM for separate locations on the build platform exhibit a 
meaningful correlation, where the minimum arithmetic means 

of layer height (5.69 µm) and FWHM (3.84 µm) belong to 
the middle swath. Table 2 also suggests that layers become 
increasingly thinner from 305 to 303 µm as the selected tray 
radius increases. The difference can be explained by the higher 
centrifugal force on the build platform in the outer area of the 
disk. By moving from the inner swath to the outer edge of the 
tray, the print head of a 3D printer may create a closer layer 
compared to previous layers.

3.2 � Color measurement

The chromaticity diagrams in Fig. 6 represent the map of 
color space for the average of u′ and v′ values corresponding 

Fig. 5   a Contour plot showing the scanning strategy (exaggerated Z profile), b Profile of Z height distribution, and c power spectral density 
(PSD) results along with the scanning profile

Table 2   Mean height of 
asperities over vertical scanning 
direction

Swath Mean layer 
distances (µm)

RMSE (µm) Mean layer 
heights (µm)

RMSE (µm) Mean 
FWHM 
(µm)

RMSE (µm)

Inner 305.96 1.12 7.45 0.56 4.79 0.16
Middle 305.78 4.14 5.69 0.86 3.84 0.33
Outer 303.33 2.75 7.14 0.36 4.48 0.01
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to each specimen. CMYK points were closer on surfaces 
printed with different swathes than on objects with various 

thicknesses. It basically implies a higher color difference 
because of the thickness variation compared to swathes.

Fig. 6   Hue stimuli in the CIE1976 u′, v′ chromaticity diagram for specimens manufactured at different a swathes and b thicknesses. The wave-
lengths between 420 and 680 nm are indicated in blue on the graph. C, cyan; M, magenta; Y, yellow; K, black; W, D50 white reference
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The values of redness (a*) and yellowness (b*) at the 
same lightness (L*) also confirmed the same trend in the 
CIEL*a*b* color space. In Fig. 7, the 95% confidence color 
gamut ellipses suggest that magenta was significantly more 
sensitive to thickness than swath selection. Furthermore, 
thicker yellow and magenta objects resulted in greater b* and 
a* values, while the opposite held true for black and cyan 
objects. The color was more stable in the same lightness 
among the black samples despite varying printing conditions. 
For these samples, finishing played no significant role.

The spectral properties of surfaces and illumination also 
play an essential role in determining color. As a result, when 
evaluating color quality, it is necessary to consider both col-
orimetric and spectral measurements [47]. Figure 8 depicts 

how cyan and yellow colors shifted to lower spectral val-
ues for outer swathes than inner areas. In contrast, magenta 
exhibited the opposite behavior, and black samples were 
almost immune to spectral shift. On the other hand, lower 
thicknesses of the CMYK layers (Fig. 9) resulted in higher 
spectral reflectance for all samples, which indicated that the 
increased thickness accounted for the lightness reduction 
and lower spectral reflectance regardless of surface color.

In general, more significant MCDM color differences were 
observed for the thickness experiment compared to the swath 
study (Fig. 10), as observed from chromaticity diagrams in 
Fig. 6. All colors studied, except black, showed the lowest 
CIEDE2000 values when the middle swath was selected com-
pared to the inner area. CIEDE2000 between central and outer, 

Fig. 8   Reflectance of a cyan, b magenta, c yellow, and d black specimens 3D-printed at different swathes on the build platform
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however, produced a different response. Higher layer heights 
may be compromised by the closer layer distances in the exter-
nal zones of the tray. According to Table 2, this result aligns 
with the texture measurements and higher lightness variation 
due to higher layer heights. It allows parameterization of the 
swath selection to produce the lowest color differences in the 
middle swath compared to the other areas of the build platform 
(Fig. 10a). The transfer distance for light over the 3D-printed 
structures might be decreased due to a more evenly distributed 
texture with lower layer heights for this swath.

According to CIEDE2000 for color matching in paper-
based printing [48, 49], a color difference of 1 is barely 
perceptible to the average human. An experienced observer 
notices CIDE2000 between 1 and 2. Color difference from 
2 to 3.5 is also noticeable to an inexperienced observer. 

