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Abstract: Natural wood is a clean and environmentally friendly material. However, the
wood used for tribological applications has been gradually replaced due to the
unsatisfactory lubricating performance. Herein, a novel process for achieving high
lubricating performance wood-derived composites has been proposed. The Lignum
vitae wood was chosen as a representative, where its lignin is firstly removed and then
followed by polydimethylsiloxane (PDMS) vacuum infusion. The experimental results
indicated that the unique soft-hard composite structure was formed by the wood fibers
and the infused PDMS of the PDMS infused Lignum vitae-derived composites (PDMS-
L). The PDMS fitted the rough peak of the copper ball through large deformation and
the interlayer PDMS reinforced fibers provided strong support, thus the PDMS-L
presented great lubricating performance. The friction coefficient and the wear depth
decrease significantly after PDMS infusion. Compared to the original Lignum vitae, the
maximum reduction in the friction coefficient and the wear depth of the samples after
the PDMS infusion is 85.2% and 79%, respectively. This study shows the potential of
wood for tribological applications and provides a new avenue toward lubricating

performance improvement for wood-derived composites.
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1 Introduction



Wood is widely accepted as an abundant and sustainable resource with porous
structures consisting of hollow wood cells arranged in the natural growth direction
[Fratzl and Weinkamer, 2007; Karakoc and Freunde, 2016]. The specific structure gives
the wood a special strength-to-weight ratio [Jakob et al., 2022], a high degree of
anisotropy [Berglund and Burgert, 2018; Deuerling et al., 2018; Eichhorn et al., 2001],
and the porous structure also provides channels for the flow of the resin inside wood
[Yin et al., 2016]. Wood has been widely used for the past few centuries, including
furniture production, building, fuel and paper production [Yan et al., 2021; Wang et al.,
2017]. Additionally, wood has also been used for tribological applications, such as the
wooden sleeper and the wooden bearing [Friedrich et al., 2021; Sathre and Gorman,
2005]. However, the natural wood used for tribological applications has been gradually
replaced by alloys or polymer matrix composites for many advanced applications due
to the unsatisfactory lubricating performance. Unfortunately, polymer matrix
composites are not particularly clean materials because polymer composites are usually
difficult to degrade and some harmful substances are produced during the production.
As a clean and environmental-friendly material, wood with high lubricating
performance can be used for wide applications to replace alloy or polymer composite
used as friction pairs, which is perfectly suitable for clean materials and environmental
protection needs. It is of great significance to find a convenient approach to improve
the lubrication performance of wood. However, the study focus on the lubricating
performance improvement for the wood to amplify its application range is rarely found.

In order to improve the properties of wood for better applications, wood
modification has become an important means to produce high performance wood-
derived composites [Bekhta et al., 2018; Priadi and Hiziroglu, 2013]. Chemical
modification is one of the most widely used modification methods. Leslaw used
polymethylmethacrylate (PMMA) to modify the pine wood surface [Leslaw, 2016]. The
results showed that the strength of the pine wood was significantly increased after
surface modification. Additionally, the strength and the anisotropy of the pine wood
could be controlled by adjusting the amount of the polymer. Bi et al. summarized the

representative achievements of wood chemical modification and nanotechnology [Bi et



al., 2021]. Various wood modification methods were analyzed and compared.
Additionally, other modification methods are also used to better enhance the properties
of wood. Song et al. moved the lignin of the wood, followed by hot-pressing to develop
a dandified wood and the product presented excellent mechanical properties [Song et
al., 2018].

The resin infusion is an excellent technology for modification that has been widely
used to enhance the performance of the material [Sharma et al., 2022; Wang et al., 2017].
Due to the channels provided by the specific porous structure, wood presents a special
potential to enhance the performance by infusion. Some achievements have already
been made. Zhu et al. removed the lignin of wood to expand the channels inside the
wood, followed by filling the epoxy resin into the wood to produce a new wood-derived
composite [Zhu et al., 2016]. The results indicated that the wood-derived composite
was highly transparent and presented better mechanical properties than the original
wood. Xia et al. infused the epoxy resin into the Poplar [Xia et al., 2019]. Then the
densification of wood-epoxy resin composite was densified by hot-pressing. The
products presented unique mechanical properties, which were increased to the values
of the alloy range.

