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ABSTRACT: In order to increase the number and contact
probability of electric dipole on cellulose, acid and alkali treatment
was employed to extract hemicellulose and lignin from original
wood to gain a highly oriented cellulose frame. The combined
means with 2,2,6,6-tetramethylpiperidine-1-oxyl−NaBr−NaClO
oxidation and impregnation of PDMS with compression was
subsequently used to enhance its mechanical performance and
electromechanical conversion. The assembled wooden electro-
mechanical device (10 mm × 10 mm × 1 mm) exhibits the
maximum open-circuit voltage (VOC) of 11.75 V and short-circuit
current (ISC) of 211.01 nA as stepped by foot. It can be sliced to
fabricate a flexible sensor with high sensitivity displaying VOC of
2.88 V and ISC of 210.09 nA under the tapped state. Its highly
oriented wood fiber makes it display significant anisotropy in terms of mechanical and electromechanical performance for
multidirectional sense. This strategy will exactly provide reference for developing other high-performance piezoelectric devices.

■ INTRODUCTION
Mechanical energy widely exists in the surrounding environ-
ment in various forms. Electromechanical devices, such as
piezoelectric generators and triboelectric generators, can
effectively convert mechanical energy into electrical energy,
which attracted extensive attention in the fields of energy
harvesters.1,2 Various kinds of materials have been developed
to fabricate the electromechanical devices.
As for triboelectric generators, its friction film mainly

focused on the metal material (such as Al).3 In order to
improve its corrosion resistance and operation stability, many
corrosion-resistant polymers had been developed for tribo-
electric generators. The triboelectric generators based on
polydimethyl-siloxane (PDMS) and polyamide (PA)4−6

displayed the super stability and high electromechanical
efficiency.
In terms of piezoelectric generators, barium titanate

(BaTiO3) and lead zirconate titanate (PZT) with high
piezoelectric coefficients have been mainly employed as the
main piezoelectric elements, but their brittleness limits their
application in flexible sensors and piezoelectric generators. A
flexible piezoelectric polymer (such as polyvinylidene fluoride)
with high piezoelectric coefficient, high mechanical strength,
and flexibility can be perfectly used in most workplaces.1

Currently, developing renewable electromechanical devices
with high flexibility and conversion performance has been a
challenge. Recently, natural carbohydrate polymers such as

paper-based materials,7 lignocellulose,8,9 and wood fiber
derivatives10−12 have been increasingly used to prepare
generators, which promotes the development of an environ-
mentally friendly generator.13,14 Cellulose nanomaterials have
attracted extensive attention for their sustainability and
biocompatibility.15,16 The unique mechanical properties and
easy surface chemical modification make it widely used in
triboelectric generators. Triboelectric generators with a
cellulose nanofibril film as the top electrode can produce
open-circuit voltage (VOC) and short-circuit current (ISC) up to
30 V and 90 μA, respectively.17 The sensitivity of piezoelectric
films prepared from CNFs ranged from 4.7 to 6.4 pC/N.18 The
facts prove the great potential of cellulose in the field of
electromechanical conversion.
As the main source of cellulose, natural wood with unique

mechanical properties and easy surface chemical modification
provides conditions for its application in electromechanical
conversion. The uniaxial orientation and monocline symmetry
of cellulose crystals in wood fibers make it have certain
piezoelectric properties.19,20 In addition, under the action of
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external forces, wood will also generate internal friction
electricity, which has great potential in renewable electro-
mechanical devices.21,22 The piezoelectric modulus of conven-
tional wood is about 1/20 of the quartz crystal.20,23 The
maximum output power density of the triboelectric generator
prepared from pine wood reached 158.2 mW/m2.24 However,
wood has low electrical properties because its cell wall contains
lignin and hemicellulose, which have low crystallinity and affect
its piezoelectric output.25 In order to increase the contact
probability of dipole, biological, chemical, and mechanical
processing means were employed to extract hemicellulose and
lignin from wood to gain a highly oriented cellulose frame,
which has high crystallinity and elasticity. Its maximum output
VOC and ISC was up to 0.69 V and 7.1 nA, respectively, which is
85 times more than that generated by natural balsa wood
(0.0081 V).25 Importantly, the output effect of wooden
electromechanical devices is derived from both triboelectric
and piezoelectric properties, even it is targeted to be assemble
as self-powered sensors.16,25

