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Surface Design of Wood-Based Board to Imitate Wood
Texture Using 3D Printing Technology

Xinhao Feng,*® Zhihui Wu,>* Ruijuan Sang,” Fei Wang,® Yayuan Zhu,” and Meijin Wu ®

Wood texture has a beautiful appearance and tactile feeling, making it very
appropriate for furniture applications. However, the fabrication of a wood
texture on wood-based boards can be inefficient and less green when
performed using conventional methods. In this study, a wood-like surface
on a wood-based board was designed to imitate a wood texture using 3D
printing technology. To obtain a high-quality wood texture template for 3D
printing, the sharpness of the wood texture was evaluated by image
sharpness models, and the scanned wood texture was optimized by
colorimetric parameter and sharpness adjustments. The wood texture
coating, which was mainly composed of acrylated oligomers, was UV-
inkjet 3D printed on the medium-density fiberboard (MDF) from an
obtained template. The properties of the printed wood texture coating on
the MDF, including its gloss, wearability, adhesion, and hardness, were
measured. The results showed that a wood texture coating with high
processability can be feasibly 3D printed on MDF to obtain comparable
decoration using commercial products.
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INTRODUCTION

Wood, as a natural material, has been extensively used in furnishings and
decorations because of its distinctive appearances in various facets (Fig. 1a), such as warm
colors, varied texture patterns, mellow gloss, etc. (Broman 2001; Marschner et al. 2005).
These characteristics provide its owner with psychological and physiological satisfaction
but also increase the value of a product by surface decoration with wood-like materials
(such as wood veneer or decorative paper, Fig. 1b). Therefore, products with wood texture
characteristics are commonly used in indoor applications, such as wooden floors and
furniture (Nakamura et al. 2010; Cristea et al. 2011; Burnard and Kutnar 2015;
Lozhechnikova et al. 2017) (Fig. 1c). Due to the decreasing wood resources and the
increasing price of rare wood species (the appearance of rare species is popular in wooden
products), wood veneer and decorative paper with printed wood texture are glued onto
wood- or composite-based materials to replace wooden materials in many applications,
especially furnishings (Roberts and Evans 2005; Kandelbauer and Teischinger 2010; Guo
et al. 2016; Zhou et al. 2017). However, volatile organic compounds (VOCs), such as
formaldehyde, are released from these materials, which can potentially cause health
problems, especially for interior furniture (Kim et al. 2010; Liu and Zhu 2014). Moreover,
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the process of gluing the wood veneer or decorative paper is complicated, and the printed
wood texture on the decorative paper does not perform as well as the “real” wood texture,
as the “real” wood texture provides a higher three-dimensional aesthetic appearance than
a printed wood texture. Therefore, it is imperative to develop a feasible strategy for the
efficient and environmentally friendly preparation of wood texture coated materials to
improve the quality of the wooden aesthetic materials for interior applications.
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Fig. 1. Imitation of natural wood textures and their applications on wood-based boards: (a) the
appearance of wood texture from different surfaces of natural wood; (b) laminate scheme of a
decorative layer (wood veneer, impregnated paper, etc.) on various substrates (plywood, particle
board, etc.); and (c) a decorative ceiling and pillar using wood-based boards in a library hall.

3D printing, which is characterized by great design flexibility and efficient
productivity, has attracted attention ranging from its use in industrial production to
scientific research (Achillas et al. 2015; Feng et al. 2018).
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Fig. 2. Surface designing of a wood-based board including wood texture scanning, image editing,
inkjet printing, and print products