Here, we suppose that it is feasible to manufacture a novel wood-derived
composite through infusion to improve its lubricating performance. Based on our
previous study, the lubricating performance of wood is highly influenced by its
anatomical properties, including the anatomical structure and the extractives [Wu et al.,
2022]. The Lignum vitae presents good lubricating performance due to its high content
of extractives combined with the perfect mechanical properties given by the densest
anatomical structure. In this case, the Lignum vitae has been chosen for further
modification to produce the Lignum vitae-derived composites. Additionally, the PDMS,
which has been widely used to produce medical equipment and artificial joints, is a
material with good biocompatibility and is almost harmless to humans [Ariati et al.,
2021]. In the present study, polydimethylsiloxane (PDMS) has been used for infusion
because the main component of the extractives inside the Lignum vitae is silico-oxide

compounds. The PDMS has been infused and solidified inside the Lignum vitae after



removing the lignin. The microstructure, elements and the compressive strength of the
Lignum vitae, the lignin removed Lignum vitae (L-removal) and the PDMS infused
Lignum vitae-derived composites (PDMS-L) have been detailedly observed and tested
to prove the successful infusion of PDMS, and to better understand the microstructure
and the mechanical properties of the various kinds of samples. After that, the lubricating
performance of the three kinds of samples has been investigated through a series of
tribological experiments. The present study aims to provide a convenient approach to

improve the lubrication performance of wood, and amplify its application range further.
2 Material and methods

2.1 Materials and chemicals

Lignum vitae was provided by a shipbuilding company in China. All the Lignum
vitae were cut into wood blocks with a size of 20 mm % 10 mm x 15 mm (LxRxT) and
polished before future processes. The chemicals used to remove the lignin in the
Lignum vitae were sodium hydroxide (Analytical reagent) and sodium sulfite
(Analytical reagent). The Polydimethylsiloxane (PDMS) used for infiltration was
Sylgrad 184 (Dow Corning, USA). The solvent used for the solution was deionized
water. The absolute ethyl alcohol was bought from Aladdin (Analytical reagent).
2.2 Lignin removal experiment

The solution contained NaOH (5 mol L!) and Na,SO3 (0.4 mol L) was used for
removing the lignin of the Lignum vitae [Song et al., 2018]. The Lignum vitae blocks
were immersed in the boiling solution for 8 h to remove the lignin. After that, the
Lignum vitae blocks were rinsed with deionized water for several times to remove the
residual solution.
2.3 Manufacturing of Lignum Vitae-derived composites

PDMS solution was prepared by mixing the two components (Base component
and Hardener) at a mass ratio of 10 to 1, followed by dissolving in the tetrahydrofuran
(THF) at a mass ratio of 10 to 1 (PDMS component to THF). After the lignin was
removed, the Lignum vitae blocks were placed in a special design container that fits
their sizes and immersed into the solution, the solution was vacuumed and kept in the

vacuum for a while to remove the gas in the Lignum vitae. After that, the vacuum was



released, the PDMS, which was pushed by the atmospheric pressure, would fill into the
Lignum vitae [Xia et al., 2019]. The process was repeated at least three times at a low
temperature within two hours to prevent obvious changes in the viscosity of the PDMS
solution. At last, the PDMS infusion Lignum vitae was placed in the oven at 60 °C for
8 h for solidification.
2.4 Microstructural and elements observation

The microstructure of the original Lignum vitae, the lignin removed Lignum vitae
and the PDMS infused Lignum vitaec were characterized by a scanning electron
microscope (SEM) (Tescan, Czech). Energy disperses spectroscopy (EDS) (Oxford,
UK) was used for the elemental analysis of samples’ surfaces.
2.5 Compression testing

The wood blocks with a dimension of 20 mm X 10 mm x 15 mm (LxRxT) were
used for compressive properties tests, and the blocks were compressed along the growth
direction at a speed of 2 mm min™.
2.6 Tribological experiments

