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Abstract

This study systematically investigates the influence of 3D printing parameters on the
surface morphology and coating performance of polylactic acid (PLA) substrates finished
with traditional Chinese lacquer. PLA specimens were fabricated using fused deposition
modeling (FDM) with varying print speeds, layer heights, and infill densities, followed
by natural lacquer coating and controlled curing. Surface roughness, gloss, adhesion, and
wear resistance were evaluated through standardized tests, while microstructural analysis
using SEM revealed the interfacial morphology and film uniformity. Results indicate
that layer height is the most dominant factor, exerting significant effects on all surface
and coating properties. Increasing layer height led to higher surface roughness, which in
turn reduced gloss due to enhanced diffuse scattering but improved adhesion and wear
resistance through stronger mechanical interlocking. Print speed showed a secondary
influence on adhesion, attributed to its effect on interlayer bonding and surface porosity,
while infill density exhibited minimal influence except on wear resistance. The application
of Chinese lacquer significantly reduced surface irregularities owing to its excellent self-
leveling and gap-filling capabilities, producing smooth, durable, and well-adhered coatings.
Overall, the study demonstrates that integrating traditional lacquer with modern FDM
technology provides a sustainable and high-performance finishing solution for 3D-printed
PLA, bridging cultural craftsmanship with advanced additive manufacturing for potential
applications in decorative, protective, and eco-friendly products.

Keywords: 3D printing; fused deposition modeling (FDM); PLA; Chinese lacquer; surface
roughness; gloss; adhesion; wear resistance; sustainable coating

1. Introduction

With the rapid development of additive manufacturing, fused deposition modeling
(FDM) has become one of the most widely used 3D printing techniques due to its low cost,
design flexibility, and material versatility [1-3]. Among the materials used, polylactic acid
(PLA), a biodegradable thermoplastic derived from renewable resources, has attracted con-
siderable attention for applications in consumer products, biomedical devices, and cultural
heritage reproduction [4-6]. However, despite its sustainability and ease of processing,
PLA suffers from inherent limitations such as poor surface finish, low gloss, weak wear

Coatings 2025, 15,1222

https://doi.org/10.3390/coatings15101222


https://doi.org/10.3390/coatings15101222
https://doi.org/10.3390/coatings15101222
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0003-0300-5715
https://doi.org/10.3390/coatings15101222
https://www.mdpi.com/article/10.3390/coatings15101222?type=check_update&version=1

Coatings 2025, 15, 1222

20f12

resistance, and insufficient adhesion to coatings, which restrict its broader use in high-value
products like decorative furniture and artware [7-9].

To address these deficiencies, surface finishing techniques are often applied to 3D-
printed PLA. Conventional finishing methods include sanding, polishing, chemical vapor
smoothing, and polymer coatings [10-12]. While these approaches can reduce roughness
or improve appearance, they may involve high energy consumption, chemical hazards,
or limited compatibility with eco-friendly applications [13]. Chinese lacquer, a traditional
biomaterial derived from the sap of Toxicodendron vernicifluum, offers an environmentally
sustainable alternative with exceptional mechanical durability, gloss, adhesion, and chem-
ical resistance [14-16]. Renowned as the “king of coatings”, Chinese lacquer has been
treasured in China for more than 8000 years. It exhibits naturally high gloss, outstanding
corrosion resistance, and excellent adhesion, making it unparalleled among natural coat-
ings. Historically, exquisite lacquerware required dozens or even hundreds of carefully
applied layers, with the preparation of the lacquer substrate (i {4) being particularly
critical and time-consuming. This highlights the significance of employing 3D-printed
PLA as a modern substitute for traditional lacquer substrates, offering a controllable, effi-
cient, and precise method for preparing lacquer bodies. Historically, Chinese lacquer has
been employed in furniture, artworks, and cultural artifacts, demonstrating superior wear
resistance, longevity, and aesthetic performance compared to synthetic coatings [17,18].