The wooden porous material (WPM) formed by removing
lignin and hemicellulose has high compressibility and contact
probability of crystallization zones. The resulted porous
structure increases its electric charge, which can improve its
output performance.16,26 What is more, the side groups of
polymers are related to the states of charge transfer,27

functional group modification is commonly used to improve
the electrical conversion performance.
In this work, we propose a preparation method to develop

an environmentally friendly wooden electromechanical con-
version device with anisotropy and excellent resilience. The
WPMs with a highly oriented cellulose frame were first gained
by carrying out the acid and alkali treatment to remove
hemicellulose and lignin from original wood, and then, the
combined means with 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)−NaBr−NaClO oxidation and impregnation with
PDMS suffered a certain of compression was used to enhance
its mechanical performance and electromechanical conversion.
The influence of TEMPO oxidation with various dosages of
sodium hypochlorite and various compression rates on the
morphology, structure, and the combination with PDMS of
WPMs, as well as the mechanical performance, thermal
stability, and electromechanical conversion performance of

the assembled devices and sensors were mainly discussed. The
oxidization can provide more electric dipoles and increase its
surface charge for the piezoelectric and triboelectric response.
A hypothesis that there is an obvious synergistic effect for the
TEMPO oxidation and impregnation of PDMS to enhance the
mechanical performance and electromechanical conversion of
the wood material had been put forward. The presented
method of the wooden electromechanical device will provide
reference for the development of this kind of devices and
sensor.

■ EXPERIMENTAL SECTION
Materials. Balsa wood (air-dry density: 0.15−0.2 g/cm3)

was used. Sodium chlorite (NaClO2, ≥80.0%) was purchased
from Damao Chemical Reagent Factory (Tianjin, China).
Sodium hydroxide (NaOH, ≥96.0%) was used. Glacial acetic
acid (GAA, ≥99.5%) was produced by Cologne Chemicals Co.
Ltd. (Chengdu, China). The TEMPO radical was purchased
from Aladdin Chemistry Co. Ltd (Shanghai, China). Sodium
bromide (NaBr, ≥99.0%), sodium hypochlorite solution
(NaClO), and available chlorine ≥10.0% were made by
Jinshan Chemical Reagent Co. Ltd. (Chengdu, China). Ethyl
alcohol (EtOH), mass fraction ≥99.7%, AR, was purchased
from Fuyu Fine Chemicals Co. Ltd. (Tianjin, China).
Hydrochloric acid (HCl), concentration from 36.0 to 38.0%,
AR, was obtained from Cologne Chemicals Co. Ltd.
(Chengdu, China). Silver epoxy adhesive, type of CW2400,
was purchased from ITW Chemtronics Inc. A copper foil,
thickness of 0.02 mm, was used.
Experiments. Fabrication and TEMPO Oxidation of the

WPM. First, balsa wood at the angle of 40−60° between the
growth rings and the horizontal plane on the transverse section
was cut into square blocks with the dimension of 10 mm × 10
mm × 10 mm (Figure 1). Its initial weight was measured and
recorded after being dried for 24 h at 100 °C. It was then
placed in a treating fluid mixed with NaClO2 (3 wt%) at 95 °C
for 6 h, and the pH was regulated as 3.5 by adding GAA. After
the first treatment, the residual chemicals were removed by
soaking in deionized water for 10 min. Subsequently, the
sample was immersed in 6 wt % NaOH solution at 95 °C for 6
h to further remove lignin. The resulting sample was rinsed

