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Abstract: The structural properties and whiteness of the substrate surface markedly effect printing
quality and are closely related to the primer coating processes. Herein, four different roller coating
schemes were applied on MDF surfaces to change their structural properties and color, and the
whiteness, gloss, and roughness properties of the substrate surfaces were characterized for UV
inkjet printing. Data analysis was conducted to explore the effects of these variables on the color
reproduction, relative contrast, and printing gloss of the MDF substrates. The results showed that,
according to CMYK, L*a*b* values and spectral reflectance data, the finishing of the MDF substrate
with a 40 g/m? layer of transparent primer combined with three layers of white primer at 20 g/m? per
roll coating layer had the best color reproduction effect for UV inkjet printing. Regarding the effects of
relative contrast, the correlation with whiteness and glossiness was significant, while the correlation
with glossiness was minor. The inkjet printing gloss value was positively correlated with substrate
primer surface whiteness, while it was negatively correlated with roughness. When the surface
whiteness of the substrate was relatively high, the roughness was lower and the printing effects were
glossier. We sought to optimize the printing effects of all aspects of the MDF substrate by primer
coating. The results of this work provide a feasible application method to improve printing quality
and enhance the added value of low-quality boards, as well as to further expand the application of
UV inkjet printing in the wood decoration market.

Keywords: UV inkjet printing; print quality; MDF substrate; surface decoration

1. Introduction

Wood textures with a warm color and natural pattern have an appealing visual appear-
ance and are widely used in furniture and architectural products for interior decoration [1].
Lately, there has been an increasing trend of printing wood patterns or adding texture to
building materials and industrial products through surface treatment. Ultraviolet (UV)
inkjet printing is becoming the focus of industry applications as a contactless, pressure-free,
plate-free UV printing and reproduction technology. The UV curing process instantly de-
posits a hardened layer of ink and achieves directed adherence to the surface on substrate
materials to display digital texture image designs [2,3]. In this process, the UV-curable
ink used in the inkjet printing coatings is a typical photo-curable material. It is digitally
controlled that ejection of drops of fluid from a print head onto a substrate, precisely
deposited color ink drops to form a decorative layer. Thus, UV digital inkjet technology
could play a crucial role in the finishing process of the wood industry, especially in the
coating of wood textures on the surface of wood-based panels [4].

As a decorative printing technology for wood-based panels, the visual characteristics
achieved by UV inkjet printing quality, such as the performance of color reproduction,
relative contrast, and gloss, are important application indicators for industrial decorative
panels. Traditionally, surface-texture-coated wood-based panels have been achieved by the
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lamination of impregnated decorative papers displaying texture designs on the surface
of medium-density fiberboards (MDF) or particleboards. For the surface decoration of
substrate papers, the visual appearance can be improved through surface modifications
by printing substrates [5,6], substrate coating development [7], and printing ink [8] for
high-quality printing. However, the direct printing and production process of decorative
plates includes paint ink jetting and silk net printing. These two production processes
include shortcomings such as low production efficiency, high pollution, and severe patterns.
Although UV jet technology is able to solve these problems well, at present there are
no quantitative primers, printing color deviations, and low printing quality in UV inkjet
printing, which have particularly restricted the application of inkjets for direct printing on
wood products and boards [9].

According to the contributions of paper substrate printing research, printing results are
closely related to the surface properties of the printing substrates. A primer can be applied
to the bearing wood-based material to fill the gap between the ink itself and the printing
substrate so that the coloring agent is kept in a proper position and the printing medium
can reach the required color and quality [10]. To this end, the present study employed
a practical approach to establish the surface substrate primer coating (as illustrated in
Figure 1) and conducted parameter testing on its effects to analyze printing quality.

INK DEPOSITION

. PRIMER

Figure 1. Schematic of coating cross-section.

This study used a hands-on method to establish and run surface substrate primer
coating process tests, and data on the parameter effects of UV inkjet printing were tested to
analyze printing quality. The work described focused on the effects of color reproduction,
relative contrast, and gloss on UV inkjet printing under different variables (whiteness,
gloss, and roughness) for four primer coating schemes. The overall aim of the study was to
identify the most suitable ink-substrate primer process for optimal print quality.

