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Abstract

This review paper systematically investigates the surface modification technology of
wooden table tennis blades, with a particular focus on the inherent conflict between
coating-induced protection and the preservation of acoustic performance—a critical yet
underexplored aspect of blade design. While protective coatings are essential for enhancing
durability against moisture, wear, and impact, they inevitably alter the blade’s vibrational
characteristics and acoustic feedback, compromising the tactile-auditory perception that
elite players rely upon. The current literature predominantly treats protection and acoustics
as separate design objectives, lacking an integrated framework to resolve their inherent
trade-off. To address this gap, this review establishes a material-structure—function inte-
grated design paradigm that elucidates the synergistic optimization of coating protection
and acoustic response. We systematically analyze the regulatory mechanisms of key coat-
ing parameters—specifically elastic modulus, density, and damping coefficient—on blade
vibration modes and impact sound characteristics, demonstrating that conventional sin-
gular optimization inevitably leads to undesirable frequency shifts and diminished tactile
feedback. Our synthesis of materials science, acoustic analysis, and biomechanics reveals
that the key to synergy lies in constructing a mechanical impedance-matching transition
system through material selection and thickness gradient design. Notably, we show that a
multi-layer gradient coating architecture, guided by finite element simulation, can enhance
protective performance by 40% while restricting acoustic deviation to within 5%, validating
a rational “design—simulation—verification” closed-loop methodology. Furthermore, this
review identifies critical research frontiers, including smart adaptive coatings and sustain-
able bio-based materials, and proposes a multi-objective optimization framework to bridge
the gap between laboratory innovation and manufacturable, high-performance sporting
equipment. This work provides a foundational theoretical roadmap for the next-generation
design of competition-grade table tennis blades, balancing durability with the nuanced
sensory demands of elite athletes.

Keywords: table tennis blade; surface modification; coating protection; acoustic performance;
vibro-acoustic optimization; vibration mode

1. Introduction

As the core component of competitive equipment, the wooden table tennis blade
directly determines a player’s touch, control, and spin performance, making it a key
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focus in sports equipment R&D. Traditional wooden blades are prized for their excellent
elastic modulus and natural feel; however, their porous structure makes them highly
susceptible to moisture absorption, sweat corrosion, and mechanical wear during intensive
use, leading to dimensional instability, reduced elastic modulus, and compromised hitting
consistency [1-3]. Consequently, how to effectively improve surface durability without
sacrificing the blade’s inherent acoustic and mechanical properties has become a critical
research challenge.

In this review, the term “coating” is strictly defined as the external finish applied to the
outermost surfaces of the face plies of the blade laminate (as illustrated in Figure 1), serving
primarily as a protective barrier against moisture, sweat, and mechanical wear. This external
coating is materially and functionally distinct from the internal adhesive layers used to bond
the individual wood plies together. Surface modification technologies—including resin,
polyurethane, and UV-curable coatings—are widely employed to enhance waterproofing
and wear resistance by forming protective barriers [4]. However, while these coatings
impart essential durability, they inevitably alter the wood’s inherent acoustic properties.
The acoustic characteristics of wood, such as vibration frequency and attenuation time, are
governed by its density, elastic modulus, and damping coefficient [5]. The introduction
of a coating significantly increases surface density and rigidity, thereby modifying the
vibration modes and acoustic radiation efficiency. For instance, excessive coating thickness
raises the fundamental frequency and accelerates high-frequency attenuation, resulting in
a “mutffled” or “sharp” hitting sound that directly compromises the athlete’s perception of
“feel” [6]. Thus, a complex coupling exists between protection and acoustics, and achieving
an optimal balance is the key to high-performance blade design.

(a) Overall blade geometry (b) Laminated structure (exploded view)
Surface coating
/_" (outer protective layer)
)/0 Face ply
— (0° fibre orientation)

o Adhesive layer
(between plies)

S
|
|
!
|
|
1
!
!

|
Core ply

Thickness not (90° fibre orientation)

to scale

! = o Adhesive layer
! S < (between plies)
i S b
i N - Face ply
v N € > / (0° fibre orientation)
\ = — g Surface coating

(outer protective layer)

«—> (°

Pl

Arrows indicate in-plane
fibre orientations.

Figure 1. Schematic representation of a wooden table tennis blade showing (a) the overall blade
geometry and (b) the laminated structure, including the surface coating, face plies, adhesive layers,
core ply, and representative fibre orientations.

The importance of acoustic performance extends beyond mere sound quality; it is
directly linked to player perception and control. Upon impact, vibration signals are
transmitted through the handle, forming an integrated tactile-auditory feedback sys-
tem that helps athletes judge power, spin, and ball trajectory [7]. Blades with higher
fundamental frequencies and shorter decay times are perceived as “fast and elastic,” fa-
voring attacking play, whereas lower frequencies with longer decay times offer better
“ball-handling” for control-oriented styles [5]. This underscores that acoustic characteristics
are not secondary attributes but core performance indicators that must be preserved during
surface modification.
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Mechanistically, coatings regulate vibration modes and acoustic radiation by altering
the wood’s density, elastic modulus, and damping coefficient. The higher elastic modulus
and density of typical coating materials increase overall blade stiffness and natural fre-
quency, while their damping characteristics (internal friction) absorb vibration energy and
shorten attenuation time [4,5]. Crucially, coating thickness exerts a particularly pronounced
effect: increasing thickness from 0.1 mm to 0.5 mm can raise the fundamental frequency by
10%-15% while narrowing the spectral width due to high-frequency attenuation [6]. These
changes directly affect both the timbre of the hitting sound and the player’s perception
of speed and spin. Hence, precise regulation of coating thickness, material selection, and
application techniques is essential for achieving synergistic optimization of protection and
acoustic performance.

Recent advances in nanomaterials and smart coating technologies offer promising
pathways to resolve the protection—acoustic conflict. Functional gradient coatings, which
continuously vary composition and structure through the thickness, can maintain high
surface hardness while preserving internal flexibility and acoustic properties—for example,
using a low-modulus, high-damping base layer to match wood’s acoustics and a hard,
wear-resistant nanocomposite surface layer [8,9]. Such gradient designs not only alleviate
interfacial stress but also enable directional tuning of vibration modes. Concurrently,
smart coatings with environmental responsiveness—embedding temperature- or moisture-
sensitive materials—can autonomously adjust damping or wettability to maintain acoustic
stability under varying conditions [1]. These emerging technologies provide exciting
opportunities for the personalized customization and performance breakthrough of next-
generation table tennis blades.

2. Structural Features and Performance Requirements of Wooden Table
Tennis Baseboards

2.1. Multilayer Structure of Base Slabs and Wood Selection

The core of table tennis sole plate performance lies in its multi-layer glued structure
design and precise choice of wood. Typically, the base plate is made from 3 to 5 or even
more thin wood sheets pressed together with specific adhesives. This multi-layer structure
is not simply stacked materials but achieves mechanical properties by carefully arranging
the layers of wood fibers in a crossed direction (such as 0°/45° /90°). This cross-lamination
technology can significantly enhance the anisotropic mechanical properties and structural
stability of the soleplate, allowing it to produce differentiated deformation and rebound
characteristics when subjected to forces from different directions, thereby meeting athletes’
diverse needs for speed, spin, and control. In terms of wood selection, Ayous, Limba,
Koto, and cypress are common materials, each possessing unique density and elastic
modulus. For example, Ayous is often used in large core structures due to its lightweight
and moderate elasticity, while Koto (a hardwood species commonly used as face veneer) is
used as a surface material for its high density and hardness to increase ball release speed.
The natural properties of these woods directly determine the initial performance tone of
the baseboard.

As a natural porous material, wood typically has a porosity between 10% and 35%, a
characteristic that has a profound impact on the acoustic performance of the base plate and
the path of vibration transmission. Porosity not only determines the wood’s sound absorp-
tion capacity but also affects the transmission and dissipation of vibration energy inside
the soleplate. High-porosity wood can absorb high-frequency vibrations more effectively,
reducing unnecessary noise and optimizing the feel of the shot; Wood with low porosity
is more conducive to the rapid transmission of vibration energy, making the feedback
from the shot clearer and more direct. Research shows that coating titanium film on the
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surface of the base plate using physical vapor deposition technology can significantly alter
the wood’s surface roughness and viscoelasticity, thereby affecting its overall mechanical
properties [10]. This surface modification technology not only enhances the stiffness and
rebound efficiency of the soleplate but may also adjust its acoustic characteristics by altering
the opening state of the wood’s pores. Therefore, in base plate design, wood porosity is a
key parameter that cannot be ignored. A schematic representation of a wooden table tennis
blade, including the overall blade geometry, surface coating, face plies, adhesive layers, core
ply, and representative fibre orientations, is shown in Figure 1. Here, the surface coating
refers to the protective layer applied to the outer surface of the face ply and is distinct from
the adhesive layers used to bond the individual wood plies. To provide a quantitative basis
for understanding the performance differences among these commonly used wood species,
Table 1 summarizes their key physical and mechanical properties, including density, elastic
modulus, and anisotropy characteristics, all measured at 12% moisture content.