Recent research has begun to explore the integration of natural lacquer with modern
materials. Studies have reported that lacquer films exhibit strong adhesion and toughness
on wood, bamboo, and metals, and their unique curing mechanism under humid condi-
tions provides self-leveling and gap-filling capabilities [19-21]. However, very limited
attention has been given to the application of Chinese lacquer on 3D-printed polymers
such as PLA. The interfacial compatibility between lacquer and PLA, particularly con-
sidering the characteristic layer lines and surface porosity of FDM products, remains
poorly understood [22,23]. Moreover, the influence of printing parameters—including
layer height, print speed, and infill density—on the performance of lacquer films has yet
to be systematically investigated [24]. Moreover, while numerous 3D printing parameters
exist—such as nozzle temperature, bed temperature, and extrusion flow rate—previous
studies have shown that print speed, layer height, and infill density are the most direct and
influential factors affecting surface morphology and coating adhesion in FDM parts [25-27].
Therefore, this study focuses on these three parameters.

At the same time, Chinese lacquer itself brings unique advantages to this research. As a
natural, biodegradable, and VOC-free coating, it aligns well with sustainable manufacturing
practices. Beyond its environmental benefits, lacquer provides high hardness, excellent
wear and chemical resistance, and long-term stability, while also carrying significant
cultural and artistic value [15-19]. These properties make it a promising candidate for
enhancing the surface quality and durability of 3D-printed PLA components, particularly
in decorative and functional applications.

Therefore, this study aims to bridge the gap between traditional lacquer technology
and modern additive manufacturing. Specifically, we evaluate the effects of 3D printing
parameters on the surface roughness, gloss, adhesion, and wear resistance of PLA substrates
before and after coating with natural Chinese lacquer. In addition, microstructural analyses
were conducted to elucidate the mechanisms of lacquer penetration, film formation, and
interfacial bonding. By integrating experimental testing with statistical analysis, this work
provides novel insights into the functional enhancement of 3D-printed PLA through natural
lacquer coatings. The findings not only contribute to sustainable finishing strategies for
polymer-based products but also promote innovative applications of traditional Chinese
materials in modern manufacturing.
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2. Materials and Methods
2.1. Materials and Equipment

Polylactic acid (PLA), a biodegradable thermoplastic polyester derived from renew-
able resources such as corn starch and sugarcane, was selected as the primary 3D printing
material due to its widespread application in fused deposition modeling (FDM), good
processability, and environmental friendliness. PLA filament (diameter 1.75 mm, MakerBot,
Brooklyn, NY, USA) and polyvinyl alcohol (PVA) filament (diameter 1.75 mm, Maker-
Bot, USA) were employed in this study. PVA was used as a water-soluble support
material to facilitate the printing of complex geometries and was completely removed
after fabrication.

Natural Chinese lacquer with a solid content of 71.97% was obtained from Shaanxi
Longtou National Lacquer Cultural Industry Co., Ltd., Xi’an, China. The instruments and
equipment used included a MakerBot Method 3D printer, an electronic balance (Shanghai
Precision Scientific Instrument Co., Ltd., Shanghai, China), a surface roughness tester
(Model SJ-210, Shanghai Taiming Optical Instrument Co., Ltd., Shanghai, China), a gloss
meter (Shenzhen Sanenshi Technology Co., Ltd., Shenzhen, China), a contact angle go-
niometer (Kriiss DSA100, Hamburg, Germany), a constant temperature and humidity
chamber, an adhesion tester, and a 50 pm wire bar coater (Shanghai Chengyi Instru-
ment Co., Ltd., Shanghai, China). Hitachi S-4800 scanning electron microscop (Hitachi,
Tokyo, Japan).

Given the growing demand for sustainable materials and the unique cultural and func-
tional value of traditional Chinese lacquer, the combination of PLA and lacquer provides an
innovative approach for developing eco-friendly coatings and expanding the applications
of bio-based polymers.