2. Materials and Methods
2.1. Experimental Materials, Equipment, and Software

The experimental substrate was an MDF board (size: 20 x 30 x 0.7; unit: cm). The
printing equipment included a flatbed inkjet printer (XENONS MODEL E316 UV, Nanjing
Leimu Digital Technology Co., Ltd., Nanjing, China) and UV ink, 5-color CMYKW (cyan,
magenta, yellow, black, white) (XENONS YL-UV-13200U1-1, Nanjing Leimu Digital Tech-
nology Co., Ltd., Nanjing, China). Measurement instruments included a WSB-2 whiteness
meter (Qiwei, Hangzhou, China), stylus roughness meter (Shjingmi, Shanghai, China),
NHG268 gloss meter (3nh, Shenzhen, China), and X-Rite spectrophotometer (X-Rite, Grand
Rapids, MI, USA). We used Profile Maker pro software (X-Rite, Grand Rapids, MI, USA)
(version 5.0), Matlab software (MathWorks, Natick, MA, USA) (version R2021b), and Origin
software (OriginLab, Northampton, MA, USA) (version 8.6 32-bit) with the Windows 10
operating system (Microsoft, Redmond, WA, USA).

2.2. Experimental Methods

The MDF substrate was first pretreated and sanded with 400# mesh sandpaper. Each
test piece was treated no fewer than 10 times. The printed substrates were divided into a
layer of white primer, a layer of white primer + 100% white ink, two layers of white primer;
and three layers of white primer, labeled 1%, 1-W*, 2%, and 3, respectively. The priming
process is detailed in Table 1.
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Table 1. MDF board priming process.
Transparent Covering Type
Experimental Model Type
Process Name Process Name ; ; Remarks
Sample Number Coating Coating
Volume/g/m? Volume/g/m?
) ) . } Single rubber
0 tof roller /IR drying
ne coat o
UV transparent Surface
# . . 2 -
1 ngte prlrr;er adhesion putty T-168010H 40 drying/sanding
ase coa —whi
UV-white UVP5010 - 20 Table drying
primer
UV transparent .
One layer of adhesion putty T-168010H 40 Roller coating
1-w# white primer UV white UVP5010 - 20 Roller coating
base coat + primer
100% white ink . XENONS YL- 100% . L
UV white ink UV-13200U1-1 ) concentration Digital printing
UV transparent Surface
adhesion putty 1-168010H 40 ) drying/sanding
d coat of i
o Second coat o UV white UVP5010 - 20 Table drying
white primer primer
UV white UVP5010 - 20 Table drying
primer
UV transparent Surface
adhesion putty 1-168010H 40 ) drying/sanding
h UV white UVP5010 - 20 Table drying
3 ree layers of primer
hi . .
white primer UV white UVP5010 - 20 Table drying
primer
UV white UVP5010 - 20 Table drying
primer

The whiteness, roughness, and glossiness of the substrate surface under four different

roller coating schemes were characterized. Experimental standard plates were used for
subsequent experiments. The scale plate test chart was composed of 80 CMYK color
transition blocks and eight CMYK color blocks (Figure 2).
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Figure 2. CMYK density test chart. K: Black; C: Cyan; M: Magenta; Y: Yellow.

=~

After printing the template test diagram, a spectrophotometer was applied to measure
the L*a*b* values of the four-color ladder scale, CMYK field density, and 75% dot density.
Based on the L*a*b*, the mean value of the color difference was calculated using the
CIEDE 2000 color difference formula ISO 11664-6:2014. For example, to determine the
color difference of L}, aj, b7 and L3, a3, b5 in the CIELAB color space, the color differences
between the two is expressed as: AEq (L}, aj, bj; L3, aj, b3) = AE(l)% = AEy.

The color difference CIEDE2000 AEq, can be calculated as follows:

AL \2  /AC\? [/AH, \? AC' \ [/ AH'
AEg = (] [ == ab Sy Re( B2\ (AMap 1
o \/<KL5L) * (KCSC> * <KHSH) * T(Kc5c> (KHSH @
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Next, the relative contrast value K = (DV — DR)/DV can be calculated from the field
density value. The data were analyzed using Origin Pro 8.6 32-bits software (OriginLab,
Northampton, MA, USA), then linearly fitted using the least squares method. Finally, the
CMYK gloss was measured.

A fitted straight line y = a + bx was obtained accordingly, where a and b are two
parameters to be determined based on four sets of measurements. The valuation 2 b was
such that the following equation had the minimal value:

A n n A\ 12
s(an,6) = Yy — y(x)l” = Lo [yi — (a+bx)] @)
i=1 i=1
The best linear equation is:
y=a+bx (©)]

3. Results and Discussion
3.1. Effect of MDF Surface Properties on Color Reproduction
3.1.1. CMYK Standard Color Difference

The whiteness, roughness, and gloss values of the MDF substrate primer surface
were measured by measurement, as shown in Table 2. The amount of coating affected
the substrate printing surface for each value [11]. As expected, the primer created a seal
on the surface of the board. An increase in the amount of coating enhanced the substrate
whiteness, gloss, and smoothness, covering any color defects or defects in the board itself
to improve the substrate printing surface and printing quality [12,13].