Table 1. Physical and mechanical properties of common wood species used in table tennis blades.

Wood Species

Density (kg/m3) MOE * (GPa) MOR ** (MPa) Janka Hardness (1bf)

Ayous (Triplochiton scleroxylon) 320-440 7.26 52 285
Limba (Terminalia superba) ~555 10.49 86.2 670

Koto (Pterygota macrocarpa) ~590 13.14 96 750
Hinoki (Cypress, Chamaecyparis obtusa) ~420-515 9.93 73.1 510
Kiri (Paulownia, Paulownia spp.) ~300 4.38 37.8 250
Balsa (Ochroma pyramidale) ~130 2.60 — 88

* MOE: Modulus of Elasticity (longitudinal direction). ** MOR: Modulus of Rupture (static bending
strength). All values are averages reported at 12% moisture content; actual values may vary with
growth conditions and specific grades.

2.2. Hitting Performance Evaluation Indicators

The evaluation of the hitting performance of wooden table tennis sole plates is a
multidimensional and comprehensive indicator system, with the core of quantifying the
physical response when the sole plate interacts with the ping pong ball, thereby providing
athletes with an objective basis for material selection. Core performance indicators mainly
include the coefficient of restitution (COR)—defined as the ratio of post-impact to pre-
impact ball velocity in the direction normal to the blade surface—vibration decay time,
impact sound frequency, and spectral purity. The rebound elasticity coefficient (COR)
directly reflects the efficiency of the baseboard’s energy transfer to the ball and is a key
parameter for measuring “kick power” and ball release speed. Vibration attenuation time
is closely related to the ball’s grip and control performance; longer attenuation times
usually mean the plate can wrap around the ball for longer, providing better handling.
The frequency and spectral purity of the hitting sound are not only auditory feedback of
the player’s subjective “feel” but also an external manifestation of the internal structural
stability and material homogeneity of the soleplate. Research shows that professional
athletes tend to prefer low-frequency (300-500 Hz) and slower attenuation of hitting
sounds when selecting rackets. This acoustic characteristic is believed to be associated
with better “feel” and ball control stability, as low-frequency sounds usually correspond
to more uniform vibration modes and concentrated energy release on the baseboard,
helping athletes accurately perceive hitting force and spin during high-speed matches [11].
Additionally, athletes develop excellent visual-motor abilities through long-term training,
such as precise saccading eye movements, which require the sole plate to provide stable
and predictable feedback to help predict the ball’s trajectory [11].
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In addition to dynamic hitting performance, the protective performance of the sole
plate is also an important dimension for evaluating its overall quality, especially when
dealing with sweat, environmental humidity, and frequent friction. Core requirements for
protection include a waterproof penetration rate below 0.2 g-cm~2-h~!, surface hardness
of Shore D 60 or above, and excellent scratch resistance. Low waterproof penetration is the
prerequisite for ensuring the stability of the soleplate structure. As a natural hydrophilic
material, wood is prone to deformation and warping due to moisture absorption without
effective protection, which in turn alters the sole’s elasticity and vibration characteristics,
seriously affecting the consistency of the hitting feel. Surface hardness directly affects the
durability of the bottom plate and the efficiency of energy transfer during hitting. The
higher surface hardness (Shore D above 60) not only effectively resists frequent collisions
and friction between the racket and the table or ball, preventing dents or scratches on the
surface, but also provides clearer and more concentrated force feedback at the moment
of impact, increasing ball speed. Scratch resistance ensures the base plate maintains an
attractive surface condition even after long-term use, avoiding localized performance
unevenness caused by surface damage. Achieving these protective properties usually
depends on advanced surface coating technologies, such as nano-coatings or polymer
coatings. These coatings provide physical barriers while also addressing the impact on
the original acoustic and vibration characteristics of the base plate, achieving synergistic
optimization of protection and performance. The key indicators used to evaluate the
acoustic, playing, and protective performance of coated wooden table tennis blades are
summarized in Figure 2.

Acoustic and playing performance
(objective indicators)

1. Coefficient of restitution (COR)

Protective performance
(objective indicators)

Balanced optimization

@
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Figure 2. Key indicators for evaluating the balanced optimization of acoustic, playing, and protective
performance in coated wooden table tennis blades.

3. Application of Coating Materials in the Protection of Wooden Slabs
3.1. Types and Protection Mechanisms of Traditional Coatings

Polyurethane coatings, due to their excellent film-forming properties and dense struc-
ture, are widely used in protecting wooden table tennis baseboards. Its core protection
mechanism lies in forming a high-crosslinking density three-dimensional network film
that effectively blocks the penetration of water molecules and corrosive media in the air.
Research shows that the crosslinking density of polyurethane coatings is a key factor de-
termining their protective lifespan. The higher the crosslinking density, the smaller the
free volume between molecular chains, and the more winding the diffusion path of water
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molecules, thereby significantly extending the protection period of the base plate [12].
In addition, the interfacial bonding strength between polyurethane coatings and wood
substrates is also crucial. Through chemical bonding or mechanical interlocking, adhesion
and durability of the coating can be further improved [13]. However, polyurethane coat-
ings may age and degrade during long-term use due to ultraviolet exposure or changes
in temperature and humidity, so formulation optimization and anti-aging modification
remain key research priorities.

Nitro paint coatings, known for their fast drying, high gloss, and easy application,
have secured a place in traditional wood soleplate coatings. The main component of nitro
paint is nitrocellulose, which dissolves in organic solvents and is applied to the wood
surface, where the solvent rapidly evaporates to form a bright coating [1]. However, their
wear resistance and weather resistance are relatively poor, and under frequent friction or
changes in temperature and humidity, scratches, loss of luster, or even peeling can occur.
To overcome this drawback, nitro paint is often combined with other materials, such as
blended with polyurethane or acrylic resin, to enhance the overall mechanical properties
and protective effect of the coating [14]. In addition, the issue of solvent release from nitro
paints has also attracted increasing attention from environmental regulations, driving the
development of low-volatile organic compound (VOC) formulations.

UV-curable coatings (such as acrylic systems) represent an important development
direction in modern wood soleplate surface treatment technology. Under ultraviolet light,
the photoinitiator rapidly decomposes to produce free radicals, triggering cross-linking
polymerization of acrylate monomers or prepolymers, and can cure within seconds [15].
This feature not only greatly improves production efficiency but also achieves low solvent
emissions, aligning with the concept of green manufacturing. UV-cured coatings have
high hardness and strong scratch resistance after curing, and their flexibility, adhesion, and
gloss can be controlled by adjusting the formulation (such as introducing monomers or
nanofillers with different functional levels) [16]. However, its curing depth is limited by the
penetration capability of ultraviolet light. For complex shapes or thick coating structures, it
is necessary to optimize the light source configuration and coating thickness. In addition,
the yellowing and brittleness of UV-curable coatings under long-term outdoor exposure
still require improvement by adding UV absorbers or antioxidants [17].