The tribological experiments were carried out with a reciprocating ball-on-disk
Rtec tribometer (USA). The selection of experimental parameters was based on relevant
studies [Liu et al., 2022; Mckenzie and Karpovich, 1968; Yin et al., 2016]. The
dimension of the tested samples is 20 mm % 10 mm x 15 mm (LxRXT). The copper
balls with a diameter of 10 mm were used as the contact-body and contacted with the
samples at the LxT surface. The tribological experiments were performed by applying
constant loads on the copper balls and moving the Lignum vitae blocks along the
growth direction of the Lignum vitae at a constant speed. The experimental form was
reciprocating friction while the applied loads were 5 N, 10 N, 15 N and 20 N, and the
sliding distance and the frequency were 10 mm and 3 Hz, receptively. The experiments
were carried out under dry frictional conditions for 30 min at room temperature. After
the tribological experiments, the wear morphologies were observed by using the SEM
and the wear track depth of the Lignum vitae blocks was measured by using a confocal
laser scanning microscope (CLSM) (Keyence, Japan).

The friction coefficient was automatically collected by the Rtec tribometer during



the tribological experiments. Due to the run-in period in the beginning, the collected
data at the initial five minutes was abandoned, the average friction coefficient was
calculated based on the collection date from 5 to 30 minutes of the experiments. After
the wear track of the samples was observed by the CLSM, the average level changes
were automatically calculated by the CLSM, and the wear depth was directly measured

based on the average level changes line also by the CLSM.

3 Results and discussion

3.1 Characterization of samples

The microstructure, elements and compressive strength of the Lignum vitae, the
lignin removed Lignum vitae (L-removal) and the PDMS infused Lignum vitae-derived
composites are shown in Fig.1. The difference in the microstructure and the element
between the surface layer and the interlayer of the PDMS-L is present in Fig.2.

Fig. 1 highlights the structural and element characterization of the three kinds of
samples. The selected Lignum vitae presents typical hard wood’s porous structures.
Many straight channels provided by various kinds of xylem cells including wood cells
and vessels exist on the cross section of the Lignum vitae. The tangential section SEM
image of the Lignum vitae also shows the small channels on the surface, which provides
the possibility for the liquid to flow perpendicular to the growth direction. The channels
provided by the wood fibers are surrounded by the cell wall, which consists of cellulose-
reinforced hemicelluloses and lignin. After the lignin is removed, the structure with the
various channels is still maintained, allowing the vacuum infusion of PDMS (Fig. 1, F
and G). However, the linkages of the cellulose fibrils are cut off due to the removal of
the lignin matrix, resulting in many gaps, which decreases the difficulty for the
subsequent infusion. After PDMS is infused into the L-removal with vacuum assistance,
the sample is cut and the middle central part has been observed. SEM images (Fig. 1, J
and K)) confirm the PDMS is indeed infused into the middle central part of the PDMS-
L. On the cross section, all the channels are filled and bonded with the PDMS. The
more obvious typical structure can be found on the tangential section, the vessels are

clearly identified and are fully filled with PDMS. The wood cells are also easily



identified and have been connected by the infused PDMS. Note that the original
structure of Lignum vitae remains intact after PDMS infusion. The separated cellulose
fibrils have been connected again by the infused PDMS with intermolecular forces. No
obvious boundary is spotted between the PDMS and the cell walls of the various xylem
cells.

Energy spectrum analysis has been done to examine the elements on the samples’
surface. The main elements of the Lignum vitae and the L-removal are carbon and
oxygen with a small amount of silicon (Fig. 1, D and H). Silicon is mainly derived from
the silico-oxide compounds contained in the Lignum vitae. After PDMS infusion, the
EDS results indicate that the main elements on the surface are carbon, oxygen and
silicon (Fig. 1L). Silicon is used as the characteristic element and has been given special
attention because it is one of the main elements contained in PDMS. According to the
EDS results, silicon is dispersed uniformly on the surface of the Lignum vitae and the
L-removal while not the PDMS-L, whose silicon seems more concentrated at the
vessels due to the large channels (Fig. 1, D, H and L). Note that silicon weight
percentage increases from 1.16% to 7.8% after PDMS infusion, which is a whopping
574.1% increase (Fig. 1M), confirming the existence of the PDMS. The high weight
percentage of silicon combined with the structural characterization confirms that the
PDMS has been successfully infused into the wood.