Table 2. Performance parameters of substrates.

Specimen Whiteness (ISO), % Glossiness (60°), % Roughness (1 MPa), um
1# 65.2 46.50 1.42
1-W# 76.7 56.62 0.94
bid 77.8 74.90 0.62
3# 82.5 81.70 0.46

As shown in Table 2, the whiteness and gloss of the four roller coating schemes
gradually increased. The highest whiteness and gloss emerged in experimental specimen
3%. The smoothest sample was 1*, followed by 1-W¥; it appeared that spraying white ink on
the white paint primer reduced its roughness to a certain extent. Depending on the amount
of primer coating applied, the Roughness values from high to low were 3* 2f 1-W# 1%,

Color samples were printed on substrates 1* 1-W# 2# and 3% according to the L*a*b*
values specified by CIE and then measured with an X-rite spectrophotometer on four color
measurement strips adjusted to a D65 light source and 2° field of view. The standard L*a*b*
values of the control strips and those of the experimental samples were used to determine
the difference between the standard color values and various printed colors, as well as the
average color differences [14] according to the CIEDE 2000 color difference formula (ISO
11664-6:2014(2)). The results are shown in Table 3.

As shown in Table 4, The average CMYK color difference value of the four samples
was 8.8712. Color rendering performance improves when the color difference value of
the experimental sample is lower than the average color difference. Experiment sample
1* has the largest deviation from the mean color difference value at 0.4782, indicating a
significant color deviation. Samples 2# and 3" have below-average color difference values,
with sample 3% performing best.



Coatings 2023, 13, 970

50f10

Table 3. Standard values of color samples and actual values of test samples.

Color Sample C M Y K Substrate Whiteness
L* 58 49 94 10 100

Standard value a* —15 82 -8 5 0
b* —54 —4 105 4 0

L* 49.93 38.06 79.73 9.73 84.09

1# a* —24.36 66.8 —12.62 1.73 -1.20

b* —4541  -7.18 83.75 —2.00 —3.48

L* 50.92 38.38 80.72 10.56 86.75

1-W# a* —24.28 67.38 —12.94 1.66 —2.10

b* —4538  —2.67 86.52 -1.78 —3.13

L* 50.99 38.70 80.96 10.90 90.94

o# a* —24.19 67.88 -12.73 1.76 —1.89

b* —4545 7.8 86.67 —1.67 -1.11

L* 51.00 39.03 81.18 10.67 94.17

3# a* —24.81 67.73 —12.37 1.87 —1.62
b* —4572  —6.60 85.68 —2.03 0

Table 4. Color difference according to actual values of test samples compared to standard values of
color samples.

Color Sample C M Y K AEy,
1# AEY, 9.3937 10.8276 10.6131 6.5633 9.3494
1-w# AEY 8.5586 10.4191 9.8136 6.4678 8.8148
2# AEY, 8.5064 10.2267 9.6188 6.3218 8.6684
3t AES, 8.663 9.9404 9.5189 6.4872 8.6524
— Total AE,,
AE,, 8.7804 10.3535 9.8911 6.4600 8.8712

3.1.2. Spectral Reflectance

Light reflects from the surface of a printed sample. The ratio of the luminous flux of
reflected light from the sample to the luminous flux of reflected light from a completely
diffuse sample (ideal white sample) is defined as the reflectance of the sample [15]. The
color white has the highest reflectance at close to 100%; black has the lowest at nearly 0%.
Visible light is composed of each color in the 380-780 nm band; so, for a sample color,
the corresponding reflectance can be calculated in each of these bands. We connected the
reflectance of each band to draw a curve, which is defined here as the “reflectance spectrum
curve” of the sample.

The reflectance spectrum revealed the hue of the sample. The highest point or area of
the reflection spectrum corresponded to the light color, which was the main color of the
sample [16]. This spectrum allows for judgement of the saturation of the sample, which
was higher when the difference between its highest and lowest point was higher (and vice
versa). We also judged the brightness of the color (or shade, from light to dark) based on
the higher (or lower) points on the reflection spectrum. The reflectance spectra of the four
experimental substrates and the four CMYK colors are shown in Figure 3.
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Figure 3. Spectral reflectance. (a) Spectral reflectance—substrate surface; (b) spectral reflectance—C;
(c) spectral reflectance—M; (d) spectral reflectance—Y; (e) spectral reflectance—K.