3.2. Development of Nano-Modified Coatings

Nano-modified coating technology is an important development direction in the field
of surface modification of wooden table tennis sole plates. By incorporating nanomaterials
such as nano silica, zinc oxide, or carbon nanotubes into the coating system, the mechanical
strength and resistance to UV aging of the sole plate can be significantly enhanced. Re-
search shows that, based on the “substrate + nanoparticles” hybridization principle, the
silica/polydimethylsiloxane (SiO, /PDMS) self-cleaning superhydrophobic coating con-
structed biomimetically on the wood surface not only retains the original color and texture
of natural wood but also exhibits excellent liquid repellency, with a static water contact
angle as high as 158.5° and a slip angle as low as 10° [18]. This superhydrophobic property
allows the coating to reach a contact angle of over 120°, significantly reducing the adhesion
of sweat and moisture on the soleplate surface, thereby effectively minimizing wood de-
formation and performance degradation caused by humidity changes. Additionally, the
impact of nano coatings on the wood'’s original acoustic properties can be controlled within
5%, superior to traditional coatings, which is crucial for maintaining crisp sound quality
and vibration feedback when hitting the table tennis base. The monodispersibility of nano
silica microspheres effectively enhances the superhydrophobicity of hydrophilic wood,
and the coating maintains stable superhydrophobicity under harsh conditions such as
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mechanical damage (such as sandpaper friction, steel knife scratches), thermal damage (UV
exposure, high-temperature steam, and low-temperature freezing), chemical damage, and
solvent corrosion (acid and alkali immersion) [18]. This durability ensures the reliability of
the nano-modified coating over long-term use, avoiding the issues of wear and aging that
traditional coatings are prone to. At the same time, the nano-coating demonstrates excel-
lent self-cleaning and anti-stain performance, automatically repelling dust and stains and
reducing maintenance frequency [18]. In terms of acoustic performance, the nano-coating
minimizes interference with the wood’s inherent acoustic properties by optimizing coating
thickness and nanoparticle dispersion, ensuring the base plate produces ideal tone and
vibration patterns when hit. Compared to traditional coatings, nano coatings are thinner
and more uniform, better transmitting the natural acoustic response of wood, thereby
enhancing the feel of players hitting the ball. In addition, the addition of nano zinc oxide
and carbon nanotubes can impart additional functions such as antibacterial and antistatic
properties to the coating, further expanding the application scenarios of wooden table
tennis sole boards. In summary, nano-modified coating technology provides an efficient
and sustainable solution for surface modification of wooden table tennis baseboards by
synergistically enhancing mechanical strength, anti-aging, hydrophobicity, and acoustic
performance. The principal protective mechanisms of surface coatings, including water
barrier formation, mechanical reinforcement, and coating—substrate adhesion enhancement,
are summarized in Figure 3.

Key functions

o Block water and ion penetration

<@  Enhance surface hardness

vv and wear resistance

Protective
coating layer

Interfacial
adhesion zone

Wood substrate
(Wooden blade) 0 Improve coating-substrate
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Figure 3. Protective mechanisms of surface coatings on wooden table tennis blades, including water
barrier formation, mechanical reinforcement, and coating—substrate adhesion enhancement.

The foregoing discussion individually addresses the protective mechanisms and per-
formance characteristics of each coating category. However, for practical blade design and
material selection, a direct comparative assessment across different coating systems is essen-
tial to understand their respective trade-offs. Table 2 summarizes the key performance indi-
cators of representative coating systems for wood surface protection, including hardness,
adhesion, wear resistance, water repellency, curing conditions, and primary limitations.
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Table 2. Comparative performance of representative coating systems for wooden blade
surface protection.

Coating System Pencil Hardness Adhesion (Cross-Cut) Abras.l onfyvear Water Contact Angle (°)
Resistance
Solvent-borne 3H-4H 4.9-7 MPa (pull-off) High 75-95
Polyurethane ’ p &
Waterborne 2H Class I Moderate ~82.9
Polyurethane
Nitrocellulose Lacquer Moderate (HB-H) Good (no detachment) Low-Moderate —
UV-Curable Acrylate 3H-6H Grade 0-5B Excellent —
Epoxy Resin 6H Level 1-4B High —

Note: Values are representative ranges reported in the literature; actual performance depends on
specific formulation, application conditions, and substrate wood species.

4. Evaluation Methods and Optimization Techniques for Coating
Protection Performance

4.1. Laboratory Testing of Protective Performance

Laboratory testing of protective performance is the core step in evaluating the durabil-
ity and functionality of wooden table tennis sole plate coatings, mainly through accelerated
aging, mechanical wear, and chemical structure analysis to systematically quantify the
coating’s performance in waterproofing, wear resistance, and chemical stability. In water-
proofing evaluation, accelerated aging experiments of constant temperature and humidity
chambers are widely used, indirectly reflecting the coating’s water-blocking ability by
measuring the mass change rate and dimensional stability of the sample. Research shows
that beech samples treated with polyxylene-N coating have water absorption rates 25% to
34% lower than untreated samples, and there is a linear correlation between coating thick-
ness and water absorption, providing a basis for optimizing coating thickness to balance
protection and acoustic performance [19]. Similarly, wood modified with tetramethylcy-
clotetrasiloxane has radial and cross-sectional water contact angles of 140.1° and 152°,
respectively, demonstrating excellent hydrophobicity, effectively suppressing dimensional
expansion and mass increase caused by water infiltration [20]. Additionally, coatings based
on zinc oxide-modified water-based UV varnish have a surface water contact angle of up
to 158.4°. Scanning electron microscopy and infrared spectroscopy analysis confirmed that
the micro-nano rough zinc stearate structure constructed on the coating surface is key to
its superhydrophobicity, providing a technical path to improve the dimensional stability
of the substrate in humid environments [21]. To ensure the reliability and comparability
of water resistance assessments, standardized protocols such as ASTM D870 (water im-
mersion) and ASTM D1735/ASTM D2247 (water fog/100% relative humidity) are widely
adopted in the coatings industry. These standards specify specimen preparation, exposure
conditions, and evaluation criteria, thereby minimizing inter-laboratory variability. For
international applications, ISO 2812-2 provides an equivalent water immersion method
for determining the resistance of coating systems to water; however, it should be noted
that the evaluation criteria in ISO 2812-2 are often subjective and require pre-agreement
between interested parties.

In terms of wear resistance and surface integrity, Taber wear tests and scratch hardness
tests are standard methods for quantifying a coating’s resistance to mechanical damage. A
study on UV-curable coating systems found that coating wear resistance is closely related to
curing conditions, indicating that thorough cross-linking curing is key to improving surface
integrity [22]. For water-based polyurethane—acrylate self-pleating coatings, the pencil
hardness can reach 3H, and after 150 fingerprint resistance tests, it maintains performance
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with a wear rate of only 0.045 g, demonstrating excellent surface mechanical properties [23].
Additionally, by grafting soy protein isolates onto polyacrylate, the pencil hardness of the
coating increased from HB to 3H, and the elastic modulus rose from 0.317 MPa to 46.949
MPa, thanks to the dense network structure formed by the graft copolymer, which en-
hances the coating’s deformation resistance [24]. These tests not only verified the coating’s
scratch and wear resistance during practical use but also provided experimental evidence
for regulating surface hardness and toughness through formulation design. The Taber
abrasion test is standardized under ASTM D4060, which provides a rigorous framework for
evaluating the abrasion resistance of organic coatings. However, as noted in the standard,
abrasion tests utilizing the Taber Abraser may be subject to variation due to changes in
the abrasive characteristics of the wheel during testing, necessitating frequent resurfacing
at agreed-upon intervals. For adhesion assessment, the cross-cut test (ISO 2409) offers
a six-step classification scheme for evaluating resistance to separation from substrates,
though it is explicitly not a means of measuring adhesion; for quantitative adhesion values,
the pull-off test (ISO 4624) is recommended. Hardness evaluations follow ASTM D3363
(pencil hardness) for rapid screening or ASTM D4366 (pendulum damping) for higher
precision, with the latter correlating well with coating toughness.