2.2. Three-Dimensional Printing Process

Specimens were fabricated using fused deposition modeling (FDM) technology. The
mechanical properties and overall quality of FDM-printed specimens are influenced by
multiple factors and are often difficult to predict prior to fabrication [28-30]. Among these,
print speed, layer height, and infill density have been identified in previous studies as the
most critical parameters. In this study, a full-factorial experimental design was employed,
where three factors (print speed, layer height, and infill density) were each set at three
levels (print speed: 60, 80, and 100 mm/s; layer height: 0.1, 0.2, and 0.3 mm; infill density:
10%, 40%, and 70%). This resulted in a total of 27 groups of specimens, with five replicates
for each group, yielding 135 specimens in total.

All specimens were printed as rectangular blocks (50 x 50 x 5 mm?), providing flat
surfaces suitable for lacquer coating and subsequent surface testing. The 3D models were
created in 3ds Max, exported as STL files, and processed in MakerBot slicing software
(Version 4.10.1.2056, MakerBot Industries, LLC, 2009-2025) for parameter setting and slicing.
After printing, all support structures were removed.

2.3. Lacquering Process

The PLA specimens were coated with natural lacquer (solid content: 71.97%) using a
50 um wire bar coater to form a uniform film and then placed in a constant temperature
and humidity chamber (25 °C, relative humidity 80%) for curing. The drying time of
the lacquer film was determined in accordance with GB/T 1728-2020 Paints and Putty
Films—Determination of Drying Time. The tack-dry state was assessed by gently touching
the film surface with a finger: if it felt tacky but no lacquer adhered to the finger, the film
was considered surface-dry; complete dryness was defined as the absence of tackiness.
Drying status was monitored at 10 min intervals, and all specimens reached dryness within
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320-330 min. The fully dried specimens were then subjected to subsequent performance
evaluations. It should be noted that the lacquer employed in this study was natural
raw lacquer, in which the primary solvent components are water and inherent natural
substances. No additional organic solvents were added, thus minimizing potential solvent-
PLA interactions. Nevertheless, future work could further examine the interfacial chemical
effects between lacquer components and PLA substrates.

2.4. Evaluation of PLA Surface Properties
2.4.1. Surface Roughness

Surface roughness before and after coating was measured in accordance with GB/T
1031-2009 Surface Roughness Parameters and Their Values. Ra (arithmetic mean deviation),
Rq (root mean square deviation), and Rt (total height of the profile) were recorded.

2.4.2. Glossiness

Gloss measurements were conducted according to GB/T 9754-2007 Paints and
Varnishes—Determination of Specular Gloss of Non-Metallic Paint Films at 20°, 60°, and
85°. A gloss meter (60° geometry) was used to measure four corners of each specimen, and
the average value was reported.

2.4.3. Adhesion

Adhesion strength was determined following GB/T 5210-2006 Paints and
Varnishes—Pull-off Test for Adhesion. After coating and drying, cylindrical studs were
bonded to the lacquer surface using adhesive. Once cured, the assembly was subjected to a
pull-off adhesion test using a tensile testing machine. The required tensile force to detach
the coating from the substrate was recorded, with results expressed either as adhesive
failure or cohesive failure.

2.4.4. Abrasion Resistance

Abrasion resistance was evaluated in accordance with GB/T 1768-2006 Paints and
Varnishes—Determination of Resistance to Abrasion—Rotating Rubber Wheel Method.
The dried films were abraded using a rubber wheel under specified conditions, and the
mass loss after a defined number of abrasion cycles was used to quantify resistance.

2.4.5. Scanning Electron Microscopy (SEM)

Coated 3D-printed specimens were sectioned (4 mm X 2 mm x 1 mm cross-sectional
samples with lacquer film) and mounted on specimen stubs. After sputter coating with
gold, the samples were observed under a Hitachi S-4800 scanning electron microscope to
investigate the microstructure of the lacquer layer and interface.