As discussed above, the reflectance spectra revealed a great deal of color-related infor-
mation including the hue, saturation, depth, intensity, and homochromatic heterogeneity
of the sample color. As shown in Figure 3a, the color performances of the substrate surfaces
were, from high to low: 3#, 2%, 1-W*, 1*. Experimental sample 3* outperformeds the other
three experimental samples for each indicator of color performance. In the reflectance of
the CMYK four-color spectrum, the C value varies significantly in the band 450-500, the
M value is 620-700, and the Y value is 500-700. From best to worst, the sample order was:
3% 2% 1-W# 1% As per the K values of the other three samples, the spectral curve of 1#
showed the lowest hue and saturation. The most stable and colorful sample according to
the comprehensive analyses was sample 3%.

3.2. Effect of MDF Surface Properties on Relative Contrast

Regarding the control of the optimal field density value of four-color ink, color man-
agement is the core of not only proofing and printing data, but also the results of the entire
reproduction process [17]. Because the field density (ink layer thickness) has a great impact
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on the sample and the quality of the print, when the field density is too large, the network
increases, and the print is rough; however, when the field density is too small, the color
saturation is insufficient, so the field density must reach the optimal point. In short, the
best field density is 75% to 80% of the dotted area with a reasonable range of increase under
the premise of the maximum field density value, that is, the field density at the maximum
K value [18].

“Relative contrast” refers to the field density value, which is determined by the ratio
of mid-tones to dark tones. This ratio can be used to determine the amount of proofing and
printing relative to the ink and is also known as a the “K” value. The relative contrast value
is an indicator of contrast, which is related to printing quality. We used a Brunel control
strip to compare the field density with 75% of the dot density in a dotted area to determine
the appropriate K-value range for optimal printing.

The K value is calculated as K = (DV — DR)/DV, where DV is the field density value
and DR is 75% of the dot density value. If the field density is sufficient, then the printed
image will contain saturated, bright colors and rich, dark tones; insufficient field density
produces unsaturated colors and ineffective contrast among dark tones. The field density
at the highest K value can be used to establish the gray balance and tone distribution
when setting the scale. The relative contrast values of the substrate color blocks of the four
specimens are shown in Table 5. The specimens fell in order of effectiveness from high to
low as follows: 3%, 1-W#, 2# 1#.

Table 5. Relative contrast of printing.

Experimental Sample 1# 1-w# 2# 3#
K 0.347 0.419 0.383 0.515

Whiteness, gloss, and roughness are the most common and representative character-
istics affecting the relative contrast of a substrate. There is also a mutually influencing
relationship between them [19].

To investigate for correlation between the independent variable x (MDF plate perfor-
mance) and the dependent variable y (printing relative contrast), the best true measurement
values were determined so that the sum of squares of each measurement deviation was
minimized. The linear regression equation is y = ax = b, where r indicates the degree of
conformity between the functions of the two variables and the fitted straight line, i.e., the
correlation coefficient of the fitted curve. When the value of r is closer to 1, the experimental
data are more densely distributed around the straight line and thus the fitted curve is more
valuable and meaningful.

The correlation coefficients were calculated and a chart was generated to analyze
the impact of these features on relative comparison and their interactions, as depicted in
Figure 4.

@ (b) ©

Figure 4. Correlation between substrate whiteness, gloss, roughness, and relative contrast:
(a) whiteness; (b) glossiness; (c) roughness.

The whiteness of the substrate is an important factor affecting the color reproduction
of a printing process. Color differences produced by different levels of whiteness are also
an important factor in printing. The color differences between printed substrate materials
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of a different whiteness levels were inconsistent, though there is no positive relationship
between the printing color difference and the whiteness difference. Figure 3 shows that the
relative contrast of the printing product was influenced by the whiteness of the substrate
surface; its correlation coefficient was as high as 0.9992. Specimens 1-W* and 2 fitted the
relative contrast well.

Here, “gloss” refers to how close the surface of a print is to reflecting incident light with
complete mirror-like reflectivity. Glossier printed items have brighter and more “glowing”
surfaces. The glossiness of the paper after printing determines the aesthetic quality of
the printed material. As shown in Figure 4, the fit index for this value was 0.9966. The
correlation had a good linear fit for other specimens compared to 1-W* and 2*.

