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Abstract: Wood exhibits a limited elastic deformation capacity under external forces due to its
small range of elastic limit, which restricts its widespread use as an elastic material. This study
presents the development of a stretchable wood-based elastomer (SWE) that is highly mechanical
and flexible, achieved without the use of chemical cross-linking. Balsa wood was utilized as a raw
material, which was chemically pretreated to remove the majority of the lignin and create a more
abundant pore structure, while exposing the active hydroxyl groups on the cellulose surface. The
polyvinyl alcohol (PVA) solution was impregnated into delignified wood, resulting in the formation
of a cross-linked structure through multiple freeze–thaw cycles. After eight cycles, the tensile
strength in the longitudinal direction reached up to 25.68 MPa with a strain of ~463%. This excellent
mechanical strength is superior to that of most wood-based elastomers reported to date. The SWE
can also perform complex deformations such as winding and knotting, and SWE soaked in salt
solution exhibits excellent sensing characteristics and can be used to detect human finger bending.
Stretchable wood-based elastomers with high mechanical strength and toughness have potential
future applications in biomedicine, flexible electronics, and other fields.

Keywords: polymer cross-linking; anisotropic structure

1. Introduction

Natural wood, with its small strain limit in the elastic range (~10%), has long been
used as an engineering material such as beams and posts in timber-framed buildings or
as a rigid material such as furniture, flooring, doors, and windows [1,2]. However, as a
biomaterial that has evolved over millions of years, wood has developed a structural basis
for responding to environmental stimuli and is a “smart material” that responds and adapts
to its environment [3–5]. Although it exhibits some elastic deformation when subjected to
external forces, its elastic limit range is relatively small, which limits its use as an elastic
material [6,7]. Research on the structural control of wood to prepare elastic materials is
limited. If the elastic properties of wood can be accurately regulated, it can be used as
a high-performance green material in various fields including machinery, automobiles,
sports and leisure, aerospace, home packaging, and other applications [8–10].

The elasticity of wood is greatly limited by its structure and composition. Macroscop-
ically, wood has a complex cellular structure arranged in different directions to form an
interwoven network that is susceptible to damage from stress concentration during the
tensile process; at the molecular level, the lignin content of wood is positively correlated
with cell wall rigidity, and the thermoplastic behavior of lignin is not conducive to the
elastic deformation of wood [11–13]. Consequently, one of the most effective methods for
the preparation of elastic materials from wood is the removal of lignin.
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Balsa wood, which is produced in tropical America, is one of the lightest woods in
the world. It is characterized by low density, high porosity, and rapid growth. Its superior
axial stiffness, strength, and energy absorption make it one of the most attractive core
materials [14,15]. Due to its low lignin content and rich pore structure, balsa is often used
in the construction of wood-based elastomers. For example, Gao et al. used balsa wood as
a raw material, hollowed out the wood ray tissue by the chemical cropping strategy, and
obtained a superhydrophobic wood-based elastomer by chemical heat treatment [16]. Wang
et al. chemically delignified and silylated balsa wood to obtain wood-based elastomers
with high elasticity [17]. Song et al. obtained highly elastic wood-based elastic sensors from
balsa wood by delignification treatment and MXene modification [18]. However, the elastic
deformation ability of elastic wood is limited because it is inflexible and cannot be stretched.
This limits its application in fields such as biomedical and flexible electronics. Therefore, it
is important to develop wood-based elastic materials with stretchable properties.

In elastomers, cross-linking and entanglement between long-chain molecules can con-
fer excellent tensile properties to the material, which provides new ideas for the preparation
of flexible wood with tensile properties [19–21]. In recent works, flexible hydrogel materials
based on wood can be produced by incorporating a network of polymer molecules into the
wood fiber backbone [22,23]. For example, Dong et al. constructed a wood-based composite
gel sensor by introducing PAM into the delignified lignin skeleton [24]; Wang et al. con-
structed composite wood-based gels using gelatin [25]; and Shen et al. utilized ionic liquid
impregnation to obtain wood/polyionic liquid (WA/PIL) hydrogels [26]. However, the
elastic tensile properties of natural wood are affected by its anisotropic structure, which has
been overlooked in this process, and the three-dimensional network structure formed by
the polymer molecular chains and the fiber skeleton in the wood is too weak to withstand
higher stresses and larger strains, so there is a need for the further development of tougher
wood-based elastic materials.