Figure 1. Preparation process and schematic diagram for the PWE, electromechanical conversion device, and sensor.
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with deionized water and stood in aqueous ethanol solution for
48 h. The solution was changed every 24 h and then rinsed and
stood in distilled water for 24 h to remove the remaining
chemicals. After that the WPM can be obtained by cooling the
samples at −40 °C for 2 h and then drying them with a freeze
dryer for 12 h. The WPM prepared in the abovementioned
steps was mixed with the system of TEMPO (0.032 g), sodium
bromide (0.32 g), sodium hypochlorite (0.2, 0.5, and 1.0
mmol/g), and 50 mL of deionized water at room temperature.
The pH of the system was maintained at 10.5 by dropping
NaOH (0.1 mol/L) and HCl (0.1 mol/L) solution. The
reaction was completed when pH of the solution was
maintained at 10.5 for 15 min without adding NaOH. The
resulting sample was soaked in anhydrous ethanol and stirred
gently and then washed to remove the chemical agent to the
neutral state. Finally, the TEMPO oxidized WPMs (OWPMs)
were obtained. The specific preparation process can be seen in
Figure 1. Moreover, Figure S1 shows the catalytic oxidation of
the cellulose C6 aldehyde group to C6 carboxyl group by
TEMPO. NaClO is the main oxidant in this process. It first
forms NaBrO with NaBr, and then, NaBrO oxidizes TEMPO
to nitrosonium, which oxidizes the primary alcohol hydroxyl to
the aldehyde group (intermediate) and finally generates the
carboxyl group.28,29

Preparation of PDMS/Wooden Elastomer. The OWPMs
were dipped in the PDMS solution (ratio between the base and
curing agent was 10:1) with the help of vacuum-impregnated
process for 2 h and then were cured at 60 °C for 24 h. The
OWPMs prepared with various contents of sodium hypochlor-
ite were seen as OWPMs-0 (0 mmol/g), OWPMs-0.2 (0.2
mmol/g), OWPMs-0.5 (0.5 mmol/g), and OWPMs-1.0 (1.0
mmol/g). The corresponding PWEs were denoted as PWE-0,
OPWE-0.2, OPWE-0.5, and OPWE-1.0, respectively. Before
curing, the dipped samples were compressed to various degrees
(compression rates of 30, 50, and 70%).

Preparation of the Wooden Electromechanical Devices
and Sensors. The conductive copper foil was cut into 10 mm
× 10 mm size, then was pasted on the longitudinal section on
both sides of the elastomer, and dried at 60 °C for 6 h to
obtain the electromechanical device (shown in Figure 1). In
order to demonstrate its application potential in flexible
electromechanical devices, a slice with thickness of 1.5 mm

parallel to the longitudinal direction of wooden fiber was cut
from the elastomer as a piezoelectric layer. Subsequently, it was
immersed in PDMS solution and kept under vacuum for 30
min. After taking it out, the conductive copper foil (10 mm ×
10 mm) was pasted on two surface sides of the piezoelectric
layer and then was hot-pressed under 1 MPa at 60 °C for 6 h.
Finally, the PDMS on its surface was cured completely to
obtain thin wooden piezoelectric sensors.
Measurement Methods. The samples were coated with

Pt/Pd nanoparticles by a CCCU.010 Safematic HPMA53
Metal sputtering coater, and their section morphology was
characterized by scanning electron microscopy (SEM, SU8020,
HITACHI, Japan). Fourier transform infrared spectra (FTIR,
IRTracer-100, Shimadzu Corp., Japan) in the wavenumber
range of 400−4000 cm−1 were recorded to analyze chemical
properties before and after treatment, as well as X-ray
photoelectron spectrometry (XPS, Thermo Fisher Scientific
Inc., USA). The X-ray diffraction (XRD) patterns of the
samples before and after lignin removal were recorded with an
X-ray diffractometer (Bruker D8Advance, SMARTLAB 3K,
Rigaku Corp., Japan) using a Cu Kα radiation at a scanning
rate of 7°/min. The diffraction angle ranged from 5 to 50°. A
Dtg-60 (H) differential thermogravimetric analyzer (DTA-TG,
Shimadzu Corp., Japan) was used to analyze the thermal
stability under the protection of nitrogen in the range of 36−
600 °C with the heating rate of 10 °C/min. A Universal
material testing machine (8801, Instron, UK) was used to test
the stress−strain curves in the compression process. The
charge acquisition system (KR6259-FNG-SYS) was used to
test the output performance. The controlled external forces
(45, 55, and 65 N) were applied to excite the devices and
sensors by a linear motor (B01-37) in the frequency of 1.5 Hz,
as well as electrometer (Keithley 6514, Tektronix, USA) with
the matched software was used to record the output VOC and
ISC.