The compressive strength of the three kinds of samples has been tested. The
compressive direction is along the growth direction of the wood. Fig. IN indicates that
the compressive strength decreased rapidly from 80 MPa to 25 MPa after lignin removal.
It is because the wood can be regarded as a cellulose fibrils-reinforced material and the
lignin acts as a basic to connect the cellulose fibrils by chemical bonds and hydrogen
bond with strong bonds energy. After removing the lignin, the cellulose fibrils lack
connection, causing a rapid decrease in compressive strength. After the PDMS infusion,
the material’s compressive strength increases slightly from 25 MPa to 34 MPa. It is
mainly because the PDMS replaced the lignin to connect the cellulose fibrils again.
However, the PDMS, whose mechanical properties are inferior, connects the fibers with

low intermolecular forces, causing the compressive strength is not obviously increased.



Machining

Lagnin
removal

PDMS
infusion ‘

(M)

@l ~removal

P

(%)

LN S

Weight percentage

{MPa)

0=

no =

S0+

40 +

30

Compressive strength

20

PDMS-L Lignum vitae L-removal

Fig. 1. Characterization of various kinds of wood. (A), (E) and (I) are the Lignum
vitae, the L-removal and the PDMS-L’s middle central part, respectively. (B), (F) and
(J) are the cross section observed by SEM of the Lignum vitae, the L-removal and the

PDMS-L’s middle central part, respectively. (C), (G) and (K) are the tangential
section observed by SEM of the Lignum vitae, the L-removal and the PDMS-L’s

middle central part, respectively. (D), (H) and (L) are the EDS results of the Lignum



vitae, the L-removal and the PDMS-L’s middle central part, respectively. (M) The

weight percentage of elements. (N) The compressive strength tests.

We also investigated the surface layer of the PDMS-L samples. According to the
SEM images, the surface layer and the interlayer structure present a certain difference.
The original structure of the Lignum vitae, including the various kinds of xylem cells
and the channels, disappears on the surface layer. Once the surface layer has been cut,
the unique porous structure of wood exists again. On the cross section, the various
xylem cells, which cannot be identified on the surface layer, can be distinguished on
the interlayer (Fig. 2, B and C). On the tangential section, the difference is more obvious.
SEM image of the surface layer presents a smooth surface without any original typical
structure while the wood cells and the vessels are easily distinguished in SEM image
of the interlayer (Fig. 2, D and E). It is worth mentioning that the distribution of silicon
of the surface layer and the interlayer is also quite different. Silicon uniformly
distributes on the surface layer. On the contrary, most silicon concentratedly distributes
in the vessels while a few uniformly distribute in the wood cells on the interlayer. The
weight percentage of silicon on the surface layer is 128.5% higher than that on the
interlayer. Taking the above differences into consideration, it is reasonable to get the
conclusion that a thin PDMS film layer adhered to the surface layer of the PDMS-L
(Fig. 2G).
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Fig. 2. Structural and elements characterization of the PDMS-L. (A) The model for
the surface layer and the interlayer. (B) and (C) are the cross section of the surface
layer and the interlayer, respectively. (D) and (E) are the tangential section of the
surface layer and the interlayer, respectively. (F) The weight percentage of elements

of the surface layer and the interlayer. (G) the model for the PDMS-L description.