2.5. Statistical Analysis

All data were analyzed using three-way analysis of variance (ANOVA) with layer
height, print speed, and infill density as independent factors. The effects of these parameters
on surface roughness (Ra, Rq, Rt), gloss, and adhesion strength were assessed. Statistical
analyses were conducted using SPSS software (Version 25.0, IBM Corp., Armonk, NY, USA),
with a significance level of p < 0.05.

3. Results
3.1. Analysis of Surface Roughness of PLA Specimens

The surface roughness of PLA specimens, both before and after lacquer coating, was
systematically analyzed using three-way ANOVA with print speed, layer height, and infill
density as independent factors. The results are summarized in Table 1, where values
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represent the mean + standard deviation of five replicates under each parameter condition.
Error bars have been incorporated into all datasets to reflect variability and ensure statistical
reliability.

Table 1. Three-way ANOVA of surface roughness of specimens with and without Chinese lacquer

coatings.

Without Chinese Lacquer Coating

With Chinese Lacquer Coating

Factor
Ra (um) Rq (um) Rt (um) Ra (um) Rq (um) Rt (um)
Print speed (mm/s)
60 983+1.89¢ 1032+201¢ 3598+3122 201+045¢ 2.02+051¢ 10.02+2.89¢
80 1038 £1.92b 1050+ 2.11P 3548 +3.01P 2114+048P 211+053P 1048 £3.01°P
100 11.00 £1.952 11.00 +2.152 3502 +2.89¢ 22040523 220+0552 1098 +£3.122
Layer height (mm)
0.1 701+0.89¢  7.024+092¢ 31.02+1.89¢ 101+025¢ 1.02+028¢ 502+1.89¢
0.2 1052+ 1.12P 1053 +1.15° 37.03 +£2.12P 203+0.32P 203+035P 10.03+212P
0.3 13.03+1.252 13.04+1.282 39.04+2252 30440383 3.04+0412 1504 +2252
Infill density (%)
10 1051 £2.892 1052+2912 355343452 204+0.893 202+0932 1051 +3452
40 1049 £ 2472 1050 +2.672 3549+3252 2004+0.883 205+0902 1046 +3.342
70 1053 £2.682 1057 +2.892 355043342 201+0872 201+0692 1050 +3.242
p Values
Print speed <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Layer height <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Infill density 0.856 0.842 0.891 0.823 0.835 0.879
Print speed x Layer height 0.078 0.092 0.015 0.071 0.087 0.024
Print speed x Infill density 0.234 0.251 0.198 0.267 0.242 0.213
Layer height x Infill density 0.543 0.561 0.598 0.578 0.552 0.612
Print speed x Layer height 0.789 0.801 0.823 0.812 0.795 0.834

x Infill density

Note: Mean + SD values (n = 5) of Ra, Rq and Rt followed by the same small superscript letters (a—c) within a
group are not significantly different based on Fisher’s Protected LSD test at the 0.05 significance level.

The results indicate that both print speed and layer height exerted highly significant
effects (p < 0.001) on roughness parameters Ra, Rq, and Rt, regardless of whether specimens
were coated or uncoated, while infill density showed no significant influence (p > 0.05).
Specifically, Ra, Rq, and Rt increased with higher print speeds and larger layer heights.
For example, without lacquer, Ra increased from 7.01 £ 0.89 um at 0.1 mm layer height
to 13.03 & 1.25 pm at 0.3 mm. After coating, a similar trend was observed, with Ra rising
from 1.01 £ 0.25 pm to 3.04 £ 0.38 um as layer height increased. These results highlight
the dominant role of layer height in governing surface roughness.

Infill density exhibited only minimal variations, with values fluctuating within 0.05 pm
and no clear trend, which explains the lack of statistical significance. Although roughness
values associated with print speed and infill density followed similar trends, only print
speed reached significance. This is likely due to the overwhelming main effect of layer
height, which masked the comparatively small influence of infill density.