As one of the 3D printing technologies, UV-inkjet printing has many advantages
including the use of environmental-friendly UV-curable ink, a high spatial resolution (50
um to 300 um), a high printing speed (up to 10,000 drops/s), and a low cost (Murphy and
Atala 2014; Du et al. 2018; Li et al. 2018). UV-inkjet printing was used to print wood
textures on melamine-formaldehyde (MDF) resin impregnated papers to provide the
particleboard a wood-like appearance (Badila et al. 2012). However, the performance of a
printed wood texture on impregnated paper was coarse and dull due to the use of single
layer printing and inappropriate image (wood texture) processing. Wood textures have
been collected and processed using computational simulations to establish a database of
wood textures (Lu and Tan 2004). These virtual wood textures were obtained by volumetric
simulations, which allows for a large synthesized texture and do not require 2-dimensional
wood surface scanning (Liu et al. 2016). Moreover, the wood texture patterns were also
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produced by cutting the trunks of virtual trees, which were generated based on growth
simulations that took environmental conditions into account (Mori et al. 2011). However,
the application of the simulated wood textures involves several complicated procedures,
where the growth model of a digital tree and wood physical parameters, such as growth
rings, pores, rays, and growth distortions, should be carefully and comprehensively
considered before applying the appropriate texture to a material surface (Mori et al. 2011;
Liu et al. 2016). Therefore, an effective method for wood texture fabrication on a wood-
based board needs to be explored to promote the green application of a wood-based board
and mitigate the dependence of natural solid wood in the fabrication of interior furniture.

In this study, a wood-like surface for a wood-based board was designed by UV-
inkjet printing. First, wood textures from different natural woods were scanned and
processed to produce a high-quality template of wood textures. Subsequently, the obtained
wood texture was transformed into a UV-inkjet printing file and then 3D printed on the
wood-based board. The process of applying the wood texture fabrication on the wood-
based board is shown in Fig. 2. Two kinds of wood textures were evaluated using image
sharpness models to optimize the pretreatment of a solid wood surface, and a high-quality
wood texture was obtained by optimizing the colorimetric parameter and the sharpness of
the optically scanned image. The properties of the printed wood texture coating on MDF
including gloss, wearability, adhesion, and hardness were measured and the resulting effect
of the printed wood texture coating on the MDF was explored.

EXPERIMENTAL

Materials

Xylosma (Xylosma congestum (Lour.) Merr.) and teak (Tectona grandis L.f.),
waterborne transparent coatings with various solid contents, and MDF with dimensions of
200x250x18 mm (LxWxT) were supplied by Guangdong Yihua Timber Inc. The thickness
of xylosma, teak, and MDF were 18 mm, and their density were 0.73 g/cm?, 0.65 g/cm?,
and 0.75 g/cm3, respectively. The LED UV-curable ink was mainly composed of acrylated
oligomers and a photoinitiator was purchased from Toyo Ink Co., LTD.

Pretreatment of the Wood

The wood specimens were sanded with abrasive paper 400 to prepare a clear and
flat surface for coating. Two kinds of waterborne transparent coatings (abbreviated as WP
and TP in this work) were roller coated onto the wood surface, dried using hot air (90 °C),
and exposure to UV light to promote image sharpness of the wood texture. The differences
between WP and TP are their viscosity and solid content. WP has a lower viscosity of
806+4 cps than TP (835%2 cps), but a higher solid content of 35£1% than TP (30£2%). A
wood specimen sprayed with water was used as a control.

Evaluation of the Image Sharpness of the Wood Texture

To obtain a high-quality wood texture for the application via scanning, the wood
surface was coated with water, WP, and TP, respectively. The corresponding image
sharpness was evaluated by an image sharpness model (SHARP), which has been used to
evaluate image sharpness due to its superior focusing accuracy and efficacy (Li et al. 2006).
SHARRP is described by the Eq. 1 as follows,

Feng et al. (2019). “Wood texture with 3D printing,” BioResources 14(4), 8196-8211. 8199



PEER-REVIEWED ARTICLE b | oresources.com

SHARP = k,ACM + k,HPACM 1)

where ACM and HPACM denote the absolute central moment (ACM) and high pass
filtering absolute central moment (HPACM) for the image, and ki (k1 = 0.6) and ko (k2 =
0.4) are the coefficients of the ACM and HPACM, respectively.

The ACM and HPACM are image sharpness evaluation models that take the
orientation accuracy of the focal plane and computational efficiency into consideration
during focusing process (Li and Jin 2005). These are described by Eqgs. 2 and 3 (Danielak
2005; Demi 2005), respectively, as follows:

ACM = 3|i —ul x p(i) )
whereu = % 1(x,y); p(i) = ~%(i(x,y), for I(x,y) = i) and:

HPACM = }|i — uyp| X pup (i) 3)
where
ugp = —=S106y) X f(x),

pup(D) = = %(i(x,y) X f(x,y), for I(x,y) = D), and

fe,y) =1l(xy)—1(x—1y)| >K,

where | (x, y) is the lightness of the image at (X, y), n/nwp is the number of pixels in the
image, i is the grayscale of the image, u/unp is the average grayscale value of the image,
p(i)/pue(i) is the probability of the grayscale i in the image, K is the value of the filtering
threshold (the average grayscale value of the image after filtering), and I (x, y) and I (x-1,
y) are the lightness of two adjacent pixels in the same row of the image; if their difference
is lower than K, then these pixels will be filtered out.