Herein, we have prepared a high mechanical strength, high flexibility, and stretchable
wood elastomer through delignification treatment and polymer impregnation crosslinking.
The removal of lignin can effectively expose highly active hydroxyl groups on cellulose
molecular chains and form rich pore structures. Physical freezing and thawing can facilitate
the formation of a stable cross-linking structure between the polyvinyl alcohol solution
and the lignocellulosic fiber skeleton [27,28]. To explore the potential applications of this
material, we proceeded to combine SWE with salt solutions, thus obtaining wood-based
anisotropic elastomers (E-SWE) with conductivity. The directional arrangement of channel
structures within the lignocellulosic framework can be exploited for ion transport, thereby
conferring an excellent sensing performance for E-SWE. Compared to traditional fossil-
based elastomers (rubber, polyurethane, polydimethylsiloxane), SWE is expected to become
a new generation of biomass elastomers due to its simple preparation process, excellent
performance, and environmental friendliness based on natural wood.

2. Materials and Methods
2.1. Materials

Balsa wood (Ochroma pyramidale, from South America, density~0.1 gcm3) was cut into
slices along its growth direction with the dimensions of 60 × 20 × 2 mm3 (longitudinal
× radial × tangential). Polyvinyl alcohol (PVA), sodium hydroxide (NaOH), sodium
chlorite (NaClO2), and glacial acetic acid were purchased from Nanjing Aladdin Biological
Technology Co. Ltd. (Nanjing, China).

2.2. Delignification of the Balsa Wood

Balsa wood was immersed in a 6 wt% NaOH solution for 6 h at 90 ◦C in a water bath.
The pretreated wood was washed 3~5 times with deionized water, and then the pretreated
wood was delignified with 3 wt%NaClO2 solution (pH~4.6 adjusted with acetic acid). The
treatment time was about 6~8 h at 80 ◦C [29,30]. The obtained delignified wood samples
were washed 3~5 times with deionized water and then freeze-dried.
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2.3. Preparation of Super Stretched Wood Based Elastic Materials

The hydrogel solutions were first prepared as follows. Dissolve the PVA powder in
deionized water at 95 ◦C and stir continuously with a magnetic stirrer to prepare PVA solutions
with concentrations of 5% wt, 10% wt, and 15% wt. The PVA solution was poured into the
delignified wood sample and vacuum impregnated at 200 Pa, with the vacuum being released
at 30-min intervals to allow the hydrogel solution to fill the wood structure. This process
was repeated three to four times. The impregnated samples were frozen in an ultra-low
temperature refrigerator at a temperature of −60 ◦C for a period of one hour. Thereafter,
the frozen samples were thawed naturally at room temperature for a period of two hours
until they were completely thawed. The freeze–thaw process was repeated six to eight times
in order to obtain stretchable wood-based elastomers (Figure 1). E-SWE with conductive
properties was obtained by impregnating SWE into a salt (NaCl) solution for 24 h.
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Figure 1. Construction method and mechanism of SWE.

2.4. Characterization
2.4.1. Morphology

Field emission scanning electron microscopy was used to observe the microscopic
morphology of the cross section and chord section of natural wood and prepared SWE,
respectively. The test voltage was 4 KV.

2.4.2. X-ray Diffraction Measurement

The cellulose crystal structure of the SWE was characterized using X-ray diffraction
(Bruker D2 Phaser, Karlsruhe, Germany) with a scanning range of 5 ◦to 90 ◦(2θ); the speed
was 2 s per degree. The crystallinity of the wood samples was calculated according to
the Segal method. The crystallinity index (CrI) was determined according to Equation (1),
where I200 is the maximum intensity of the 200 lattice diffraction around 22◦, and Iam is the
intensity of the amorphous diffraction at 18◦.