Spectral analysis, especially attenuated total reflection Fourier transform infrared
spectra, plays an irreplaceable role in detecting coating curing degree and chemical bond
stability. With ATR-FTIR, researchers can track changes in functional groups in the coat-
ing in real time to determine whether the curing reaction is complete. For example, in
research on epoxy resin-based coatings, FTIR was used to monitor the breaking and re-
combination of chemical bonds during photochemical aging, revealing the mechanisms
by which different curing agents affect the coating’s UV aging resistance [25]. For wood
fiber—polymer composites, ATR-FTIR measurements clearly showed that as the amount of
wood fiber filling increased, the signal of wood fiber functional groups in the surface layer
was enhanced, directly related to changes in hydrophilicity and oxidation resistance of
the composites [26]. When evaluating coating durability, FTIR can also be used to analyze
interfacial chemistry between the coating and the wood substrate. For example, after
treating wood with e-polylysine, FTIR analysis showed that it forms hydrogen bonds with
the wood hydroxyl group. This chemical bonding not only enhances coating adhesion but
also significantly improves the wood’s resistance to fungal degradation, reducing the mass
loss rate from over 15% to below 8% [27]. Additionally, by combining X-ray photoelectron
spectroscopy with scanning electron microscopy, FTIR can comprehensively analyze the
chemical composition and micromorphological changes of coatings before and after aging,
providing key data support for optimizing coating formulations and enhancing long-term
protective performance [28]. Statistical variability is an inherent aspect of coating perfor-
mance testing that must be carefully addressed to ensure meaningful interpretation of
results. As highlighted in ASTM D4541, at least three replications are typically required to
statistically characterize a test area. The reproducibility of test results is highly dependent
on the degree of control over parameters such as specimen preparation, environmental
conditions, and measurement techniques. For coating thickness measurements, the coeffi-
cient of variation (standard deviation divided by the mean) provides a more meaningful
indicator of uniformity than absolute standard deviation, as the latter tends to increase
with higher average thickness values. Researchers should report both mean values and
measures of dispersion (e.g., standard deviation, coefficient of variation) for all quantitative
test results and specify the number of replicate specimens and repeated measurements
conducted. This practice not only enhances the transparency and reproducibility of ex-
perimental findings but also facilitates meaningful comparisons across different studies
and laboratories.
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In summary, the role of these spectroscopic and microscopic analytical techniques
(such as FTIR, XPS and SEM) is not limited to characterisation at the materials science
level. Their core value in this study lies in their ability to establish a causal relationship
between the chemical and physical structure of the coating and its macroscopic acoustic
properties. For example, FTIR can be used to confirm whether the coating has formed
the expected cross-linked network, and the degree of cross-linking directly determines its
elastic modulus and damping coefficient (to be detailed in Section 6); these two parameters
are precisely the key factors in regulating the vibration modes of the backing board and the
impact sound spectrum. Similarly, the surface topography and thickness uniformity of the
coating revealed by SEM directly influence the degree of mechanical impedance matching
with the wooden substrate, thereby affecting the efficiency of vibration energy transfer.
By correlating this microstructural information with the macroscopic acoustic responses
discussed in Section 6 (such as vibration decay curves and spectral characteristics), we
are able to provide a more rational explanation for ‘why a particular coating formulation
or process produces a specific auditory effect’, and to provide experimental evidence for
the ‘material-structure co-design’ strategy proposed in Section 7. In short, these analytical
techniques serve as a bridge between ‘coating materials engineering” and ‘acoustic tuning
of the substrate’ and are an indispensable component of the closed-loop ‘design-simulation—
verification’ research methodology adopted in this thesis.

4.2. Relationship Between Protection Performance and Coating Thickness

There is a close nonlinear relationship between the protective performance of wooden
table tennis soleplate and the thickness of the coating. Research shows that moisture perme-
ability decreases exponentially as coating thickness increases, because thicker coatings can
more effectively block micropores and capillary channels on the wood surface, significantly
reducing the rate of moisture intrusion. However, when the coating thickness exceeds
0.2 mm, due to differences in thermal expansion coefficients between the coating and the
wood substrate and volume shrinkage during curing, significant internal stress is likely
to occur at the interface, which can cause coating cracking or peeling, thereby weakening
the protective effect [10]. This phenomenon has been verified in titanium thin film studies
prepared by magnetron sputtering. When the deposition thickness is 5 pm, the coating
effectively improves the rigidity and resilience efficiency of the substrate without significant
stress concentration issues [10].

In practical applications, the optimal coating thickness is usually controlled within
the range of 0.05-0.15 mm, which ensures good protection while maintaining the original
flexibility and feel of the soleplate. An overly thin coating (<0.05 mm) struggles to form a
continuous barrier, allowing moisture to penetrate through coating defects; an excessively
thick coating (>0.15 mm) excessively increases the rigidity of the base plate, affecting its
vibration characteristics and energy dissipation capacity [10]. Additionally, the thickness of
the coating also affects the acoustic performance of the soleplate; an appropriate thickness
helps optimize sound feedback during hitting, enhancing the player’s experience.

To further balance protection and mechanical performance, functional gradient coating
technology has been introduced into the surface modification of wooden table tennis sole
plates. This coating achieves synergistic optimization by designing varying thicknesses
and compositions in different layers—for example, the outer layer uses a dense structure
to provide excellent moisture resistance and abrasion resistance, while the inner layer
retains elasticity to cushion impacts [29]. Research shows that gradient coatings can
effectively distribute interfacial stress, reduce failure risks caused by sudden thickness
changes, and maintain the overall flexibility and resilience of the base plate [29]. This design
concept is not only suitable for table tennis soleplates but also serves as a reference for
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surface protection on other wooden sports equipment. In the future, combining numerical
simulation and experimental validation, the thickness distribution of gradient coatings can
be further precisely regulated to achieve better performance balance [29].

4.3. Limitations of Accelerated Aging Tests

While accelerated aging tests are indispensable for rapidly evaluating the long-term
protective performance of coatings, their limitations must be critically acknowledged to
avoid overinterpretation of results. Accelerated weathering plays an important role in the
development of new finishing systems; however, there is currently no standardized method
universally applicable to wood surfaces. This absence of a wood-specific standard poses
particular challenges for table tennis blade research, given wood’s unique hygroscopic and
anisotropic nature.

A primary limitation of accelerated aging is the poor correlation between accelerated
and natural outdoor exposure. The accelerated conditions—such as elevated temperatures,
concentrated UV radiation, and cyclic condensation—may induce degradation mechanisms
that differ qualitatively from those occurring under natural service conditions. For example,
research has shown that accelerated aging significantly diminishes the adhesion strength
of coatings on both maple and pine species, as steam during the aging process causes
moisture absorption and swelling of fibers near the coating-wood interface. However, the
rate and extent of this degradation may not accurately predict field performance.

Furthermore, the substrate dependence of accelerated aging results is a critical con-
sideration. Studies have demonstrated that the same coating system can exhibit markedly
different degradation behaviors when applied to different wood species. This variabil-
ity underscores the need for testing on the actual substrate material (i.e., the specific
wood species used in the blade) rather than on generic test panels. Additionally, the cy-
cle parameters—including UV irradiance, temperature, humidity, and wet/dry cycling
frequency—significantly influence the aging outcome, and there is limited consensus on
optimal cycles for wood coating evaluation.

To mitigate these limitations, researchers should adopt a multi-tiered testing strat-
egy that combines: (1) accelerated aging for rapid screening of coating formulations;
(2) controlled laboratory simulations of specific service conditions (e.g., sweat exposure,
mechanical wear); and (3) where feasible, field exposure trials to validate accelerated test
findings. When reporting accelerated aging results, authors should explicitly describe
the test cycle parameters, specify the wood species and substrate preparation methods,
and discuss the expected relevance to real-world service conditions. This comprehensive
approach enhances the predictive value of laboratory testing and supports more reliable
coating optimization for high-performance table tennis blades.

5. Acoustic Theoretical Foundations and Vibration Characteristics of
Wooden Base Panels

5.1. Mechanism of Hitting Sound

The sound produced by the table tennis base plate at the moment of striking is
essentially sound wave radiation caused by the free bending vibration of the bottom plate
structure after impact. When the sphere hits the surface of the base plate, the impact energy
first triggers a local elastic deformation at the point of impact, which then propagates
throughout the base plate as a stress wave, triggering the macroscopic bending vibration
pattern of the base plate. The frequency characteristics of this vibration—that is, the
pitch and timbre—are mainly determined by the physical properties of the wood and the
geometric dimensions of the baseboard. Specifically, the fundamental frequency vibration
frequency of the base plate is proportional to the elastic modulus of the wood, and inversely
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proportional to the square of the wood density and the thickness of the base plate. As
an anisotropic material, wood’s acoustic properties show significant differences across
different fiber directions. The longitudinal (along the fiber direction) of wood is much
faster than the lateral (perpendicular to the fiber direction), usually reaching 3 to 5 times.
This difference arises from the orientation of the wood cell cavity and the orientation of
cellulose microfilaments in the cell wall. Therefore, when the base plate is impacted, the
vibration wave speeds propagate in different directions vary, resulting in complex vibration
mode coupling.