Scanning of Wood Texture

Natural wood coated with transparent coating was scanned by scanner (Phantom
9900XL, Microtek Co., Suzhou, China). The grayscale and resolution of the optically
scanned image are 8 bits and 600 dpi, respectively.

Measurement of the Colorimetric Parameters of Optically Scanned Image

Generally, there is a chromatic aberration between natural and scanned wood both
with and without coatings. The colorimetric parameters L=axb (L for lightness, a for the
red-green color component, and b for the yellow-blue color component) of wood with and
without coatings were measured by a sphere spectrophotometer (SP60, X-Rite Inc., Grand
Rapids, MI, USA) at standard conditions using a D65 light source at an observation angle
of 10°. Five points were tested on each specimen, and the average value of L~a<b was used
to analyze the chromatic aberration of the wood before and after software adjustment
(Photoshop CC, Adobe Inc., San Jose, CA, USA).

Adjustment of the Image Sharpness of Optically Scanned Image
The printing quality of the wood texture is highly depended on the quality of the
optically scanned image. With the exception of the chromatic aberration adjustment, the
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image sharpness of the scanned image, including the clarity of tiny spaces and of the
contour edge, still needs to be improved. Several modes, including sharpen, unsharpen
mask (USM), sharpen more, and sharpen edge in the Adobe Photoshop CC filtering setting
(were mainly used to adjust the image sharpness of the scanned image.

UV-Inkjet Printing of the Wood Texture on MDF

The high-quality wood texture was imported into a printing computer (Fig. 2, Inkjet
Printing). Before printing, the print parameters including saturation, lightness, and
brightness were set to produce a high quality of wood texture on the MDF. The LED-UV-
curable ink was printed on the prepared MDF using a UV printer (HT2512 UV FG,
Shenzhen HANDTOP Tech Co. Ltd., Shenzhen, China). Several coating steps were used
to form the wood texture. First, a layer of white primer was coated on the surface of the
MDF to cover its original color, which would disrupt the formation of the printed wood
texture. Second, several layers of white ink were printed on the white coating or the MDF
to establish a three-dimensional wood texture. Finally, a layer of colored ink was printed
to imitate the real wood texture. Four printing modes were applied as follows: M1, only a
layer of white primer; M2, only one layer of white ink; M3, a layer of white primer and
one layer of white ink; M4, a layer of white primer and two layers of white ink.

Characterizations of the Printed Wood Texture Coating

After printing, the physicochemical properties including the gloss, adhesion,
abrasive resistance, and hardness of the printed layer on the MDF surface were measured
to evaluate the printability of the LED UV-curable ink and the performance of the wood
texture on the wood-based MDF board. The measurements of the gloss, adhesion, abrasive
resistance, and hardness were determined according to the standards GB/T4893.6-2013
(2013), GB/T4893.4-2013 (2013), GB/T4893.8-2013 (2013), and GB/T6739-2006 (2006),
respectively. Five replicate tests were performed for each measurement.

RESULTS AND DISCUSSION

Evaluation of the Texture Quality of the Coated Wood

The texture of the uncoated wood indicated low sharpness and whitish surface
(Figs. 3a and 3b). Therefore, before the sharpness measurement, the wood specimens were
coated with waterborne coatings (WP and TP) and water, respectively, to obtain high
quality images of the wood texture. Compared to the uncoated wood, the texture sharpness
of the wood specimen was considerably enhanced by the TP coating (Figs. 3c and 3d) due
to the weak light scattering of the coated surface (Guo et al. 2017). The image sharpness
of the coated wood was measured by the five-focused region method (Fig. 3e), in which
five-focused regions were selected. The value of the ACM, HPACM (not shown), and
SHARP (Table 1) were calculated according to Egs. 1, 2, and 3, respectively. The final
image sharpness of the coated wood was measured by Eq. 4 as follows (Li and Jin 2005),

E = 0.236E, + 0.191(E, + Eg + E¢ + Ep), 4
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where E is the final image sharpness of the coated wood, and Eo, Ea, Es, Ec, and Ep are
the image sharpnesses at the five focused regions and are equal to the corresponding
SHARRP value at the five focused regions.