CrI =
I200 − Iam

I200
× 100 (1)

2.4.3. Small-Angle X-ray Scattering Measurement

Small-angle X-ray scattering (SAXS) measurements were performed at an X-ray wave-
length (λ) of 0.154 nm, and the sample-to-detector distance was set to 1045 mm (Xeuss 2.0,
Grenoble, France).

2.4.4. Fourier Transform Infrared (FTIR) Characterization

FTIR spectra were recorded in the range of 500−4000 cm−1 using a Nicolet iS10 FTIR
spectrometer (Thermo Scientific Nicolet iS20, Waltham, MA, YSA).
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2.4.5. Chemical Composition Analysis

Composition analysis of the wood samples was carried out according to the NREL
(National Renewable Energy Laboratory, Golden, CO, USA) standard procedure.

2.4.6. Tensile Test

The tensile tests were performed on a universal material-testing machine (KXWW-
01C, Chengde, China) utilizing a 100 N load cell at a crosshead speed of 5 mm/min. All
specimens had a size of 30 mm × 5 mm with a thickness of around 1 mm.

2.4.7. Sensor Performance

An electrochemical workstation (CHI760E, Beijing Huake Putian Technology Co. Ltd.,
Beijing, China) was used to detect the resistance change of E-SWE. The AC voltage of the
test resistor was 0.1 V, and the AC frequency was 1000 Hz. According to the resistance
change of the hydrogel during the test, the resistance change rate trend of the entire process
was calculated. ∆R/R0 = (R − R0)/R0 × 100% (R0 is the initial resistance during no-change
operation during the test, R is the real-time resistance during the test).

The experimental data were analyzed using Excel (Microsoft Office Home and Stu-
dent 2019) and Origin (OriginPro 2021).

3. Results and Discussion
3.1. The Physical Properties of SWE

The construction of the SWE was accomplished through a simple chemical pretreat-
ment and physical freeze–thaw process. Various cells (wood fibers, rays, and conduits)
constitute the anisotropic structure of natural wood. The fibers are oriented along the
direction of growth for wood in the L-direction and perpendicular to the fiber direction in
the T-direction. (Figure 1). In the cross-section shown in Figure 2a, honeycomb wood fibers
were interlocked with each other, while the ray tissue was horizontally aligned along the
radial direction [31]. In the delignification process, most of the lignin can be extracted in
situ by pretreatment of the wood using NaOH solution, followed by the further removal of
residual lignin using NaClO2 solution (pH~4.6) to obtain white wood (Figure 2e) [32,33].
With the removal of lignin, the ray structure in natural wood was destroyed and replaced by
a large cleavage structure (Figure 2f,g). Some of the cell wall structures in the cross-section
were disrupted, resulting in a more porous and less dense channel structure. As a result
of these treatments, the cellulose fibers exposed many highly reactive hydroxyl groups.
However, the mechanical strength of the wood was weakened.

To reconstruct the loose and porous structure of delignified wood, filling the internal
nanochannels with polymers is the preferred strategy. Therefore, biodegradable PVA
(a commonly used polymer) was introduced into the system [34,35]. Polyvinyl alcohol,
which contains abundant hydroxyl groups, can effectively reconstruct wood by forming
hydrogen bonds with cellulose fibers. In our process, delignified wood was immersed in
the PVA solution and vacuum impregnation was used to achieve complete penetration.
The samples were frozen at −20 ◦C for 6 h, followed by gelation. This process was repeated
6 to 8 times. During the freezing process, the ice crystals will phase-separate from PVA and
keep squeezing the PVA molecular chains and cellulose molecular chains, which is similar
to a continuous forging process. By continuously repeating this process, the pore structure
of the wood in the chordal section is basically covered (Figure 2j), and the interwoven
PVA network structure is formed within the wood fiber channels in the transverse section
(Figure 2k–l) [27,28]. This indicates that PVA formed a stable cross-linking structure with
the wood fiber backbone.