Roughness also significantly affects printability. As shown in Figure 4, the roughness
of the substrate surfaces was correlated with the relative contrast at a fit index of 0.5834, i.e.,
a small degree of fit. Specimen 3% showed the best fit, but the overall correlation was small.

3.3. Effect of MDF Surface Properties on the Glossiness of Inkjet Printing

Specular gloss is typically measured according to the surface reflectance of an object.
Gloss is a widely used indicator in the printing industry, as it determines whether the
printing process will render sufficiently vivid colors. For bright colors and glossiness,
substrate materials must be sufficiently smooth [20]. A rough substrate surface will not
readily show a glossy print, even if it is very flat. The formation of capillary pores between
ink particles, i.e., material permeability, also prevents high gloss in a finished product. An
appropriate level of matching between the ink and the substrate coating is necessary for
proper image reproduction. Substrate primers can be used to improve surface gloss and
smoothness [21]. As shown in Table 6, there was relatively little difference in CMYK gloss
data between our four samples. The gloss values, from high to low, were ranked follows:
3#,2%,1-W#, 1*. The layer of white primer gloss showed the worst performance in this case.

Table 6. Experimental specimen print gloss results.

C M Y K CMYK Mean Value
1# 10.44 9.88 11.44 13.30 11.27
1-wt 7.36 10.42 11.10 13.46 10.59
o 11.54 10.66 12.76 13.90 12.22
3# 10.02 14.22 14.36 13.48 13.02

Figure 5 demonstrates a strong correlation between the surface gloss of the substrate
and both the whiteness and gloss of the print. The trend is positively correlated, with an
increase in print gloss as substrate whiteness and surface gloss increase inversely. Lower
roughness also contributes to higher glossiness. When printing on MDF board, a roller-
coating process with high surface glossiness is necessary for meeting high requirements.

% 90 90 90 90 2.0

0 — 60 0 10 0 — 0.0
1* 1-H* 2* 3 1# 1§ 0¥ 3* 1* 1-W 2% 3

(a) Experimental substrate (b) Experinental substrate (¢) Experinental sbstrate

Figure 5. Relationship between substrate surface whiteness, gloss, roughness, and print gloss: (a)
whiteness; (b) glossiness; (c) roughness.

4. Conclusions

In summary, the quality of inkjet printing is strongly affected by the roll coating
process of the substrate. For the four different roller coating schemes applied to an MDF
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surface. The effects of three variables (whiteness, gloss, and roughness) related to the
substrate properties on the printing quality (color reproduction, relative contrast, and gloss)
were comprehensively analyzed. The whiteness, gloss, and roughness properties of the
MDF substrate were all important factors affecting the printing quality. The experimental
conclusions were as follows:

Regarding the effects of color reproduction, the difference between the CMYK four-
color standard color values and the L*a*b* values of the printing color and the spectral
reflection performance were calculated through experiments. The MDF substrate finish
comprising a 40 g/m? transparent coating combined with three layers of white primer at
20 g/m? per roll coating layer demonstrated the best color rendering performance, with a
small color difference and high color saturation.

Regarding the effects of relative contrast, according to the linear correlation between
the measured field density and the dot density value, the surface whiteness, gloss value,
and relative contrast correlation coefficient of the MDF substrate primer were ranked as
follows: whiteness > gloss > roughness. Additionally, the correlation fitting degree of
roughness was not high, and the impact on printing quality was small.

Regarding the effects of printing gloss, according to the analysis of the measured
CMYK gloss data, the surface whiteness and gloss value of the MDF substrate primer were
positively correlated with inkjet printing gloss and negatively correlated with roughness.
The higher the gloss and the whiteness of the surface of the substrate and the smaller the
roughness, the glossier the printing effect.

In general, this experiment comprehensively optimized the printing effect on MDF
substrates through primer coating. Recommendations for the amount of primer coating
used should be adjusted to meet specific printing needs in order to effectively stabilize
product quality and enhance adaptability, thus achieving accurate color reproduction, high
gloss, and superior print quality. The primer process solves the problem of low print quality,
low pattern clarity, and a lack of quantitative substrate attachment in the household industry.
This study serves as a reference for standardizing the primer coating process in inkjet
printing for decorative plates and could be widely applied to diverse surface patterns in the
inkjet printing industry. With the expansion of UV inkjet printing into the wood market, the
application solutions will undoubtedly shift towards green digital intelligent production
and provide more detailed information for industrial production standardization.
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