■ RESULTS AND DISCUSSION
Structure and Morphology of the Wooden Electro-

mechanical Conversion Materials. As shown in Figure 1,
hemicellulose and lignin and cellulose are wound together to
form fiber bundles, which can be linked with each other via

Figure 2. Appearance of different wood samples: (a1) WPM, (a2) PWE, (a3) PWE at a compression rate of 30, 50 (a4), and 70% (a5). (b1)
OWPM-0.2, (b2) OPWE-0.2, and (b3) OPWE-0.2 at a compression rate of 30, 50 (b4), and 70% (b5). (c1) OWPM-0.5, (c2) OPWE-0.5, and
(c3) OPWE-0.5 at a compression rate of 30, 50 (c4), and 70% (c5). (d1) OWPM-1.0, (d2) OPWE-1.0, and (d3) OPWE-1.0 at a compression rate
of 30, 50 (d4), and 70% (d5). SEM images (cross sections) of OPWE and PWE: (a6) PWE, (b6) OPWE-0.2, (c6) OPWE-0.5, and (d6) OPWE-
1.0. Si element distribution (cross section) of OPWE and PWE: (a7) PWE, (b7) OPWE-0.2, (c7) OPWE-0.5, and (d7) OPWE-1.0.
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covalent bonds and act as physical barriers.30,31 The white
WPM in Figure 2 was obtained by preparing from balsa wood
(Figure 2a1), which indicates that the dark lignin had been
removed and the colorless polysaccharides had been left
behind.32

It was found from Figure 3a1−a3,b1−b3 that after the acid
and alkali treatment, there is an obvious aperture gap existing
in the intercellular layer and the honeycomb cell cavities at the
cross section, similar to a porous layer structure of sponge. In
addition, with the increase of TEMPO oxidation degree, some
cell cavity of OWPM was destroyed, and the thin cell wall is
decomposed to form pores (Figure 3c1−c3,d1−d3,e1−e3).
The appearance of the WPM tends to be fluffier (Figure
2a1,b1,c1,d1). As shown in Figure 3c1−c3,d1−d3,e1−e3, after
further oxidation on the WPM, its cross section presents a
layered stack structure with thinner cell walls and larger gaps.
The phenomenon is attributed to the fact that primary alcohol
hydroxyl groups on fibers were selectively oxidized into
corresponding carboxyl groups during TEMPO oxidation,
which increases the electrostatic repulsion between the
fibers.33,34

As can be seen in Figure 2b2,c2,d2, the appearance of PWE
at different oxidation degrees shows that the wood fibers can
be well coated by PDMS, which has sufficiently permeated in

the OWPM, while most wood fibers were not coated by PDMS
in the un-oxidized WPM, presenting pure white wood fibers
(Figure 2a2). As shown in the SEM morphology at the cross
section in Figure 2a6,b6,c6,d6, when the oxidation degree of
the WPM tends to be higher, there is a more compact structure
at the cross section, which can be further confirmed from the
more uniform and compact distribution of the Si element
(seen in Figure 2a7−d7) on that. In particular, OPWE-1.0
exhibits the most even and compact structure for the bundle
and homogeneous pore in the OWPM prepared with 1.0
mmol/g sodium hypochlorite (seen in Figure 4), which has
been evenly filled by PDMS. After the oxidation, cellulose in
the porous material has been oxidized to endow with a fluffy
porous structure allowing exposure of more active groups,33

which favors the permeation of PDMS and the binding to
fibers.
Figure 2a2−a5,b2−b5,c2−c5,d2−d5 shows that the distri-

bution of the filled PDMS in PWE and OPWEs become more
homogeneous with the increase of compression degree. As
seen in Figure 4, fibers in the compressed elastomer were more
closely bound to PDMS. The cell cavity, the dissociated wood
cell wall, and intercellular layer were further filled by PDMS. At
the same time, the proportion of unfilled cell cavities on its
surface decreased significantly, as well as that no obvious fiber

Figure 3. SEM morphology structure of different wood samples. (a) Natural wood and (b) WPM. OWPM prepared with various amounts of
sodium hypochlorite: (c) 0.2, (d) 0.5, and (e) 1.0 mmol/g.