3.2 Tribological experimental results

Fig. 3 illustrates the tribological experiments and the friction coefficient of the
three kinds of samples. The friction coefficient of PDMS-L is significantly lower than
the other two kinds of samples, which is 78.1%, 82.3%, 85.2% and 75.5% lower than
the Lignum vitae at 5 N, 10 N, 15 N and 20 N, respectively (Fig. 3B). The friction
coefficients of the PDMS-L are 0.13, 0.10, 0.08 and 0.12 at 5 N, 10 N, 15 N, 20 N,
which are pretty low values under dry frictional conditions. We also investigated the
operational effectiveness of the PDMS-L along with the whole experiment. The friction
coefficient of the PDMS-L at 20 N increases slowly and smoothly from around 0.06 to
0.12 at the initial stage of the experiment and remains stable with minor fluctuations

around 20 minutes since the experiment started (Fig. 3C). It is reasonable to get the



conclusion that the lubricating performance of the PDMS-L is guaranteed throughout
the whole experiment. The wear track of the samples after tribological experiments has
been observed. According to the wear morphologies, the wear track is cambered and
some wear particles accumulate at the edge of the wear track, resulting in the edge
heightening of the wear track (Fig. 4, A, to C). The level of the PDMS-L changes quite
slightly compared with the other two kinds of samples. Additionally, the wear track
depth, which is obtained by measuring the outline of the wear track, has been used to
evaluate the wear resistance of the samples (Fig. 4, D and E). Among the three kinds of
samples, the PDMS-L presents the best wear resistance, the wear depth decreases
obviously after PDMS infusion. The wear depth of the PDMS-L is 45.5%, 59.0%, 70.2%
and 79.0% lower than the Lignum vitae at 5 N, 10 N, 15 N and 20 N, respectively (Fig.

4E). The above results indicate that the lubricating performance of the PDMS-L has

been significantly improved compared with Lignum vitae.
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Fig. 3. The scheme of the tribological experiments and the friction coefficient of the
samples. (A) The schematic for the tribometer and the friction pairs. (B) The friction
coefficient of the three kinds of samples. (C) The real-time friction coefficient of the

PDMS-L at 20 N.
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vitae and the L-removal at 20 N, respectively. (D) The wear track measured by

CLSM. (E) The wear depth of three kinds of samples.

3.3 Wear mechanisms

The wear morphologies of the samples at 20 N have been investigated by using
SEM to better understand their wear mechanisms. According to the wear morphologies,
the wear of the Lignum vitae, as we mentioned in our previous study, initiates from the
crushing of the hollow wood fibers followed by pulling out and tearing the destroyed
wood fibers along the parallel direction (Fig. 5B) [Wu et al., 2022]. After lignin is
removed, the wear of the L-removal is similar to the Lignum vitae but the wear becomes
serious, many torn fibers can be found on the surface of the L-removal after experiments
(Fig. 5C). It is mainly because of the cellulose fibrils’ linkage is released after the lignin
is removed, which makes the fibers easily to be destroyed.

As for the PDMS-L, more wear morphologies and a wear mechanism diagram are



used to explain the wear mechanism more reasonably (Fig. 5, A and D). The wear
mechanism diagram summarized the lubricating performance improvement mechanism
of the PMDS-L (Note that the copper ball is omitted in parts of the images). The PDMS-
L sample is covered by a thin PDMS film, which is compressed by the copper ball at
first, followed by wear and destruction as the experiment continues. During the process,
friction and wear mainly occur at the interface of the PDMS film, the top soft PDMS
film bears the applied load. Large deformation happens for the PDMS film to
completely fit the copper ball’s rough peaks on the surface. Additionally, the interlayer,
which is formed by the PDMS reinforced fibers, provides strong support. Due to the
unique soft-hard composite structure, the friction coefficient of the PDMS-L is pretty
low at the beginning. The wear of the PDMS-L in this process is mainly the tear of the
PDMS film. However, the wear resistance of PDMS is relatively poor. The PDMS film,
which is at the top of the surface layer, has been gradually destroyed as the experiment
goes on and the inner PDMS reinforced wood fibers are gradually exposed. This section
is a transitional process in which the destroyed area of the PDMS film gradually
increases and the amount of the exposed wood fibers gradually increases. During this
process, the friction coefficient of the PDMS-L increases slowly and smoothly from
around 0.06 to 0.12 as the experiment goes on due to the PDMS film being destroyed
gradually. Note that different from the original Lignum vitae, the wood fibers of the
PDMS-L are filled with PDMS, resulting in the deformation of the wood fibers rather
than crushing. Thus the main wear of the PDMS-L in this process is the tear of the
PDMS film combined with the stretching and tear of the cell walls of the wood fibers
along the parallel direction. As the experiment continues, once the cell walls of the
wood fibers are destroyed, the inner PDMS is exposed. The exposed PDMS plays the
same role as PDMS film to fit the copper ball’s rough peaks through deformation, where
the bottom PDMS reinforced fibers provide strong support for the exposed PDMS. Such
a unique soft-hard composite structure significantly improves the lubricating
performance of the PDMS-L. Once the exposed PDMS is destroyed, the PDMS inside
the bottom wood fibers will expose again after the cell wall is destroyed. The large