There is a complex coupling relationship between local deformation at the impact
point and the overall macroscopic vibration of the base plate, which is key to producing
rich harmonics. The fundamental frequency determines the “pitch” of the sound, while the
intensity and distribution of higher-order overtones determine the “crispness” or “dullness”
of the sound. When the sphere strikes, local deformation excites various higher-order
vibration modes, whose frequencies are not integer multiples of the fundamental frequency,
resulting in non-harmonic overtones and giving the base a unique tone. The microstructure
of wood, such as the density of tree rings, the alternation of early and late timber, and the
distribution of wood rays, all affect the transmission and dissipation of vibrational energy,
thereby altering the structure of overtones. For example, wood with uniform density
and straight grain usually produces purer, more focused fundamental frequencies, while
defects like knots or diagonal grain introduce extra damping, suppressing higher-order
overtones and making the sound dull. In addition, the geometry of the base plate, such
as the curvature of the plate surface, chamfers of the edges, and the way handles are
connected, can also alter the vibration boundary conditions, thereby affecting the mode
shape and frequency distribution of vibration.

The anisotropy of sound speed in wood is central to understanding the acoustic
characteristics of the slab. The longitudinal speed of sound is much higher than that of
transverse sound, meaning vibration waves propagating along the fiber direction can
reach the edges of the base plate more quickly and reflect back, forming standing waves.
This standing wave pattern determines the vibration mode of the base plate. During
hitting, the ball hitting point is usually located in the sweet zone of the bottom plate,
where vibration modes are most active. The vibrational energy generated by the impact
is rapidly transmitted longitudinally to the racket handle and fed back to the athlete
through the hand, creating what is called a “tactile feel.” Meanwhile, lateral vibration
contributes more to sound radiation. Therefore, the design of the base plate needs to
balance longitudinal and lateral vibration characteristics to meet both tactile feel and sound
requirements. Research shows that by adjusting the wood’s moisture content or applying
specific heat treatments, the elastic modulus and damping coefficient of the wood can
be altered, thereby fine-tuning its acoustic response. For example, lowering the moisture
content usually increases the wood’s elastic modulus, raising the fundamental frequency
and making the sound crisper; Increasing damping suppresses high-frequency overtones,
making the sound softer. This precise regulation of the wood’s acoustic properties provides
a theoretical basis for optimizing the hitting sound of the table tennis sole plate through
surface modification technology.

5.2. Vibration Modes and Damping Characteristics

The vibration mode of the wooden table tennis base plate is the core physical char-
acteristic that determines its hitting feel and sound feedback. The vibration modes of
the base plate mainly include the first bending mode, torsional mode, and higher-order
bending mode, with their fundamental frequency typically in the range of 200-600 Hz.
This frequency range closely overlaps with the sensitive area of the human ear to sound,
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directly affecting athletes” auditory perception at the moment of impact. When the paddle
contacts the ping pong ball, the base plate experiences transient vibrations, with the vibra-
tion pattern determined by the geometry of the baseplate, the direction of the wood fibers,
and the laminated structure. The first bending mode usually corresponds to the overall
front and back bending of the base plate, while the torsional mode involves twisting and
deforming the plate surface, while the higher-order mode is more complex and involves
local regional vibration. The combination of these modalities forms the unique acoustic
fingerprint of the base plate. Research shows that by adjusting the number of layers of
the base plate, the thickness of each wood layer, and the type of adhesive, the frequency
distribution of vibration modes can be effectively regulated, thereby altering the “tone”
of the base plate [30]. For example, increasing the stiffness of the baseplate usually raises
the fundamental frequency, making the sound crisper; Increasing damping reduces the
amplitude of the high-frequency components, making the sound softer.

The damping coefficient (tan 5) is a key parameter for measuring the rate of vibration
energy decay on the baseboard, determining the duration and attenuation characteristics of
sound after impact. The high-damping material (Tan 4 > 0.1) can quickly absorb vibration
energy, making the sound softer and shorter, and reducing unnecessary aftereffects, helping
athletes distinguish each shot more clearly during fast exchanges. Conversely, low-damping
materials cause vibrations to last longer, producing louder, more lasting echoes, which
may provide richer feedback in some cases but may also cause auditory confusion. The
internal friction of the wooden slab itself is one of the main sources of damping. Due to
differences in cell structure and moisture content, the internal friction coefficients of wood
species vary significantly. For example, hardwoods like ebony or rosewood typically have
higher stiffness and lower internal damping, while softwoods like paulownia or balsa
wood have higher damping. Additionally, the coating on the bottom plate, especially the
paint or protective layer on the surface material, introduces additional damping effects.
The thickness, elastic modulus, and viscoelastic properties of the coating all affect the
overall damping characteristics of the base plate [31]. Therefore, by carefully selecting
wood and coating materials, it is possible to precisely control the damping characteristics
of the base plate.

The internal friction of the wood itself combined with the additional damping of the
coating determines the overall acoustic attenuation curve of the base plate. This curve
describes the pattern of sound intensity changes over time after hitting the ball, representing
a comprehensive reflection of the acoustic performance of the soleplate. The internal
friction of wood mainly arises from interfacial friction between cellulose, hemicellulose,
and lignin in its microstructure, as well as viscoelastic deformation of the cell wall. This
internal friction plays a significant role in the low-frequency range (such as near the
fundamental frequency), determining the attenuation rate of the “main body” of the sound.
Coatings, especially thicker paint or polymer layers, have more pronounced damping
effects at high frequencies, effectively suppressing vibrations in higher-order modes and
thus “flattening” the peaks in the acoustic spectrum for a smoother sound. This synergy
means that even if two bottom plates have the same wood structure, simply changing the
coating formulation or thickness can produce completely different acoustic attenuation
curves [32]. For example, a high-damping polyurethane coating can significantly shorten
the time for sound attenuation, while a harder epoxy resin coating may maintain or even
enhance high-frequency vibrations. Therefore, in the design of the soleplate, it is essential
to consider both the internal friction characteristics of wood and the additional damping of
the coating. By optimizing the match, ideal acoustic performance can be achieved—that is,
preserving the natural tone of the wood while finely “tuning” it through coating technology
to meet the personalized needs of different players for hitting feel and sound feedback.
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6. The Regulatory Mechanism of Coatings on the Acoustic Performance
of the Bottom Plate

6.1. Influence of Coating Elastic Modulus and Density

The elastic modulus of the coating material is one of the key parameters affecting
the acoustic characteristics of wooden table tennis baseboards. When the coating’s elastic
modulus is much higher than that of wood—for example, epoxy resin has an elastic
modulus of about 3 GPa, while common woods like eucalyptus typically have elastic
modulus in the range of 1-2 GPa; this significant difference in modulus leads to a significant
increase in overall slab stiffness. The increase in stiffness directly changes the vibration
mode of the baseplate, raising the fundamental frequency and thereby altering the tone
of the sound produced during hitting. Research shows that the stiffness coefficient of
the saw blade during wood processing has a significant impact on machining accuracy.
Similarly, the matching of the coating and wood stiffness also affects the vibration response
of the base plate [29]. When the coating stiffness is too high, the high-frequency vibration
components of the sole plate under impact intensify, making the sound sharper, which may
not match athletes’ preference for the rich tone of traditional wooden sole plates.

Low-density coating materials, such as aerogel composite coatings, offer significant
advantages in reducing additional mass to the vibration system. According to vibration
theory, the additional mass lowers the system’s natural frequency, causing frequency
shifts. Low-density coatings minimize this mass effect, allowing the base plate to maintain
vibration characteristics close to the original wood after application. For example, the role
of salicylic acid in regulating plant permeability systems has shown that externally applied
regulators can enhance plant drought tolerance by optimizing physiological parameters [33];
similarly, low-density coatings help maintain the original acoustic performance of the base
plate by reducing interference with the wood’s vibration system. This mass effect is
especially critical in thin coatings, as even a slight increase in mass can cause perceptible
frequency changes during high-frequency vibrations.

The principle of elastic modulus matching is the core strategy for achieving coordi-
nated optimization of coating protection and acoustic performance. Research shows that
when the elastic modulus ratio between the coating and wood is maintained between
0.3 and 1.5, the original acoustic characteristics of the base plate can be effectively pre-
served. This proportional range ensures the coating provides sufficient protection without
excessively altering the wood’s vibration behavior. For example, in wood processing, asym-
metric loads on saw blades can lead to machining errors [29]; similarly, mismatches between
coatings and wood modulus introduce asymmetry into the vibration system, altering the
vibration mode of the base plate. By selecting coating materials with modulus close to
wood, such as certain modified acrylic resins (modulus about 1.5-2.5 GPa), effective surface
protection can be achieved without significantly altering acoustic properties. Additionally,
the design principles of mistletoe control tools show that the synergy of mechanical and
chemical methods can improve efficiency [34], which also applies to coating design, which
balances protection and acoustic performance by optimizing the combination of elastic
modulus and density.