SAXS is a powerful technique for characterizing the cell wall structure without affect-
ing the internal structure [36]. Figure 3 shows the SAXS 2D scattering images of natural
wood and SWE similarly presenting an elliptical shape, showing the oriented arrangement
of cellulose nanofibrils (CNFs). The similar CNF orientation indicates that the wood re-
tained its anisotropic structure after crosslinking by PVA impregnation. We then probed the
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nanostructural changes of SWE using SAXS. The 1D maps derived from the 2D SAXS model
were fitted, as shown in Figure 3a,b. The interfiber correlation length (d) was calculated
from the peak centers of the Gaussian fits. In natural wood, the original fibers were densely
arranged in a hemicellulose–lignin matrix with a fiber spacing of ≈3.04 nm, which was
similar to the values reported in other studies (~3–4 nm) [37]. The SWE fibers obtained
after polymer impregnation and crosslinking had a spacing of ≈7.34 nm; the increase in
fiber spacing was conducive to the penetration of long-chain polymers into the fibers and
the formation of a denser crosslinking network structure with the fibers, which could more
easily withstand a greater amount of stress and strain.
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and SWE cross section; (d,h,l) SEM image of natural wood, delignified wood, and SWE cellular structure.
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3.2. The Chemical Properties of SWE

The presence of rigid lignin in wood is an important cause of its elasticity, so the
effective removal of lignin is important for the SWE to achieve high elasticity. We tested the
contents of the three major elements in virgin and delignified wood (Table 1 and Figure 4).
The natural wood contained 33.6% cellulose, 7.3% hemicellulose, and 20.6% lignin. After
the delignification treatment, the lignin content decreased from 20.6% to 2.6%, the cellulose
content increased from 33.6% to 72.6%, and the hemicellulose content remained almost
unchanged, which indicates that this occurred after the NaOH pretreatment as well as
NaClO2 (pH ~4.6). This indicates that lignin was mostly removed and that cellulose was
retained during the NaOH pretreatment and NaClO2 (pH ~4.6) treatment. The mechanism
of lignin removal from wood is that the NaClO2 solution produces ClO2 during heating,
and the phenol radicals in the lignin molecules are oxidized by ClO2 to form phenoxy
radicals. The generated phenoxy radicals further react with ClO2, and these two successive
steps cause the lignin molecules to be converted into muconic acid, or the side chain is
broken to form quinone [33].

Table 1. Contents of cellulose, lignin, and hemicellulose in natural wood and delignified wood.

Name Cellulose (%) Hemicellulose (%) Lignin (%)

Nature wood 33.6 ± 0.8 7.3 ± 0.7 20.6 ± 1.7
Delignified wood 72.6 ± 1.2 9.0 ± 0.2 2.6 ± 0.3
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Fourier transform infrared spectroscopy (FTIR) was utilized to further investigate the
chemical structure changes of SWE (Figure 5). Compared with the natural wood, the delig-
nified wood showed the absence of peaks of lignin (C-O stretching vibrational absorption
peak) at 1232 cm−1, and hemicellulose (non-conjugated C=O vibrational absorption peak)
at 1734 cm−1 completely disappeared in the delignified wood, indicating that the lignin
and hemicellulose in the wood had been completely removed. In the SWE, the absorption
peak at 1417 cm−1 was attributed to the CH2 bending vibration of the polyvinyl alcohol
molecule, and the absorption peak at 1088 cm−1 was attributed to the C-O stretching
vibrational mode of the polyvinyl alcohol molecule, which represents the formation of a
crosslinked network of PVA molecules with cellulose molecule chains in the SWE.
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The XRD images indicate that the wood had a typical cellulose I structure, as evidenced
by the three characteristic peaks at 34.67◦, 21.98◦, and 15.35◦ corresponding to the (040),
(002), and (101) lattice planes of cellulose I, respectively (Figure 6). The peaks at the
002 lattice plane reflect the width of the crystalline zone, while the peaks at the 040 lattice
plane reflect the length of the crystalline zone. The position of the characteristic peaks after
delignification was basically the same as that of the original wood, but the crystallinity
increased significantly. This is because amorphous hemicellulose and lignin are selectively
removed during delignification, and cellulose is more likely to form a crystal structure
through hydrogen bonding interactions. The XRD pattern of SWE retained the I-type
structure of cellulose and showed the characteristic peaks of PVA, indicating that PVA
molecules were well-filled into the pores of the wood.
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3.3. Strengthening and Toughening of SWE