Figure 4. SEM analysis on the cross section of OPWE-1.0 at different compression degrees: (a) un-compressed and (b) 30, (c) 50, and (d) 70%
compression ratio.
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shape and wood texture structure can be seen. In addition,
SEM and Si element analyses (Figures 4 and S2) at the cross
section of OPWE-1.0 at the compression rate of 50% show the
more uniform distribution of the Si element, further indicating
the compression effect that there should be a closer
combination existing between the wood fiber and PDMS.
Chemical Properties and Phase Structure of the

Wooden Elastomer. FTIR analysis in Figure 5a confirms that
characteristic peaks at 1238 and 1457 cm−1 attributing to
benzene ring carbon skeleton vibration of lignin almost
disappear after the chemical treatment.35 Meanwhile, the c-
tensile vibration peak (xylan acetyl group) at 1505 cm−1 of the
WPM was sharply weakened. The strength of the peak at 1735
cm−1 corresponding to hemicellulose decreased distinctly.
These results show that lignin and hemicellulose are removed
substantially after the chemical treatment.36

As shown the FTIR spectra in Figure 5b, there is a broad
band around 3450 cm−1 corresponding to the −OH stretching
vibration in both un-oxidized and oxidized porous materials.
Moreover, a new peak appears at 1720 cm−1 attributing to C�
O stretching vibration, which indicates the successful
conversion of D-glucose hydroxyl to carboxyl.37 Meanwhile,
with the increase of oxidation degree, the peak strength
becomes stronger for the higher content of the conversed

carboxyl. In the XPS analysis in Figure 5d,e,g, there are C3
peak at 287.5 eV, C2 peak at 286 eV, and C1 peak at 284 eV,
corresponding to C�O, C−O, and C−C structures in the
WPM, respectively.38,39 By fitting the relative contents of
various C elements, the proportion of C2 increased from 73.70
to 79.60% after oxidation. The proportion of C3 is 16.5%,
which indicates the further oxidation occurring in the WPM
(15.9%). The actual oxidation is also confirmed from that the
ratio of oxygen to carbon (calculation based on the XPS
analysis results in Figure 5f,g) was elevated from 70.61%
(WPM) to 78.62% (OWPM-1.0).
There is a new binding energy peak in XPS spectra in Figure

5h, which appears at 101 eV and corresponds to the Si element
of the PWE. This fact also proves that PDMS has been
successfully impregnated into the WPM. It can be found in
Figure 5c that the OWPM impregnated with PDMS shows
new peaks at 1261 and 799 cm−1 (symmetrical bending and
oscillation of CH3 in Si−CH3) as well as new peaks at 1092
and 1020 cm−1 (asymmetric symmetry stretching of Si−O−
Si).40,41 At the same time, the peak position of O−H stretching
vibration shifts slightly to low wave direction (move from 3450
to 3437 cm−1) after the impregnation, indicating that there
may be the hydrogen bond (Figure 5i) between PDMS and
cellulose.42

Figure 5. FTIR spectra of WPM (a), OWPM (b), and PWE (c), OWPM-1.0, OPWE-1.0, OPWE-1.0 with 50% compression rate and PDMS. XPS
analysis on different wooden samples: (d,f) WPM, (e,g) OWPM-1.0, and (h) OPWE-1.0. (i) Schematic diagram for the bonding between PDMS
and cellulose fiber.
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Generally, the diffraction peaks of cellulose I (110) and
(200) exist at 16−17° and 22−23° (Figure 6a), respectively.43
After the chemical treatment, the crystal structure of cellulose
in the WPM did not change and the relative strength of the
diffraction peaks of wooded materials and wood sponges
increased slightly due to the partial removal of lignin and
hemicellulose. The peak position shifts slightly to the right,
indicating that the crystal plane spacing of cellulose I in the
WPM decreased and the density of the docking between atoms
increased. When an external force was applied to it, the electric
dipole in the cellulose I lattice shifts or redirects, resulting in
the piezoelectricity effect.25