Fig. 3. The images of the uncoated (a, b); TP-coated (c, d); teak (a, c); and xylosma (b, d) wood
specimens, respectively, and scheme for the five-focused region method used for the sharpness
measurement (e).
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Table 1. Final and Five-Focused Region Image Sharpness (E and SHARP)
Values of the Wood Coated with WP, TP, and Water

SHARP
Wood Coatings E
A B C D 0

WP 13.24 8.91 11.46 7.95 12.60 10.91
Teak TP 9.80 9.31 12.77 12.19 13.58 11.62
Water 17.20 17.19 22.12 17.13 18.74 18.49
WP 6.39 8.13 5.51 7.14 6.79 6.79
Xylosma TP 7.63 6.10 9.27 7.88 7.52 7.67
Water 8.18 11.81 10.25 14.10 12.40 11.39

The SHARP values of the teak coated with water at the five-focused regions (Table
1), were higher than those coated with TP and WP, and the value associated with the WP
coating was the lowest among these three coatings. A similar trend was also found in the
coated xylosma. The final image sharpness (E) of both the coated teak and xylosma
demonstrated that the highest wood texture quality was obtained by water coating, where
the value of E was almost twice as high as that of the WP coating. However, the aesthetic
stability of the water-coated wood texture is weak, as the water gradually evaporated from
its surface during testing (Zhu et al. 2017). This generates the difference between the image
sharpness of the wood textures before and after scanning. The image sharpness of the TP-
coated wood was 10% higher than the WP-coated wood (Table 1). Therefore, the TP
coating was chosen to prepare high quality of wood texture in the following study.

CIE L-a-b Processing of Optically Scanned Image

Based on the high quality of the wood texture obtained by the TP coating, the color
space of the scanned wood texture was further analyzed by adjusting the colorimetric
parameters L~a+b to improve the consistency of the printed wood texture compared to the
natural wood texture. The L~a<b difference between the uncoated and the TP-coated wood
for the images of the wood texture before and after scanning are calculated in Table 2, and
the corresponding adjustment to L-a=b in the software (Photoshop CC) was performed to
decrease the chromatic aberration in the scanned image. The values for AL1, Aai, and Ab
were the L~a~b differences of the wood texture before and after scanning, and the values
for AL, Aaz, and Ab, were the L«a«b differences between the natural wood texture and the
adjusted wood texture in the software. The L-a=b difference in the coated wood texture was
smaller than that of the uncoated wood before adjustment. This implies that light reflection
in the uncoated wood was lower than that in the coated wood during wood texture scanning
due to the improvement of the light reflection of the wood surface coated with the
transparent coatings (Van den Bulcke et al. 2007). After the adjustment, the L«a<b
differences between the uncoated and coated wood textures decreased compared to those
before adjustment, which resulted in high consistency comparing the adjusted wood texture
with the natural wood texture before scanning. This also demonstrated that the scanned
wood texture needed a further appropriate adjustment in the colorimetric parameter to
improve its quality before use in UV-inkjet printing.
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Table 2. The Absolute Values of L*a*b* Differences between the Uncoated and
TP-Coated Wood before and after the Chromatic Aberration Adjustment

Adjustment Difference Uncoated Coated teak Uncoated Coated
teak xylosma xylosma
AL4 3.14 2.10 1.18 0.54
Before Aay 4.27 1.39 3.59 0.78
Abq 4.18 1.68 2.04 1.90
AL, 0.06 0.70 0.03 0.06
After Aay 0.87 1.01 1.19 1.38
Ab; 1.38 1.12 1.24 1.30

The data in brackets are the absolute values of L-a:b before and after scanning (AL1, Aas, and
Ab,) or chromatic aberration adjustment (AL,, Aay, and Aby)