However, 5 < CIDE2000 is not an acceptable match for com-
mercial printing presses. The calculated color differences 
in Fig. 10a and b indicate that CIDE2000 ranges were less 
than 5. Yellow samples and surfaces with the GoM finish of 
cyan parts had the most significant color difference visible to 
inexperienced observers. The appearance difference between 
black and magenta colors was challenging to distinguish due 
to their color. Considering commercial purposes, all results 
were acceptable when switching between segments on the 
tray. Since human vision is more sensitive to color differ-
ences when two colors touch [50], mixing CMYK colors 
may result in noticeable color differences.

As for the variations in the thickness of colored layers, 
on the other hand, rather than yellow at the lower thickness 
and black at the higher thickness, the rest were in assorted 

Fig. 9   Reflectance spectra of a cyan, b magenta, c yellow, and d black specimens 3D-printed at different thicknesses
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colors and were not acceptable for commercial color repro-
duction. Compared to 1-mm thick colors, 0.5-mm thickness 
resulted in a more negligible color difference than 2- and 
0.2-mm thickness (Fig. 10c). Similar to the swath study, the 
CIEDE2000 values were lower for black-colored surfaces. 
Choosing the GoM finish for cyan, magenta, and yellow 
colors increased the color difference in the swath experi-
ment (Fig. 10b). However, it did not contribute considerably 
to thickness evaluation (Fig. 10d).

Figure 11 signifies the relationship between the two 
main color attributes affected by swath selection. The 
Euclidean distances revealed that as the radius of the lay-
ers on the substrates increased, the variation in lightness 
and hue values was not linear. Because the absolute differ-
ence in lightness and hue between the inner and outer areas 

of the build platform was minimal when the difference 
between the mid and inn and out swaths was considered. 
Further analysis from Table 2 revealed that texture results 
were able to differentiate the color attributes affected by 
layers. Consequently, since the layer height of the middle 
swath differs the most from other swathes, lightness and 
chroma are more variable, with a more substantial influ-
ence on lightness.

Figure 12 displays the MCDM color difference versus 
RMSE values. In the swath experiment, black was the 
color with the slightest variation and produced the most 
consistent results. Cyan had a more pronounced color dif-
ference than red and yellow, but a lower RMSE made it 
less unpredictable to swath changes. Considering thick-
ness changes, both cyan and black color reproduction had 

Fig. 10   CIEDE2000 color dif-
ference due to manufacturing 
parameters for swath and thick-
ness experiments. The influence 
of a choosing different swathes 
using GoG finish, b finishing 
condition for different swathes, 
c Ft, and d finishing condition 
for different thicknesses on 
CIEDE2000. Δt, color layer 
thickness compared to 1 mm 
recommended by the manufac-
turer of the 3D printer; IQR, 
interquartile; I-M, inner swath 
versus middle swath; I-O, inner 
swath versus outer swath; M–O, 
middle swath versus outer swath

a) 

b)

c)

t (mm)

d)
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significantly higher MCDM and RMSE. The reproducibil-
ity of yellow appeared to be more sensitive to swath selec-
tion than thickness variation. However, color differences 

for all CMYK colors were nearly double due to colored 
layer thickness differences.

3.3 � Multivariate statistical analysis

The PCA correlation type results were presented as ranking dia-
grams, which used figurative symbols. The direction of maximum 
change is indicated by arrows on print variables and color attributes. 
A high correlation is observed between the variables when placed 
in close or the same direction, and low correlations when placed in 
the opposite direction. The two lines at a 90°-angle indicate no cor-
relation between the variables. Table 3 implies that the cumulative 
inertia for the first and the second principal components (PC1 and 
PC2) reached 91.03% for swath and 83.13% for thickness experi-
ments. Moreover, PC1 and PC2 represented eigenvalues greater 
than 1. Therefore, based on the Kaiser criterion, two PCs would be 
appropriate enough to explain the correlation among data in PCA.