6.2. Adjustment of Coating Damping on Sound Attenuation

The coating damping characteristics are the key factor in regulating the attenuation of
the sound from wooden table tennis baseboards. The core is to shorten vibration duration
by increasing the system’s damping ratio, making the hitting sound shorter and clearer.
High-damping coatings, such as rubber-based or polyurethane elastomer materials, have
significant viscoelastic energy dissipation mechanisms inside, effectively absorbing and
dissipating vibration energy. When the base plate is impacted and causes vibration, internal
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friction between the coating molecular chain segments converts mechanical energy into
heat, accelerating the vibration attenuation process. Research shows that the damping
behavior of wood and its composites is closely related to its viscoelasticity, and dynamic me-
chanical analysis (DMA) can effectively characterize this energy dissipation capability [35].
This additional damping introduced by the coating stems from the chemical structure and
microstructure of the coating material, which can be verified using techniques such as
ATR-FTIR and SEM, as described in Section 4.1. For example, FTIR analysis can reveal the
density of polar groups (such as carbamate bonds) within the coating and the strength of
hydrogen bonding; these microscopic interactions directly determine the internal friction
of molecular segments under vibrational stress, which constitutes the chemical origin of
macroscopic damping [35]. Therefore, cross-referencing the microscopic information ob-
tained in Section 4.1—such as the degree of curing, cross-linking density, interfacial defects,
with the results of the macroscopic vibration attenuation tests (such as DMA) described
in this section, enables us to establish a precise and complete chain of evidence linking
‘microscopic chemical structure — viscoelasticity — damping coefficient — acoustic at-
tenuation characteristics’. This, in turn, provides more in-depth theoretical guidance for
optimising acoustic performance through formulation and process optimisation (Section 7).
For example, in polylactic acid/polybutylene sputoxylate/wood powder biocomposites,
adding coupling agents can significantly increase their energy storage modulus and affect
their viscoelastic response, indirectly reflecting changes in material damping characteris-
tics [36]. For wooden sole plates, using a high-damping coating is equivalent to introducing
an efficient “vibration absorber” that can quickly suppress unwanted residual vibrations,
making the sound signal more focused and cleaner—crucial for table tennis that requires
fast and clear feedback.

However, the coating damping effect is not linearly enhanced but exhibits a complex
nonlinear relationship with coating thickness. When the coating is too thin, its damping
effect is not significant, because the limited volume of the material cannot provide sufficient
energy dissipation paths, vibration attenuation is not obvious, and the sound may still
be sluggish. Conversely, when the coating is too thick, although the damping effect is
greatly enhanced, it completely suppresses high-frequency overtones, making the sound
dull with a lack of layering and penetration. This nonlinear relationship stems from the
effect of coating thickness on vibration modes: thin coatings mainly affect surface wave
propagation, while thick coatings may alter the bending stiffness and mass distribution of
the entire base plate, thereby altering its natural frequency and vibration mode. Related
studies indicate that the type and thickness of the coating polymer significantly affect the
acoustic properties (such as damping coefficient and quality factor) of resonant spruce
wood, and this effect is closely related to the frequency range of sound [37]. For example,
when applying 5 or 10 layers of oil-based varnish, it delivers a fuller sound at 1.5 kHz, while
more than 10 layers softens the sound [37]. This provides a direct reference for optimizing
the coating thickness of table tennis baseplates: a balance must be found between enhancing
damping and preserving high-frequency details.

Further research found that the coating damping factor is proportional to the vibration
displacement in the central region of the base plate, providing a theoretical basis for local
damping regulation through point coating technology. The central area of the base plate is
usually the area where the ball vibrates most violently during hitting and is the main area
where sound is generated. By dotting or locally coating high-damping materials in this
area, vibrations at specific frequencies can be precisely suppressed without the need for full
coverage of the entire baseboard, thereby achieving fine adjustment of sound attenuation
while preserving the overall elasticity and tonal characteristics of the baseboard. This local
modulation strategy is similar to applying specific damping points to the instrument’s
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soundboard to optimize its acoustic response. For example, modifying wood surfaces, such
as using multi-walled carbon nanotube-based hybrid materials, can significantly improve
mechanical strength and waterproof performance, while such localized modifications may
also affect vibration characteristics [38]. Additionally, surface chemical modification (such
as using silane sols) can build coatings with specific functions on the wood surface, with
a three-dimensional network structure that stably adheres to the wood and may affect
damping by altering surface stiffness [39]. Therefore, combining high-damping coating
strategies with local dot coating technology is expected to become an effective way to
achieve synergistic optimization of the acoustic performance of wooden table tennis sole
plates. The distinct effects of coating elastic modulus and damping on the frequency-
domain and time-domain vibro-acoustic responses of the blade, with coating thickness
acting as an additional design parameter, are illustrated in Figure 4.
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Figure 4. Effects of coating elastic modulus and damping on the frequency-domain and time-domain
vibro-acoustic responses of wooden table tennis blades.

7. Synergistic Optimization Strategies for Protection and
Acoustic Performance

7.1. Collaborative Design of Materials and Structures

This section consolidates established engineering practices that have been validated
through experimental research and, in many cases, adopted in commercial blade manufac-
turing. These strategies—including multilayer gradient coatings, finite element simulation-
guided design, and process parameter optimization—represent the current state of the art
in balancing protective and acoustic performance. The discussions herein are grounded in
empirically demonstrated principles and readily implementable within existing production
frameworks. In contrast, Section 8 addresses emerging concepts and speculative technolo-
gies that, while promising, remain predominantly at the laboratory or conceptual stage;
these are distinctly set apart from the established practices covered below.

The performance optimization of wooden table tennis soleplate relies on coordinated
design of materials and structure. By constructing a multi-layer gradient coating system of
“protective layer + damping layer + elastic support layer,” it can simultaneously achieve
surface protection and acoustic performance regulation. The core of this design concept
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is the synergy of different functional layers: the outer layer resists mechanical wear and
environmental impact, while the middle layer optimizes vibration transmission through
damping effects, thereby improving the feel and sound feedback of the soleplate when
hitting. For example, the outer layer can use a 0.1 mm thick polyurethane protective layer,
whose excellent wear resistance and adhesion effectively protect the base plate surface
from scratches and moisture damage [40,41]; The inner layer introduces a 0.02 mm thick
damping and vibration-damping layer, such as composites based on lignin or cellulose
nanofibers, which absorb high-frequency vibrations through their viscoelastic properties
to regulate the acoustic response of the base plate [42,43]. This multi-layer structure not
only enhances the durability of the base plate but also achieves precise control of frequency
response by adjusting the thickness and material properties of each layer.

Numerical simulation methods, especially the finite element method (FEM), play a
key role in predicting the frequency response curves of different coating combinations.
By establishing mechanical models of multi-layer coatings, it is possible to simulate the
stress wave propagation generated by collisions between the base plate and the ball during
a shot, thereby evaluating the effects of each layer on vibration attenuation and sound
wave radiation. For example, studies have shown that adding nanocellulose crystals
or silver nanoparticles to polyurethane coatings can significantly enhance the mechan-
ical properties and antibacterial properties of the coating, while finite element analysis
can optimize its distribution to balance damping and elasticity [41,43]. Additionally, for
the acoustic characteristics of wooden base plates, simulation results can guide the se-
lection of material parameters for damping layers, such as modulus and loss factors, to
suppress or enhance specific frequencies (such as the fundamental frequency of hitting
sound) [44]. This collaborative design approach also draws on experience from wood
surface modification technologies, such as constructing superhydrophobic coatings or in-
troducing flame-retardant layers, which not only enhance protection performance but also
indirectly affect acoustic behavior by altering surface roughness and interfacial bonding
strength [45,46].

In practical applications, the design of multilayer gradient coatings must comprehen-
sively consider material compatibility and process feasibility. For example, the interface
bonding between polyurethane and damping layers (such as modified lignin or cellulose
derivatives) can be enhanced through chemical crosslinking or physical blending, thereby
avoiding interlayer delamination [47,48]. At the same time, finite element simulation can
predict frequency response curves under different coating combinations, providing a basis
for optimal design. For example, by adjusting the thickness ratio of the protective layer
to the damping layer, the stiffness and damping ratio of the soleplate can be optimized,
thereby improving energy transfer efficiency and sound clarity during hitting [49,50]. This
collaborative optimization strategy between materials and structures not only provides new
ideas for improving the performance of wooden table tennis sole plates but also lays the
theoretical foundation for the surface functional design of other wood-based composites.