amount of wood fibers ensures this wear cycle, thus the friction coefficient of the



PDMS-L becomes stable with little fluctuation and the lubricating performance of the
PDMS-L is guaranteed throughout its service life.

There is an issue that deserves consideration, both the friction coefficient and the
wear depth of the L-removal are higher compared with the original Lignum vitae. Based
on the wear mechanism, the deformation resistance of the L-removal decreases due to
the linkages of the cellulose fibrils being cut off after lignin is removed, resulting in the
extreme decrease in the wear resistance (Fig. IN). Lots of fibers are torn and exist on
the surface of the L-removal, some of which will enter the friction pairs, resulting in
the increase of the friction coefficient (Fig. 5C). Additionally, the effect of applied loads
on the lubricating performance of the PDMS-L has been summarized based on the wear
mechanism. Due to the increase in the contact area and, consequently, the increase in
the friction force with the increase in the applied load, resulting in more PDMS are
destroyed. Due to the tight contact of the copper balls and the samples, the broken bits
of PDMS may not be discharged in time and exist in the rubbing pairs, which will
reduce the lubricating performance of the samples. However, when the applied loads
are 5N, 10 N and 15 N, the broken bits of PDMS are few and have a limited effect on
the friction properties of PDMS-L. Thus the friction coefficient of the PDMS-L
decreases with the increase in the applied load from 5 N to 15 N. When the applied load
is 20 N, a large area of the PDMS film is destroyed and a large amount of broken bits
of PDMS are produced. These broken bits roll in the rubbing pairs and destroy the
contact face as the copper ball slides, causing the increase in the friction coefficient.
The above is also the reason for the friction coefficient reduction percentages of PDMS-
L compared with the Lignum vitae increase with the applied load increases from 5 N to
15 N, and then decreases from 15 N to 20 N. Differing from the wood fibers of the
PDMS-L bear the load through the elastic deformation of the infused PDMS, the wood
fibers of the original Lignum vitae bear the load through irreversible plastic
deformation. Increasing in the applied load will significantly increase the amount of the
crushed wood fibers, resulting in the rapid growth of the Lignum vitae’s wear depth.
However, the elastic deformation of the infused PDMS makes the PDMS-L less

sensitive the applied load than the Lignum vitae, resulting in the continuous increase in



the wear depth reduction percentages of PDMS-L compared with the Lignum vitae with

the applied load increase from 5 N to 20 N.
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Fig. 5. The wear morphologies taken by SEM and the wear mechanism of the PDMS-
L. (A), (B) and (C) are the wear morphologies of the PDMS-L, the Lignum vitae and
the L-removal at 20 N, respectively.

(D) The wear mechanism of the PDMS-L.

4 Conclusion

In order to improve the lubricating performance of wood for wide applications, a
new Lignum vitae wood-derived composite is developed through a convenient and
effective infusion process. The lignin of the Lignum vitae is removed at first, then
followed by means of vacuum-assisted PDMS infusion. After that, a series of
experiments have been done to detailedly analyze the characterization and the
lubricating performance of the Lignum vitae, the L-removal and the PDMS-L. There
are some conclusions drawn as follows.

(1) The microstructure and EDS observation results prove that the PDMS has



successfully infused into the Lignum vitae. After PDMS infusion, the wood
fibers, which are separated during the lignin removal processing, have been
connected again and a thin PDMS film adheres to the surface layer of the
material.