Image Sharpness of the Scanned Wood Texture

With the exception of the colorimetric parameter adjustment, the scanned wood
texture still requires enhanced sharpness to attain a splendid wood texture template that can
be used for UV-inkjet printing. Sharpening is usually used as the primary method to
improve image sharpness (Zhang and Allebach 2008). Because the brightness of the
scanned wood texture is too high to recognize the changes in sharpening, the phase inverted
wood texture was measured under different modes including unsharpen-mask (USM),
sharpen, sharpen-more, and sharpen-edge to adjust the image sharpness values (Fig. 4).
The wood texture exhibited a loss of sharpness and instances of blur before adjustment
(Fig. 4a). The wood texture exhibited a loss of sharpness and instances of blur before
adjustment (Fig. 4a, red square). However, the sharpness of the wood texture increased
with the sharpening radius (Figs. 4b: and 4b.), and the wood texture showed hard edges
and more noise at a high radius, which was observed in the magnified image (Fig. 4b., red
square). This was attributed to the correlation between the radius and image resolution, in
which the resolution is approximately 200 times the radius (Davies and Fennessy 2001).
The resolution of the wood texture is 300 dpi. Therefore, a radius of 1.5 pixel (Fig. 4b)
was chosen for the subsequent adjustment. Based on the optimal radius, three different
amounts (sharpening strength) of USM were analyzed. As these amounts increased from
10% to 100%, the image sharpness changed from blurry in Fig. 4c; to anamorphic and
noisy in Fig. 4cs, especially, when observing from the magnified images in the red square
of Fig. 4c. For 50% (Fig. 4c»2), the image sharpness was higher than at 10% and 100%.
Therefore, 50% was selected as the optimal value for the sharpening strength adjustment.

Feng et al. (2019). “Wood texture with 3D printing,” BioResources 14(4), 8196-8211. 8204



PEER-REVIEWED ARTICLE b | oresources.com

Fig. 4. Sharpening treatment of the inverted wood texture: (a) unsharpened; (bz1, b2) USM at a
radius of 1.5 pixel and 3 pixel; (c1-c3) USM at sharpening strengths of 10%, 50%, and 100%; (d)
sharpened; (e) sharpened-more; (f) sharpened-edge; (g1) USM for L-a«b; and (gz) USM for L.

For the modes of sharpen, sharpen-more, and sharpen- edge, the wood texture was
either blurred as Fig. 4c1, or as noisy as shown in Fig. 4bz. The noise of the wood texture
in Fig. 4e was similar to that in Fig. 4b,, even comparing with the quality of magnified
image in the red squares of those two figures. Therefore, the USM was chosen to adjust the
sharpness of the wood texture. However, the wood texture became noisier and blurrier,
especially observed in the magnified image, when the sharpening operation was performed
over all the color components (USM for L*a*b, Fig. 4g:), compared to the preferable
sharpness of the wood texture shown in Fig. 4g> (USM for L). This was mainly due to
adjusting L alone can greatly preserve the edge smoothing and avoid halo artifacts (Zolliker
and Simon 2007), which caused noise and anamorphosis in the adjusted image (Fig. 491).
Therefore, the optimal sharpness of the wood texture was obtained by USM sharpening
with a radius of 1.5 pixel, a sharpening amount of 50%, and for lightness only.
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Physical and Mechanical Properties of the Printed Layer on the MDF

Based on the optimal adjusting parameters for the optically scanned image
sharpness of wood texture obtained above (Fig. 5a), the imitated wood texture was 3D
printed on the MDF (Fig. 5b, ). The performance of the printed wood texture on the MDF
was very similar to that of real wood (Fig. 5a, b), and different kinds of wood texture could
be combined and printed together to form a parquet floor (Fig. 5c).