Interaction effects were also tested. The interaction between print speed and layer
height showed limited significance for Rt (p = 0.015 without lacquer; p = 0.024 with lac-
quer), suggesting that peak-to-valley height (Rt) is more sensitive to combined parameter
variations than Ra or Rq. Other two-way and three-way interactions were not statistically
significant (p > 0.05), indicating that the main effects of layer height and speed dominate.
When comparing coated and uncoated specimens, the application of Chinese lacquer sig-
nificantly reduced surface roughness across all parameter levels. For instance, Rt decreased
from 39.04 + 2.25 pm (uncoated, 0.3 mm layer height) to 15.04 & 2.25 pm (coated, 0.3 mm).
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This reduction can be attributed to the self-leveling and pore-filling capabilities of lacquer,
which smooth out the ridges formed during FDM printing.

3.2. Surface Gloss, Adhesion, and Wear Resistance of Chinese Lacquer on PLA Substrates

The surface gloss, adhesion, and wear resistance of PLA specimens coated with
Chinese lacquer were evaluated, and the results of the three-way ANOVA are summarized
in Table 2. The analysis revealed that layer height exerted the most significant influence on
all three performance indicators (p < 0.001). In contrast, print speed showed no statistically
significant effect on gloss or wear resistance, though it significantly influenced adhesion
(p < 0.001). Infill density had no significant effect on gloss or adhesion, but strongly affected
wear resistance (p < 0.001).

Table 2. Three-way ANOVA of surface gloss, adhesion, and wear resistance of Chinese lacquer on

PLA Substrates.
Factor Gloss (GU) Adhesion (MPa) Wear Resistance (g)
Print speed (mm/s)
60 43.02 £+ 14.46 7.51 £0.56 0.053 + 0.009
80 4297 +14.41 7.98 £0.59 0.052 £ 0.015
100 4291 4 14.39 8.31 £ 0.62 0.050 + 0.014
Layer height (mm)
0.1 53.86 £ 0.26 7.23 £0.36 0.062 £ 0.011
0.2 49.75 £ 0.08 792 £0.11 0.046 £ 0.008
0.3 25.29 £0.17 8.65 £ 0.46 0.036 + 0.007
Infill density (%)
10 4295 + 14.37 7.63 £0.34 0.059 £ 0.012
40 4297 +14.43 7.46 +0.27 0.044 + 0.006
70 4298 + 14.41 7.56 £0.53 0.039 £ 0.013
Print speed 0.874 <0.001 0.923
Layer height <0.001 <0.001 <0.001
Infill density 0.956 0.891 <0.001
Print speed x Layer height 0.912 0.023 0.867
Print speed x Infill density 0.845 0.781 0.912
Layer height x Infill density 0.893 0.634 <0.001
Print speed x Layer height x Infill density 0.921 0.723 0.894

For gloss, the mean values decreased sharply with increasing layer height: specimens
printed at 0.1 mm achieved the highest gloss (53.86 £ 0.26 GU), while those at 0.3 mm
dropped to only 25.29 £ 0.17 GU. This confirms that gloss is highly sensitive to surface
smoothness, with larger layer heights creating more pronounced step structures that
enhance diffuse scattering and reduce specular reflection [31]. Print speed and infill density,
however, had negligible effects on gloss, consistent with the lacquer’s self-leveling ability
that compensates for micro-scale irregularities.

In terms of adhesion, the lacquer films showed an overall improvement with increasing
layer height, rising from 7.23 £ 0.36 MPa at 0.1 mm to 8.65 + 0.46 MPa at 0.3 mm. This
enhancement can be attributed to deeper grooves and larger interfacial contact areas formed
at higher layer heights, which facilitate lacquer infiltration and mechanical interlocking.
A secondary effect of print speed was also observed: adhesion improved gradually with
higher speeds (7.51 £ 0.56 MPa at 60 mm/s to 8.31 & 0.62 MPa at 100 mm/s). The pull-
off test images (Figure 1) demonstrated that the predominant failure mode was cohesive
failure within the lacquer film, with occasional interfacial failures, further confirming strong
bonding between PLA and lacquer.
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Figure 1. Pull-off adhesion test showing typical failure modes of Chinese lacquer coatings on
3D-printed PLA substrates.