The loading plots (Fig. 13) demonstrate lightness had a 
robust positive effect on PC1 and almost neutral on PC2 for 
swath evaluation. In contrast, hue had a meaningful nega-
tive impact on PC1 and a considerable positive impact on 
PC2. In contrast, both lightness and hue acted reversely for 
PC1 and PC2 concerning the variation in thickness. Chroma 
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Table 3   Principal components 
ranking according to their 
cumulative roles in PCA

Experiment 1: swath Experiment 2: thickness

PC ranking Eigenvalue Percentage of 
variance (%)

Cumulative (%) Eigenvalue Percentage of 
variance (%)

Cumulative (%)

1 1.67 55.82 55.82 1.36 45.41 45.41
2 1.05 35.21 91.03 1.13 37.72 83.13
3 0.26 8.96 100 0.50 16.86 100
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positively influenced both PC1 and PC2 in both experiments. 
Accordingly, variations in the printing parameters have 
affected variations in tristimulus color attributes.

Spearman correlation coefficient was used to estab-
lish the significance of each manufacturing condition 
(Fig.  14). A correlation coefficient greater than 0.50 
and 0.70 is considered moderate and robust correlations, 
respectively if P values are less than 0.05. P values less 
than 0.01 and Spearman rho higher than 0.60 are gen-
erally valid co-occurrences [43]. Accordingly, the cor-
relation coefficient with rs = 0.87 between thickness 

alteration and dL is strong (P < 0.001). Based on the rank 
correlation, swath and thickness selection had a more 
considerable effect on lightness and chroma than color, 
and the influence of finishing between colored and white 
layers was negligible. While dL had the greatest impact 
on color appearance, the effect varied depending on the 
ink materials specified. Following texture evaluation, 
results indicate that the variation in swath and thickness, 
influencing the surface texture and geometries, signifi-
cantly alters the appearance of color due to the lightness 
alteration.
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4 � Conclusions

This study investigated relationships between observed color 
and four PolyJet control parameters: specified color, design 
thickness, swath location on the build platform, and finish 
type between colored and substrate layers. We studied the 
texture and surface layers of samples 3D-printed at separate 
places on the build platform to determine the effect of the 
rotary tray on color. Triplets of chromaticity coordinates or 
standard color values are used to indicate the color of a par-
ticular object. The following conclusions were drawn from 
this study:

The CMM measurement showed that manufacturing in 
the middle zones resulted in more low-height asperities. 
Based on the obtained power spectral density (PSD) versus 
the frequency of distances, the surface asperities could be 
assumed to be periodic. Therefore, the height distribution 
was representative of the heights of repeated layers. These 
results were observed by scanned 3D models of the surface. 
As a result, the surface layers in the middle of the rotary 
build platform were thinner.

PCA and listwise correlation analysis correlated the influ-
ence of lightness on the higher color difference for thickness 
experiments. We used multivariate analysis to determine 
the optimal conditions for color reproduction using a Pol-
yJet 3D printer. While the influence of finishing between 
colored and white layers was negligible, alteration of swath 
or thickness, which influenced surface texture and physical 
geometry, greatly influenced variation in lightness and hue. 
The color appearance was more sensitive to thickness than 
swath selection in this regard, which was directly affected 
by lightness. This, however, was contingent on the ink mate-
rials specified. In the swath experiment, the yellow color 
and glossy colored layer printed on matte white substrate 
finishing led to a greater color difference. Nevertheless, it 
was less sensitive to thickness variation than cyan, magenta, 
and black materials.

Both experiments indicate the importance of adjusting 
the location on the build platform and thickness during 
pre-processing. Shorter radial printing generally yields 
less expensive and faster 3D printing. However, it does 
not necessarily result in more accurate color reproduc-
tion. Printing on different zones of a rotary build platform 
may also affect the surface roughness, gloss, and translu-
cency. The switching of swathes did not fail samples for 
industrial color matching. Still, a thickness variation of as 
small as 0.5 mm could cause most specimens to go above 
5 on the CIEDE2000 scale, which resulted in an unnatural 
appearance due to variation in color reproduction.

Based on the selected 3D printing parameters, color dif-
ferences could be discernible by an inexperienced observer 
for the majority of samples. However, color reproduction 

utilizing rotary disks in PolyJet printers can meet the 
criterion of color quality in everyday contexts with vari-
ous illuminations. Combined with our findings, results 
indicated that the MJT objects had all the relevant visual 
characteristics, including color, gloss, translucency, shape, 
shading, and texture, that stimulate the visual representa-
tion sufficiently to induce a color difference. As a result, 
other appearance attributes also should be considered 
when evaluating the total appearance of parts manufac-
tured by rotational material jetting.
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