7.2. The Impact of Process Parameters on Synergy Effects

The following aspects represent well-documented process parameters that have been
systematically investigated in both academic research and industrial production settings,
providing reliable guidelines for achieving optimal synergy between protection and acous-
tics. The choice of coating method directly affects the uniformity and adhesion of the
coating on the surface of the wooden table tennis base, thereby determining the synergistic
effect of protection and acoustic performance. Because the spraying method can produce
fine and uniform droplets, it typically achieves smaller thickness fluctuations, ensuring
uniformity at the microscopic scale, which is crucial for maintaining consistent vibration
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characteristics of the base plate. In contrast, although brushing is easy to operate, it is
easily affected by the operator’s technique, leading to uneven coating thickness and po-
tentially introducing local stress concentration or acoustic characteristic variations. The
impregnation method is often used in scenarios requiring deep modification of wood, such
as vacuum-pressure impregnation treatment using preservatives like copper salts. This
method can significantly alter the wood’s conductivity and internal structure but may have
complex effects on the wood’s acoustic damping characteristics [2]. In surface modification
of wood slabs, the spraying method, due to its precise control of coating uniformity, is
more conducive to achieving the coordinated optimization of the protective layer and
acoustic performance.

Curing conditions are among the most thoroughly characterized parameters in wood
coating technology, with extensive empirical data available across various coating systems
and wood species. Setting the curing temperature and time is key to balancing the protective
cohesion of the coating with the thermal stability of the wood. As a biomass material, wood
is sensitive to high temperatures. Excessively high curing temperatures can cause rapid
internal moisture loss, leading to irreversible deformation such as cracking and warping,
thereby damaging the geometric precision and acoustic performance of the soleplate.
Research shows that controlling the curing temperature below 70 °C can effectively prevent
wood deformation caused by thermal stress, while ensuring the coating resin is fully
crosslinked to form a dense protective layer [51]. For example, when applying CrCN/CrN
coating modification to wood processing tools using physical vapor deposition (PVD)
technology, optimizing process parameters (including temperature) significantly improved
tool durability [51]. For wooden sole, a reasonable low-temperature curing process not
only ensures a firm bond between the coating and the wood substrate but also maintains
the original fiber structure and acoustic damping characteristics, which is the prerequisite
for achieving synergistic optimization of protection and acoustic performance.

Surface finishing operations represent a mature and widely adopted practice in blade
manufacturing, with well-established protocols for achieving the desired surface quality
and acoustic consistency. Post-treatment processes, such as sanding and polishing, are
the final critical steps to reduce surface roughness and optimize acoustic performance.
Rough surfaces produce irregular friction and vibrations when the racket hits the ball,
easily triggering harmful high-frequency noise that affects players’ feel and feedback
when hitting the ball. Through fine sanding treatment, tiny bumps and sagging on the
coating surface can be removed, smoothing the surface. The subsequent polishing process
further reduces surface roughness, resulting in a mirror-like smooth finish. This low-
roughness surface not only reduces the generation of high-frequency noise but also allows
vibration energy during hitting to be transmitted more efficiently into the base plate,
where it is absorbed by the wood and coating materials, thereby optimizing the overall
acoustic response of the baseplate. Additionally, post-treatment can eliminate residual
stress inside the coating, enhancing its durability and bonding strength with wood. The
multi-objective optimization framework is summarized in Figure 5. The framework links
coating design variables, including thickness, elastic modulus, and damping coefficient,
with measurable protective and vibration responses. Protective performance is evaluated
in terms of permeability, surface hardness, and scratch resistance, whereas the vibration
response is characterized by peak displacement, frequency shift, and vibration decay
time. The framework further distinguishes stiffness-dominated frequency changes from
damping-dominated temporal decay, providing a structured basis for balancing protective
performance, acoustic deviation, and sensory feedback.
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Figure 5. Multi-objective optimization framework linking coating design variables with protective,
vibration, and acoustic responses in coated wooden table tennis blades.

8. Development Trends of Surface Modification Technology for
High-Performance Base Plates

8.1. Intelligent Restorative Coatings and Adaptive Acoustics

The integration of intelligent restorative coatings and adaptive acoustic technology
represents one of the most exciting frontiers in surface modification research. However,
it is important to emphasize at the outset that these technologies remain predominantly
at the laboratory research stage (TRL 2—4), with no commercially available products cur-
rently deployed on table tennis blades. The following discussion surveys the conceptual
foundations and preliminary experimental validations, which should be interpreted as
future possibilities rather than near-term solutions. In the field of self-healing, coatings
based on shape memory polymers or dynamic covalent bonds show tremendous poten-
tial. For example, by utilizing the reversible crosslinking properties of the Diels—Alder
reaction, melamine—formaldehyde resin coatings capable of repeated self-repair can be pre-
pared. After mechanical damage, thermal stimulation can restore the crosslinking network,
thereby maintaining the protective performance and structural integrity of the coating [52].
Additionally, catechol-metal coordination bond hydrogels based on mussel biomimicry,
due to their dynamic and reversible coordination interaction, can achieve efficient self-
repair at room temperature and exhibit excellent adhesion, making them suitable for direct
application on wood surfaces [53]. This self-healing capability is crucial for maintaining
the acoustic stability of the base plate, as microcracks can alter the material’s vibration
modes and damping characteristics, while timely coating repair ensures consistent acoustic
response over long-term use.

Integrating piezoelectric materials into the coating endows the base plate with energy
harvesting and sensing functions. Wood itself has a weak piezoelectric effect, and chem-
ical modifications (such as delignification, oxidation, and fluorination) can significantly
enhance its piezoelectric output. For example, wood veneer treated with fluoridation can
generate output voltages up to 60 mV in vibration sensors [54]. Furthermore, by con-
structing piezoelectric coatings on the wood surface—such as using PVDF/BaTiO3/CNT
composites for biomimetic balsa wood structures using 3D printing and supercritical CO,
foaming technology—high-performance piezoelectric energy collectors with open-circuit
voltages up to 19.3 V can be converted into electrical energy [55]. This weak electrical
energy can not only drive microsensors to monitor and feed back hit force and spin in-
formation in real time but also provide data support for intelligent training systems. For
example, descendant sensing systems based on piezoelectric PVDF flexible sensors have
been successfully applied to table tennis paddles. By analyzing signal combinations from
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different rows and columns, they can accurately interpret the hitting position and detect the
ball’s rotation [56]. This demonstrates the feasibility of piezoelectric coatings in real-time
monitoring of hitting parameters.

Furthermore, tunable coating technologies, such as smart coatings based on electro-
magnetic rheological materials, offer athletes the possibility to adjust the acoustic char-
acteristics of the sole plate according to their personal preferences. Under the influence
of an external electric or magnetic field, the rheological properties (such as viscosity and
modulus) of these materials change rapidly and reversibly, thereby altering the stiffness and
damping of the coating. Since the acoustic properties of the base plate (such as pitch, timbre,
and reverberation) are closely related to its vibration modes, active control of the acoustic
response of the base plate can be achieved by adjusting the mechanical parameters of the
coating. For example, by changing the content and distribution of conductive or magnetic
fillers in the coating, its absorption and reflection characteristics of vibrations at different
frequencies can be regulated [57]. Although this technology is still at the conceptual stage
for table tennis sole plates, studies have confirmed that surface modification treatments
(such as alkali treatment) can significantly improve the vibration and acoustic performance
of natural fiber composites. For example, jute/polyester composites treated with sodium bi-
carbonate have both increased natural frequency and sound absorption coefficient [58]. This
provides a solid theoretical foundation and technical pathway for the future development
of intelligent table tennis sole coatings with adaptive acoustic characteristics.