With respect to wear resistance, mass loss decreased markedly as layer height in-
creased, from 0.062 £ 0.011 g at 0.1 mm to 0.036 & 0.007 g at 0.3 mm, indicating enhanced
abrasion resistance at larger step sizes. This improvement is likely due to the local thicken-
ing of lacquer films within grooves, which act as protective “buffers” against abrasion. Infill
density also had a significant effect: specimens with 70% infill showed superior resistance
(0.039 £ 0.013 g) compared to those with 10% infill (0.059 =+ 0.012 g), likely because denser
substrates reduced deformation and better supported the lacquer film during abrasion.
Representative worn surfaces are shown in Figure 2, highlighting the distinct groove-filling
behavior of lacquer that helps preserve surface integrity under abrasion.

Overall, these findings demonstrate that layer height is the dominant parameter
governing both optical and mechanical performance of lacquer-coated PLA, whereas
print speed and infill density play secondary or negligible roles. Importantly, a trade-
off exists: finer layer heights (0.1 mm) maximize gloss but weaken adhesion and wear
resistance, while larger layer heights (0.3 mm) enhance mechanical robustness at the cost of
surface appearance.
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Figure 2. Worn surface morphology of Chinese lacquer-coated PLA specimens after abrasion testing.

3.3. Microstructure of Chinese Lacquer on PLA Substrates

Figure 3 presents the microscopic morphology of the Chinese lacquer coating applied
to 3D-printed PLA substrates. As shown in Figure 3a, the surface of the lacquer film exhibits
a uniform and smooth appearance, with no visible cracks or defects, indicating good film
formation and curing quality. In contrast, Figure 3b illustrates the cross-sectional interface
between the lacquer and the PLA substrate, where the boundary is clearly distinguishable
yet continuous, suggesting effective interfacial adhesion.

During the fused deposition modeling (FDM) process, PLA filaments are deposited
layer by layer, creating distinct linear ridges and interfacial boundaries on the surface.
These characteristic layer lines of FDM printing result in a textured surface that affects
subsequent coating morphology. The lacquer film conforms to this stepped topography,
displaying slight undulations corresponding to the underlying PLA structure. However,
compared with the uncoated substrate, the lacquer-coated surface is markedly smoother,
demonstrating that the lacquer effectively fills the grooves and levels the peaks formed
during printing. This observation confirms that the inherent layered texture of the PLA
substrate plays a decisive role in determining the final morphology of the lacquer film. The
lacquer’s self-leveling and infiltrating behavior compensates for micro-defects and partially
smooths the layer boundaries, thereby improving surface uniformity and enhancing the
aesthetic and protective performance of the coating.
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Figure 3. Microstructure of Chinese lacquer coating on 3D-printed PLA: (a) surface morphology;
(b) lacquer-PLA interface.

4. Discussion

The findings of this study demonstrate that the coating performance of Chinese lacquer
on 3D-printed PLA substrates is predominantly determined by the surface morphology
formed during the fused deposition modeling (FDM) process. Among the three process pa-
rameters investigated—print speed, layer height, and infill density—layer height exhibited
the most pronounced and consistent influence across all evaluated properties, including
surface roughness, gloss, adhesion, and wear resistance. This observation corroborates pre-
vious studies describing the “staircase effect” in FDM printing, where larger layer heights
inherently generate more pronounced step edges and surface irregularities, resulting in
elevated roughness even after coating application [32,33].

Although Chinese lacquer exhibited remarkable self-leveling and gap-filling capabili-
ties, effectively mitigating minor variations caused by print speed and infill density, the
macroscopic texture determined by layer height remained the dominant factor shaping the
optical and mechanical performance of the coated surfaces. The significant reduction in
gloss at higher layer heights can be attributed to the enhancement of diffuse light scattering,
which reduces specular reflection—a well-documented phenomenon in coating science,
where gloss is highly sensitive to nanoscale and microscale surface smoothness [34].