The SWE retained the natural anisotropic structure of wood and exhibited better
mechanical properties than virgin wood. We investigated and compared the mechanical
properties of the SWE in different directions. In the T direction, the tensile strength of
virgin wood was about 2.3 MPa, the strain was about 10%, and the mechanical properties
of the SWE were significantly reduced after delignification treatment (Figure 7a,b). The
mechanical strength of natural wood in the L direction (~21.3 MPa) was significantly
higher than that in the T direction, and the higher mechanical strength was attributed
to the oriented arrangement of the cellulose molecular chains. The SWE obtained after
reconstitution by PVA impregnation had excellent mechanical properties and the tensile
strength increased with increasing PVA concentration. However, the strain of SWE will
decrease at higher concentrations (15%PVA), mainly due to the high viscosity and poor
fluidity of the high concentration PVA solution, which results in poor permeability in wood
(Figure 7a,b). We further improved the mechanical properties of the SWE by using physical
freezing and thawing. After eight freeze–thaw cycles, the mechanical properties in the
T- and L-directions significantly improved. The mechanical strength in the T-direction
increased to 5.63 MPa with a strain of 234% (Figure 7c). Similarly, the tensile strength in
the L-direction increased to 25.68 MPa with a strain of 463% (Figure 7f). The freeze–thaw
process is comparable to the physical forging of elastomers. During the freezing process, ice
crystals repel water molecules from the solvent around them, while dispersing the polymer
between them. The ice crystals melt when the temperature rises, releasing the polymers
dispersed in them. Due to the interaction forces between the polymers, the polymer
molecules are re-crosslinked to form a homogeneous gel structure. By repeating this
process, it is possible to continuously squeeze the PVA molecules and cellulose nanofibers
against each other to form an entangled network structure [38].
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Figure 7. Comparison of the mechanical properties of natural wood, delignified wood, and the SWE
(5% PVA, 10% PVA, 15% PVA). (a,b) Tensile strength and strain of three materials in the T-direction;
(c) the effect of freeze–thaw cycles on the mechanical properties of the SWE T-direction; (d,e) the
tensile strength and strain of three materials in the L-direction; (f) the effect of freeze–thaw cycles on
the mechanical properties of the SWE L-direction.
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We further used the microscopic in situ stretching technique to observe the micro-
morphological changes of delignified wood and SWE during stretching in the T-direction
(Figure 8). The lignocellulosic fiber backbone was prone to fracture during external stretch-
ing (Figure 8a–c), which was related to the weak hydrogen bonding connections between
fibers. The PVA in the SWE penetrated into the lignocellulosic fiber backbone and formed
a crosslinked network structure, which would mean that it did not fracture during the
stretching process (Figure 8e), and that the SWE would return to its original shape when
the external force disappeared (Figure 8f).
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3.4. The Flexible Deformation Capability of SWE

After the delignification and gelation processes, the cellulose fibers in the gel network
were cross-linked and entangled with the PVA molecular chains, and the SWE showed a
strong flexible deformation ability. Figure 9 shows the digital images of the SWE under
different stresses. The basic structure of the SWE was not damaged when it was bent
(Figure 9a), and we could also deform the SWE in complex ways such as winding and
knotting (Figure 9b). When we stretched the SWE along the T-direction, the SWE showed
excellent tensile ability (Figure 9c). Partially open microchannels created space in the SWE
(Figure 9d), and the abundant pore channels allowed the SWE to bend and withstand
severe deformations without rupturing in order to accommodate various deformations.
This unique wrinkled cell wall structure gives the all-wood hydrogel excellent flexibility.
The excellent mechanical properties of the SWE can mainly be attributed to the strong
hydrogen bonding, physical entanglement, and van der Waals forces between the cellulose
nanofibers and the PVA chains as well as the toughening effect of the cellulose nanofibers.
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3.5. The Application in the Field of Flexible Electronics