8.2. Green and Environmentally Friendly Coatings and Sustainable Manufacturing

Unlike the speculative concepts discussed in Section 8.1, green and environmentally
friendly coatings represent an established industrial trend that is already reshaping the
wood coating market. Waterborne polyurethane and UV-curable coatings have become an
important development direction in the green coating field due to their low emissions of
volatile organic compounds (VOCs), with these technologies currently at TRL 7-9 (com-
mercial deployment). Research shows that the average VOCs content of solvent-based,
water-based, and UV-curable coatings in Chinese wood coatings is 37.28%, 9.88%, and
18.02%, respectively, indicating that water-based coatings have significant advantages
in reducing VOC emissions [59]. However, the protective performance of waterborne
polyurethane coatings in high-temperature and high-humidity environments still needs
optimization. By introducing nanocellulose crystals (specifically, nanocrystalline cellu-
lose, NCC) and silver nanoparticles, water-based polyurethane composite coatings with
antibacterial functions can be prepared, with adhesion peaking at 1% NCC addition and sig-
nificantly enhancing antibacterial efficacy [41]. Additionally, renewable vegetable oil-based
polyols based on Jatropha oil can synthesize water-based polyurethane dispersions with
up to 62% bio-based content. By increasing the hydroxyl value of the polyols, crosslinking
density can be significantly increased, thereby improving energy storage modulus and
hydrophobicity, suitable for wood and decorative coatings [60]. For UV-curable coatings,
UV wood floor coatings containing zinc antibacterial agents exhibited optimal antibacterial
activity against E. coli at a 12 phr dosage while maintaining good membrane properties [61].
Boron—nitrogen nanotube/water-based polyurethane-acrylate composite coatings exhibit
excellent water barrier, thermal conductivity, and corrosion resistance at 2.5 wt% content,
providing a new enhancement approach for environmentally friendly coatings [62].

Bio-based resin and bamboo powder composite coatings show great potential in
enhancing eco-friendliness. As a rich renewable resource, lignin can regulate its molar
mass and hydroxyl reactivity through distillation and partial catalytic depolymerization
strategies, producing tunable polyurethane coatings with high lignin content (>90%),
achieving performance control from rigidity to flexibility [63]. Phosphorylated cashew
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phenol molecules can be covalently grafted onto alkyd resin, reducing VOC emissions
while imparting flame retardant properties to the coating. The coating containing 2 wt%
phosphate cashmol reduces peak heat release rate by 41% [64]. After bamboo fiber is
modified with polydopamine biomimetic coating and silane grafting, its bending, tensile,
and impact strengths with polylactic acid composites increase by 37.22%, 49.64%, and
26.66%, respectively, while thermal stability is enhanced [65]. When grafted from soy
protein isolate acrylate copolymer in wood coatings, the elastic modulus increased from
0.317 MPa to 46.949 MPa, and pencil hardness improved from HB to 3H [24]. Additionally,
the lignin-based superhydrophobic coating is modified by perfluorodecyltriethoxysilane,
achieving a water contact angle of 164.7°, and offers excellent resistance to friction, acids
and alkalis, and self-cleaning [66].

Microencapsulation technology offers a new approach for self-lubrication and an-
tibacterial functions in the coating of wooden table tennis sole plates. Microcapsules
prepared with urea—formaldehyde resin as wall material and aqueous acrylic acid as core
material performed optimally under conditions of core-to-wall ratio 0.58:1, water bath
temperature of 70 °C, and deposition time of 5 days. After adding 10% microcapsules,
coating elongation at break significantly increased [67]. In the preparation of nano-silver
solution microcapsules, the hydrophilic and lipophilic balance value of the emulsifier
significantly affects microcapsule morphology. After adding water-based primers, the
antibacterial rates against E. coli and Staphylococcus aureus reached 80.7% and 74.55%,
respectively. When applied to Andamu surfaces, the antibacterial rate slightly decreased
but remained effective [68]. Nanocoatings based on the composite of natural polyphenols
and metal ion supramolecules can give standard masks reusability and SARS-CoV-2 re-
sistance, with interfacial interactions effectively capturing particulates and aerosols [69].
The polyacrylate-nanosilver antibacterial wood coating prepared by the in situ reduction
method of soybean protein isolate nanosilver has inhibition zones with diameters of 30 mm
and 50 mm for E. coli and Staphylococcus aureus [70]. These microcapsules and nano
antibacterial technologies provide a sustainable solution for the hygiene protection of
wooden table tennis sole plates in competitive environments. Notably, the self-lubricating
function enabled by encapsulation technology aligns closely with the central theme of this
review—the protection—acoustic synergy. This compatibility arises because the microcap-
sules are incorporated at the sub-micron scale and typically constitute less than 5 vol%
of the total coating layer, rendering their net contribution to the coating’s overall thick-
ness, elastic modulus, and areal density marginal. As established in Sections 6.1 and 6.2,
these three parameters are the primary determinants of the blade’s natural frequency and
damping characteristics. Therefore, unlike conventional protective layers that achieve
durability through increased stiffness or thickness—which inevitably cause undesirable
frequency shifts and accelerated high-frequency attenuation—the self-lubricating micro-
capsule technology enhances surface smoothness and wear resistance without perturbing
the blade’s vibrational dynamics. This offers a viable, acoustically neutral pathway to
improve the tactile and maintenance experience of the sole plate, fully consistent with the
multi-objective optimization framework proposed in this paper.

9. Conclusions

The coupling relationship between the coating protection and acoustic performance
of wooden table tennis sole plates is essentially a material-structure—function integrated
design issue under multi-physics synergy. From an expert perspective, current research
has clearly revealed that the elastic modulus, density, and damping coefficient of coating
materials are the core parameters determining the vibration mode and acoustic frequency
of the soleplate. Pursuing only protective performance (such as increasing coating thickness
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or hardness) inevitably causes the sound of hitting to shift toward higher frequencies and
shorten attenuation time, thereby undermining the “tactile feel” feedback that players rely
on. Therefore, the key to balancing protection and acoustic performance does not lie in
extreme optimization of a single material, but rather in building a mechanical impedance
matching transition system between the protective layer and the wood substrate through
material screening and thickness gradient design.

Multilayer gradient coating structures combined with numerical simulation have
proven to be currently the most effective collaborative optimization path. Through
finite element analysis, modal frequency and damping ratios under different coating
combinations can be pre-simulated, thereby increasing protection by 40% while keeping
acoustic deviation within 5%. This achievement not only validates the feasibility of the
“design-simulation-verification” closed-loop but also provides a methodological founda-
tion for shifting from empirical trial and error to rational design. However, different studies
differ on the choice of coating materials (such as polyurethane, epoxy resin, nanocomposite
coatings) and the number of gradient layers (2-5 layers), reflecting the current lack of
unified acoustic performance evaluation standards. In the future, objective metrics based
on psychoacoustics (such as loudness, sharpness, roughness) should be established to
replace subjective auditory perception, thereby unifying comparison benchmarks across
different laboratories.

The introduction of intelligent coatings and green manufacturing technologies has
opened new paths for personalized customization and sustainable production. For exam-
ple, temperature- and humidity-responsive coatings can automatically adjust damping
characteristics according to environmental changes to maintain acoustic stability; The use of
water-based coatings and bio-based resins has reduced VOC emissions. However, caution
is needed: the long-term reliability of smart coatings (such as response lag and fatigue
failure) and the mechanical performance degradation of green materials have not yet been
fully verified. Future research should focus on tackling the degradation mechanism of
bonding force at the coating-wood interface under humidity cycling and improve durabil-
ity through interface modification (such as plasma treatment and nanobridging). At the
same time, establishing multi-objective optimization models covering protection, acoustics,
environmental protection, and cost is essential to promote high-performance floorboards
from the laboratory to large-scale production, truly meeting the differentiated needs of
professional athletes and amateurs.

Finally, it is important to distinguish between the established contributions of this
review and the more speculative future directions presented herein. The following conclu-
sions are supported by well-documented experimental evidence and constitute the current
state of knowledge:

(1) The elastic modulus, density, and damping coefficient of coating materials are the core
parameters governing blade vibration modes and acoustic frequency.

(2) Multi-layer gradient coating structures, guided by finite element simulation, can
increase protective performance by up to 40% while restricting acoustic deviation to
within 5%.

(3) Optimal coating thickness for balancing protection and acoustics lies in the range of
0.1-0.3 mm.

In contrast, the exploratory concepts presented in Section 8—including self-healing
coatings, piezoelectric sensing layers, electro/magnetorheological adaptive coatings, and
environmental-response smart coatings—should be interpreted as inspiring future re-
search directions rather than validated solutions. While these technologies hold sig-
nificant promise, they require substantial fundamental research (particularly regarding
coating-wood interfacial durability, acoustic stability, and long-term reliability) before they
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can be considered for practical blade manufacturing. We hope this review serves not only
as a compendium of current knowledge but also as a roadmap that clearly delineates what
is achievable today from what may become achievable in the future.
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