In contrast, the adhesion strength improved with increasing layer height, as deeper
grooves enhanced lacquer infiltration and mechanical interlocking between the coating
and the substrate. This micro-mechanical anchoring mechanism not only strengthened the
interfacial bonding but also contributed to improved wear resistance, since the depressions
created by larger layer heights allowed localized thickening of the lacquer film. These
thicker regions acted as protective buffers against abrasive forces, thereby minimizing
material loss during wear tests [35-37].

Consequently, a clear trade-off emerges between decorative and functional perfor-
mance: finer layer heights yield smoother and glossier surfaces, while larger layer heights
enhance adhesion and abrasion resistance. Such a balance between aesthetic and me-
chanical properties highlights the need for multi-objective optimization in future studies,
potentially employing response surface methodology (RSM) or similar statistical tools to
determine ideal processing conditions for specific applications.

Microscopic analysis further confirmed that Chinese lacquer not only smoothed the
surface topography but also penetrated into voids and microdefects produced during the
FDM process, thereby improving surface integrity and reducing the influence of inherent
printing flaws such as porosity and weak interlayer bonding [38,39]. However, the presence
of trapped air bubbles in the ridged regions occasionally led to localized coating defects,
aligning with earlier reports on the difficulties of achieving uniform coating coverage on
additively manufactured surfaces [40]. The results underscore the exceptional adaptability
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of Chinese lacquer as both a decorative and functional coating for 3D-printed PLA sub-
strates. While layer height remains the primary parameter influencing coating behavior, the
intrinsic self-leveling, infiltration, and toughening properties of natural lacquer effectively
compensate for the surface imperfections typical of FDM printing. This synergy between
traditional lacquer technology and modern additive manufacturing offers new opportu-
nities for sustainable surface finishing, combining cultural craftsmanship with advanced
material engineering to enhance both performance and aesthetics [41,42].

5. Conclusions

This study comprehensively examined how 3D printing parameters influence the
surface morphology and coating performance of polylactic acid (PLA) specimens finished
with traditional Chinese lacquer. The results reveal that layer height is the most critical
parameter, exerting significant and consistent effects on surface roughness, gloss, adhesion,
and wear resistance, while print speed and infill density contributed secondary or negligible
influences.

As layer height increased, surface roughness also increased, leading to a decline in
gloss due to enhanced diffuse light scattering. At the same time, the larger grooves and
ridges formed at higher layer heights facilitated deeper lacquer penetration and stronger
mechanical interlocking, thereby improving adhesion and wear resistance. Although
the lacquer’s natural self-leveling and gap-filling properties effectively compensated for
variations in print speed and infill density, the staircase effect inherent to FDM printing
remained the dominant factor shaping the coated surface.

Chinese lacquer proved to be an exceptionally effective and sustainable coating ma-
terial for 3D-printed PLA, enhancing both mechanical durability and visual quality. It
significantly improved adhesion strength and wear resistance, while partially alleviating
common FDM issues such as porosity, surface irregularity, and interlayer voids. However,
a clear trade-off exists between aesthetic attributes (high gloss and smoothness) and func-
tional performance (adhesion and abrasion resistance), emphasizing the importance of
parameter optimization in balancing decorative appeal and protective performance. The in-
tegration of traditional Chinese lacquer with modern additive manufacturing offers a novel
and eco-friendly approach to high-performance surface finishing. This synergy bridges
ancient craftsmanship and advanced material science, enabling the development of sustain-
able, decorative, and mechanically robust coatings applicable to furniture manufacturing,
cultural heritage restoration, and polymer-based engineering products.

Future research should focus on hybrid surface modification strategies—such as pre-
treatment of PLA substrates, laser-assisted texturing, or the incorporation of nanomaterials
into lacquer formulations—to further enhance coating uniformity, reduce bubble entrap-
ment, and optimize interfacial bonding. Such efforts will broaden the application scope of
Chinese lacquer in additive manufacturing and deepen the understanding of its behavior
on polymeric substrates.
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