As shown in Figure 6a,d, the XRD pattern of wood fiber has
almost no change before and after TEMPO oxidation,
indicating that during the oxidation process of TEMPO, the
carboxyl group only exists on the surface of the crystalline or
amorphous cellulose area and inside the amorphous area.33,44

With the use of oxidants, the crystallinity of cellulose increases,
because the oxidation takes place in the amorphous area and
part of the crystalline area of the cellulose, so the crystallinity
will increase at the beginning of the reaction,45 which is
beneficial to the increase of the piezoelectric output of wood
porous materials.
As shown in Figure 6b, nature wood and WPM have shown

an obvious mass loss at 225−400 °C. After impregnated with
PDMS, its thermal stability was obviously enhanced with the
main mass loss range of 360−600 °C. In addition, the thermal
stability of the OPWE-1.0 is slightly higher than that of the
PWE. It can be seen from DTG analysis in Figure 6e that the
maximum thermal decomposition temperature of PWE is
significantly higher than that of the WPM. This fact suggests a
stable bond existing between the WPM and PDMS. Compared
with PWE, OPWE-1.0 displays the slightly higher maximum
thermal decomposition temperature in the first (about 343 °C)
and second (about 504 °C) thermal decomposition peak,

indicating that the combination between the oxidized fiber and
PDMS is more stable.41 In Figure 6c, with the increase of
compression degree, the mass residual rate is gradually
enlarged. In particular, there is highest maximum thermal
decomposition temperature in OPWE-1.0 with a compression
rate of 70% (Figure 6f). Therefore, the compression has
enhanced the combination between PDMS and wood fiber as
well as the orientation of the wood fiber, thus elevating its
thermal stability.
Compressive Mechanical Properties of the PWE and

OPWE. The horizontal compression test was carried out to
develop the application potential of the PWE in pressure
sensing and mainly discuss its mechanical stability and
elasticity. In the PWE, the integrity of the layered structure
of the WPM was greatly maintained, thereby improving the
compressibility.42 When the WPM suffers the compressive
pressure of 33.77 kPa, the strain reached 40% (Figure S3).
After it was impregnated with PDMS, the highest compression
ratio only reached 30% under 389.60 kPa; otherwise, the
damage will occur, but they display the higher recovery ratio
and recovery rate (Figure S4). The damage is mainly attributed
to that the binding between the fiber and PDMS is not tight
enough, as well as the PDMS did not sufficiently permeate the
porous material. Thus, the damage occurs in the area of wood
fiber without PDMS under the loading pressure. However,
after the OWPM-1.0 impregnated with PDMS (OPWE-1.0)
was compressed to a certain degree, it can suffer the higher
compression ratio. In particular, OPWE-1.0 prepared with the
compression ratio of 70% can bear the compressive pressure as
high as 0.93 MPa with the high strain of 50% without damage
(Figure S3). The enhanced performance is mainly attributed to
the enhanced combination between PDMS and wood fiber
after the compression process, which was also confirmed from
the abovementioned SEM, FTIR, and XPS analyses. In
addition, the PDMS layer outside surface can also act as a

Figure 6. (a) XRD analysis of different samples. TG analysis of different samples: (b) PDMS, nature wood, WPM, OWPM-1.0, PWE, and OPWE-
1.0. (c) TG analysis of different degrees of compression. (d) XRD analysis based on (a). (e) DTG analysis of different samples: PDMS, nature
wood, WPM, OWPM-1.0, PWE, and OPWE-1.0. (f) DTG analysis of OPWE-1.0 at different degrees of compression.
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buffer layer to protect the elastomer from direct impacts, thus
improving the mechanical properties and durability. Because
the OPWEs remain the anisotropic property of natural wood, it
also exhibits a high strength at longitudinal compression
without a high compression rate similar to the horizontal
compression.
Electromechanical Conversion Performance of the