(2) The compressive strength decreases rapidly after lignin is removed and
increases slightly after PDMS infusion.

(3) According to the tribological experimental results, the friction coefficient of
the PDMS-L is pretty low, which is 78.1%, 82.3%, 85.2% and 75.5% lower
than the Lignum vitae at 5 N, 10 N, 15 N and 20 N, respectively. The wear
depth of the PDMS-L is 45.5%, 59.0%, 70.2% and 79.0% lower than the
Lignum vitae at 5 N, 10 N, 15 N and 20 N, respectively.

(4) The PDMS infusion perfectly improves the lubricating performance of the
PDMS-L by forming the unique soft-hard composite structure. The PDMS can
fit the rough peak of the copper ball through large deformation and the
interlayer PDMS reinforced fibers can provide strong support

Overall, the design and development of the wood-derived composite provide a

new route for the excellent tribological application of natural wood. However, the long-
term lubricating performance of the samples hasn’t been tested in our study. We will do
long time experiments and also try to improve the lubricating performance of other

kinds wood by using the same methods in the future.

Acknowledgments:
The authors would like to express their sincere gratitude to the National Natural

Science Foundation of China (Grant no. 52171319).

CRediT authorship contribution statement:

Zumin Wu: Conceptualization, Investigation, Methodology, Data curation,
Writing—original draft. Zhiwei Guo: Supervision, Funding acquisition, Writing—review
and editing. Chengqing Yuan: Supervision, Funding acquisition, Writing—review and

editing. Qiren Huang: Investigation. Chun Wang: Writing-review and editing.



Hongyuan Zhao: Writing-review and editing.

Declaration of competing interest:
The authors declare that they have no known competing financial interests or

personal relationships that could have appeared to influence the work reported in this

paper.

Data and materials availability:

Raw/processed data will be made available upon request.

Reference

Ariati, R., Sales, F., Souza, A., Lima, R.A., Ribeiro, J., 2021.
Polydimethylsiloxane Composites Characterization and Its Applications: A Review.
Polymers. 13 (23), 4258.

Bekhta, P., Sedliacik, J., Jones, D., 2018. Effect of short-term thermomechanical
densification of wood veneers on the properties of birch plywood. Eur. J. Wood Wood
Prod. 76 (2), 549-562.

Berglund, L.A., Burgert, 1., 2018. Bioinspired Wood Nanotechnology for
Functional Materials. Adv. Mater. 30 (19), 1704285.

Bi, W.Z., Li, H.T., Hui, D., Gaff, M., Lorenzo, R., Corbi, 1., Corbi, O., Ashraf, M.,
2021. Effects of chemical modification and nanotechnology on wood properties.
Nanotechnol. Rev. 10 (1), 978-1008.

Deuerling, S., Kugler, S., Klotz, M., Zolfrank, C., Opdenbosch, D.V., 2018. A
Perspective on Bio-Mediated Material Structuring. Adv. Mater. 30,1703656.

Eichhorn, S.J., Baillie, C. A., Zafeiropoulos, N., Mwaikambo, L.Y., Ansell, M.P.,
Dufresne, A., Entwistle, K.M., Herrera-Franco, P.J., Escamilla, G.C., Groom, L.,
Hughes, M., Hill, C., Rials, T.G., Wild, PM., 2001. Review: Current international
research into cellulosic fibres and composites. J. Mater. Sci. 36 (9), 2107-2131.

Fratzl, P., Weinkamer, R., 2007. Nature’s hierarchical materials. Prog. Mater. Sci.

52, 1263-1334.



Friedrich, K., Akpan, E. 1., Wetzel, B., 2021. On the tribological properties of
extremely different wood materials. Eur. J. Wood. Wood. Prod. 79 (4), 977-988.

Jakob, M., Mahendran, A.R., Gindl-Altmutter, W., Bliem, P., Konnerth, J., Muller,
U., Veigel, S., 2022. The strength and stiffness of oriented wood and cellulose-fibre
materials: A review. Prog. Mater. Sci. 125, 100916.