Fig. 5. Optically scanned wood textures (a), samples of the UV-inkjet 3D printed wood texture (b)
and recombined wood texture (c) on the MDF

The appearance of the printed wood texture performed well, and the physio-
mechanical properties of the printed wood texture coating on the MDF were analyzed, as
shown in Fig. 6. The glosses of the printed coatings exhibited different behaviors for
different printing modes (Fig. 6a). The coating gloss was highest with only a layer of white
primer (specimen 1, Fig. 6a) and was followed by the coating with a layer of white primer
and one layer of white ink (specimen 3, Fig. 6a), and finally by the coating with a layer of
white primer and two layers of white ink (specimen 4, Fig. 6a). The worst gloss was
obtained for the coating with only one layer of white ink (specimen 2, Fig. 6a). This was
mainly due to the surface roughness of white primer being less than that of the white ink;
one layer of white ink on the MDF surface was too thin to form a flat surface and
penetration of the white ink occurred, which could not produce an adequate gloss in the
MDF (Nechyporchuk et al. 2017). Therefore, the wood texture coating was printed using
one layer of white primer and one layer of white ink, and was examined via the following
measurements. The wearability of the printed coating was characterized by the morphology
of the wear surface and weight loss for different numbers of contact revolutions (Fig. 6b).
The weight loss linearly increased with the number of revolutions (R), but the morphology
of the printed coating did not change prior to 200 R, and no signs of the white ink appeared
prior to 200 R. The printed coating almost completely wore down at 400 R, indicating that
the wearability of the printed coating needs to be further improved to survive exposure to
abrasive conditions.
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Fig. 6. Gloss (a; specimen 1, printing with only a layer of white primer; specimen 2, printing with
only one layer of white ink; specimen 3, printing with one layer of white primer and one layer of
white ink; specimen 4, printing with one layer of white primer and two layers of white ink), wearability
(b), adhesion (c; 1, 2, and 3 are three replicate tests and dark areas in the red circle represent the
peeling areas on the surface of tested sample), and hardness (d) of the wood texture coating 3D
printed on the MDF (The error bars are the standard deviation of samples from five replicate tests).

An examination of the adhesion of the printed coating showed a few small white
peelings at the crosscut section (Fig. 6¢). This result demonstrated that the adhesion
between the printed coating and MDF was stronger than that between the printed layers
due to the printed ink penetrating into MDF. Thus, an enormous contact area and
mechanical interlocking between the printed coating and the MDF was created, which
resulted in a high coating adhesion to the MDF surface (Ozdemir et al. 2009; Garcia et al.
2013). However, the adhesion between the printed layers was weak, as the printing ink
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could not effectively form a connection with the ink that was already polymerized in the
previous printed layer (Govindarajan et al. 2018). The pencil hardness of the printed
coating was measured using different grades of pencils at 500 g and 1000 g loads, as shown
in Fig. 6d. The visibility of pencil scratches and indents on the coating were evaluated after
the measurement and were found to be invisible when the pencil hardness was less than
2H. An indent was observed under a magnifying glass when pencil hardnesses of HB and
2H were applied at both 500 g and 1000 g loads. However, the scratches were still invisible.
An indent was visible under a 1000 g load for a 3H pencil hardness, and five scratches
were clearly observed when the pencil hardness was increased to 4H and 6H. At 500 g
load, the scratches and indents were invisible at 3H and became fully observable at 4H and
6H but were less clear than scratches and indents applied with a 1000 g load. Therefore,
the hardness of the printed coating that was obtained at a 2H pencil hardness was similar
to that of interior waterborne UV coatings with inorganic additives (2H) (Yan et al. 2017),
but was still lower than that of a waterborne polyurethane coating with cellulose nanofibers
(4H) (Cheng et al. 2016). This result indicated that the printed coating is hard enough when
applied to interior furnishings, such as cabinets, but still needs to be enhanced if it is used
under wear conditions, such as contact with a floor.

CONCLUSIONS

1. An eco-friendly coating imitating wood texture was successfully fabricated on
medium density fiberboard by UV-inkjet 3D printing.

2. The optimal sharpness of the natural wood texture was obtained by pretreatment of a
wood surface with waterborne coating known as TP-coating. Based on the TP- coating,
a high-quality wood texture used in 3D printing was produced by adjusting the
colorimetric parameters and sharpness of the scanned wood texture.

3. A high adhesion and hardness of the printed wood texture coating on the MDF was
achieved. However, the adhesion between the printed layers was weak and resulted in
low wearability and small flakes of white ink peeling from the tested surface.

4. A wood-like surface on a wood-based board can be feasibly designed by 3D printing
technology, although the adhesion between the printed layers still needs to be
improved in the future.
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