Wooden Electromechanical Devices. The piezoelectric
effect of wood is due to the noncentral symmetry of cellulose
monoclinic crystal structure and its dipole orientation under
existing force.46 As seen in Figure 7a, the deformation of the
WPM will induce the displacement of the cellulose crystal
during the compression process and then it causes electric
polarization of the cellulose crystal, which will generate a
piezoelectric potential field between the upper and lower
electrodes, thus forming a current through the external circuit.
As the applied force is released, an electrical signal in reverse is
generated. This continuous application of force and the release
of pressure produce an alternating output signal.47 The
piezoelectric effect mechanism in wood can be observed, as
illustrated in Figure 7b−d. A square wood plate cut at an angle
of 45° to the grain direction was commonly used to measure
the piezoelectric performance.20 As shown in Figure 7e,f, the
electromechanical output (VOC and ISC) of the WPM after the
removal of lignin was 0.03 V and 7.14 nA under the loading
force of 13.3 kPa, which is about 80 times than that (0.089 nA)
of the natural wood.25 The presence of lignin in wood results
in a small deformation of cellulose under action stress. It also
obstructs the electron transfer generated from the cellulose
crystal. These facts result in the low piezoelectric properties of
natural wood.25

In the pure PDMS layer, these electrical signals may be due
to electrostatic charges induced from triboelectricity occurring
at the interface between the copper electrode and the PDMS.
The piezoelectric output VOC of OPWE-1.0 was 0.60 V, which
is significantly higher than that of the pure WPM (0.03 V)
shown in Figure 7 and OWPM-1.0 (0.05 V) shown in Figure
S5.
The presence of PDMS in PWE not only makes it exhibit

permanent electric dipole moment but also form the hydrogen
bond between the −OH group generated by the chain break of
the Si−O−Si group of PDMS and the oxygen atom on the
cellulose, which significantly increases the density of electric
dipole.42,48−50 Therefore, under the same compressive stress,
PWE shows higher piezoelectric properties than pure PDMS
and WPM (Figure 7e,f). Oxidized cellulose has good
absorption capacity, and so, PDMS is more evenly distributed
and completely filled in the OWPM. It may lead to a denser
structure connected by hydrogen bonds in the OWPM
impregnated with PDMS, and so, the density of its electric
dipole is greater.42 Therefore, with the increase of oxidation
degree, the piezoelectric output performance of the sample was
further increased. In particular, OPWE-1.0 has a higher
piezoelectric output VOC of 0.60 V under 45 N (Video S1).
The stability and reliability of OPWE-1.0 are evaluated by
continuously applying and releasing cyclic compressive
stresses. As shown in Figure S6, its output voltage signal
performance has hardly decreased after 10,000 s of operation.
As further increasing the loading force, VOC and ISC were
further elevated to 1.09 V and 45.40 nA under the loading
force of 65 N (Figure 7g,h).

Figure 7. (a) Principle of the piezoelectric effect. Schematic diagram of (b) wood, (c) piezoelectric polarization produced in wood, and (d)
monoclinic crystal structure of cellulose. Comparison of the piezoelectric output of different samples: (e) VOC and (f) ISC. Comparison of the
piezoelectric output of OPWE-1.0 under different forces: (g) VOC and (h) ISC. (i) Schematic diagram for orientation of the cellulose crystal under
various compression degrees. Comparison of the piezoelectric output of OPWE-1.0 prepared with different compression degrees: (j) VOC and (k)
ISC.
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After the OPWE-1.0 was compressed in the preparation
process, the density and orientation of the cellulose crystal
were strengthened (Figure 7i), and the PDMS will further flow
and permeate the interval among the cellulose and its surface,
which helps the electron transfer generated from the cellulose
crystal and the stress transfer for the piezoelectric response. As
seen in Figure 7j,k, under the same loading force of 45 N, the
piezoelectric output performance exhibits an ascending trend
with the increase of the compression ratio. The VOC and ISC of
the original OPWE-1.0 are 0.60 V and 15.25 nA, respectively,
while they are 1.29 V and 21.36 nA under the compression
ratio of 50%, as well as 1.58 V and 31.26 nA under the higher
compression ratio of 70%.
The wooden electromechanical devices developed in this