Karakoc, A., Freund, J., 2016. Effect of size and measurement domain on the in-
plane elasticity of wood-like cellular materials. J. Mater. Sci. 51, 1490-1495.

Leslaw, K., 2016. Reinforcing wood by surface modification. Compos. Struct. 158,
64-71.

Liu, S.T., Dong, C.L., Yuan, C.Q., Bai, X.Q., 2022. Friction reduction behavior of
oil-infused natural wood. Friction, 10 (11): 1824-1837.

Mckenzie, W.M., Karpovich, H., 1968. The frictional behaviour of wood. Wood
Sci. Technol. 2, 139-152.

Priadi, T., Hiziroglu, S., 2013. Characterization of heat treated wood species.
Mater. Design. 49, 575-582

Sathre, R., Gorman, T.M., 2005. Improving the performance of wooden journal
bearings. For. Prod. J. 55 (11), 41-47.

Sharma, C.S., Milionis, A., Naga, A., Lam, C.W.E., Rodriguez, G., Del Ponte, M.F.,
Negri, V., Raoul, H., D’Acunzi, M., Butt, H.J., Vollmer, D., Poulikakos, D., 2022.
Enhanced Condensation on Soft Materials through Bulk Lubricant Infusion. Adv. Funct.
Mater. 32 (17), 2109633.

Song, J.W., Chen, C.J., Zhu, S.Z., Zhu, M.W., Dai, J.Q., Ray, U., Li, Y.J., Kuang,
Y.D., Li, Y.F.,, Quispe, N., Yao, Y.G., Gong, A., Leiste, U.H., Bruck, H.A., Zhu, J.Z.,
Vellore, A., Li, H., Minus, M.L., Jia, Z., Martini, A., Li, T., Hu, L.B., 2018. Processing
bulk natural wood into a high-performance structural material. Nature 554 (7691),
25476.

Wang, L.M., Urata, C., Sato, T., England, M.W., Hozumi, A., 2017. Self-Healing
Superhydrophobic Materials Showing Quick Damage Recovery and Long-Term
Durability. Langmuir 33 (38), 9972-9978

Wang, S.D., Chen, M.X., Ly, L.C., Zhao, P.Q., Gong, C.C., 2017. Investigation of



the Adaptability of Paper Sludge with Wood Fiber in Cement-Based Insulation Mortar.
BioResources 11 (4), 10419-10432.

Wu, ZM., Guo, Z.W., Yuan, C.Q., 2022. Insight into the influence of the
anatomical properties of wood on the tribological properties. J. Clean. Prod. 330,
129800.

Xia, C.L., Wu, Y.J., Qiu, Y., Cai, L.P., Smith, L.M., Tu, M.B., Zhao, W.H., Shao,
D.W., Mei, C.T., Nie, X., Shi, S.Q., 2019. Processing high-performance woody
materials by means of vacuum-assisted resin infusion technology. J. Clean. Prod. 241,
118340.

Yan, L., Zeng, F.Y., Chen, Z.J., Chen, S., Lei, Y.F., 2021. Improvement of wood
decay resistance by salicylic acid/silica microcapsule: effects on the salicylic leaching,
microscopic structure and decay resistance. Int. Biodeter. Biodegr. 156, 105134.

Yin, W., Shan, L., Lu, H.Y., Zheng, Y.L., Han, Z.W., Tian, Y., 2016. Impact
resistance of oil-immersed lignum vitae. Sci. Rep. 6, 30090.

Yin, W., Lu, H.Y., Zheng, Y.L., Liu, Z.Y., Han Z.W., Tian, Y., 2016. Influence of
water and oil immersion on the tribological properties of Excentrodendron hsienmu.

Sci. China. Technol. Sc. 29, 1673-1679.

Zhu, M.W., Song, J.W., Li, T., Gong, A., Wang, Y.B., Dai, J.Q., Yao, Y.G., Luo,
W., Henderson, D., Hu, L.B., 2016. Highly Anisotropic, Highly Transparent Wood

Composites. Adv. Mater. 28 (26), 5181-5187.