In recent reports, cellulose nanofibers in wood are usually used as nanochannels for
ion transport. To expand the application area of SWEs, we immersed it in a salt (NaCl)
solution for approximately 24 h to allow for sufficient ion permeation. This resulted in the
creation of an elastomeric material (E-SWE) with conductive properties. We then connected
E-SWE to an electrochemical workstation and recorded the relative resistance change (R/R0)
through repeated stimulation. The well-arranged cellulose nanofibers contain nanochannels
that function as fast channels for the ion transport sensor. As shown in Figure 10b, the
fluctuation range of the current change value ((R − R0)/R0) in the L-direction was smaller
than that in the T-direction, indicating that the E-SWE has significant anisotropic electro
sensitivity.
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Figure 10. (a) Changes in the relative resistance values in the E-SWE L- and T-directions; (b) E-SWE
detection of finger bending (90◦~0◦); (c) comparison of mechanical properties between SWE and
other wood-based elastic materials.

The E-SWE has potential as a sensor for the real-time monitoring of human motions
due to its good electrical conductivity, elasticity, and flexibility. As illustrated in Figure 10b,
the E-SWE was sensitive enough to monitor the finger flexion at different angles ranging
from 90◦ to ~0◦. This suggests that the E-SWE has promising applications in wearable
electronic devices. Moreover, in our work, its mechanical properties were superior to the
majority of artificial elastomers reported in recent years (Table 2) [24,26,29,39–42]. These
include wood-based stretchable elastomers prepared by integrating polymers such as poly-
acrylamide (PAM), poly(N-isopropylacrylamide) (PNIPAM), and polyvinyl alcohol (PVA)
into a delignified wood. It is noteworthy that the all-wood hydrogels and ion-conductive
hydrogels also exhibited excellent mechanical properties; however, they inevitably uti-
lize chemical cross-linking in their preparation. In contrast, the SWE formed by physical
cross-linking also exhibited mechanical properties that were nearly identical.
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Table 2. Comparison of the SWE mechanical performance.

Name Tensile Strength (MPa) Strain (%) Ref.

SWE 28 450 -
WA/PIL 1.7 70 [26]

All-wood hydrogels 36.5 438 [29]
Ion-conductive hydrogels 36 14.5 [39]

DWH 14 65 [40]
PM/CS 13 45 [41]
WCH 19.8 11.3 [24]

PNIPAM/WOOD 2.3 1.1 [42]

4. Conclusions

In conclusion, we synthesized a wood-based elastomeric material with strong mechan-
ical properties by simple physical freeze–thawing without using any chemical cross-linking
agent. The prepared SWE exhibited high mechanical strength and high flexibility due
to the aligned cellulose as the rigid backbone and PVA as the crosslinking network. The
SWE maintained the anisotropic structure of wood and its fiber spacing was significantly
increased due to moisture action. The tensile strength in the SWE L-direction after freeze–
thaw cycles was 25.68 MPa and the strain was 463%, which were 5 and 2 times higher than
those in the T-direction, respectively. In addition, we obtained an E-SWE with sensing
properties by immersing it in a salt solution. The E-SWE could detect finger bending
in the human body, demonstrating potential applications in wearable electronic devices.
Compared to traditional elastomers, the SWE retains the anisotropic structure of wood
and has excellent mechanical properties, which makes it more flexible and versatile in its
application. Its preparation process is simple, greener, and more economical, and it is a new
type of biomass elastomer that has great potential in the field of flexible wearable devices
and smart response materials.
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