work retain the anisotropic spatial structure of natural wood, in
which the highly oriented distribution of wood fiber makes it
display anisotropy in terms of mechanical properties (Figure
S3) and electromechanical properties (Figure 8). When the
force applied direction is parallel to the fiber direction (Figure
8a), output VOC and ISC are 0.89 V and 15.24 nA (Figure 8b,c),
respectively, while they are 0.60 V and 15.25 nA (Figure 8e,f)
at the direction perpendicular to the fiber direction (Figure
8d), under the exciting force of 45 N. There is a difference of
output performance between the two directions. There is a
possible existence of triboelectricity in the structure shown in
Figure 8a for the tiny movement between the electrode and
surface of the elastomer when the measurement was carried
out.
Application Performance of the Wooden Electro-

mechanical Devices. A thin wooden elastomer was sliced to
fabricate flexible thin wooden electromechanical sensors (the
dimensions are 10 mm × 10 mm × 1 mm) by spinning PDMS
layers on both sides to assemble electrodes (as shown in Figure
1). The PDMS layer on the elastomer can enhance the output
performance by preventing charge leakage and transferring
compressive stress efficiently. The thin structure endows it

with better flexibility. Generally, piezoelectricity exists in the
wood fiber as well as triboelectricity exists between PDMS and
wood fibers, so as to realize the synchronous conversion under
the same mechanical energy. As shown in Figure 9, the thin
piezoelectric sensor can be directly used to detect the pressure
and deformation signals. It can be internally installed in the
shoe sole for the movement monitoring or the energy
harvesting (Figure 9a,b). When repeatedly stepping on the
wooden electromechanical sensor with your foot (Video S2),
the output VOC displays an instantaneous minimum of 1.07 V
and the maximum of 11.75 V, accompanied with an
instantaneous minimum ISC of 84.87 nA and the maximum
of 211.01 nA (as shown in Figure 9c,e).
It can be seen in Figure 9d,f, when tapping on the wooden

electromechanical sensor with finger (Video S3), it shows the
instantaneous minimum VOC of 1.81 V (the maximum VOC is
2.88 V) and the minimum ISC of 108.16 nA (the maximum ISC
is 210.09 nA). Compared with previously reported wooden
piezoelectric materials,25 the presented wooden electro-
mechanical sensors in our work have considerable piezoelectric
performance. Furthermore, the WPM is a natural polymer
from a wide range of sources, and its biocompatibility makes it
possible to be developed as a sensor in medical facilities or
other special fields. As for its highly oriented fiber structure
with high elasticity, the sensor has high flexibility and excellent
mechanical stability, which can be applied in the working
environment under high-strength force. Moreover, there is a
higher sensitivity at the force loading direction perpendicular
to the cross section of the wooden electromechanical sensors
for its higher compression strength, while there is relatively low
sensitivity at the direction perpendicular to the longitudinal
section for the higher compressibility. Consequently, it has the
potential application in the multidirectional sensing, as well as
exhibits excellent mechanical strength along the fiber direction,
which can work as the support accompanied by the sensing
and monitoring performance. Since electrode polarization is

Figure 8. (a) Direction parallel to the fiber direction for applying pressure to the OPWE-1.0, (b) piezoelectric output of VOC of (a), (c)
piezoelectric output of ISC of (a), (d) direction perpendicular to the fiber direction for applying pressure to the OPWE-1.0, (e) piezoelectric output
of VOC of the sample (d), and (f) piezoelectric output of ISC of the sample (d).
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not required, the process is simple and highly efficient. It is
expected that it can be applied into wooden furniture, such as
wooden tables or floors, enabling energy harvesting functions
within the building.

■ CONCLUSIONS
In this paper, a highly elastic wooden electromechanical
conversion device with anisotropic properties was obtained
from natural wood by carrying out a series of processing means
involving the acid and alkali treatment, TEMPO-oxidation, and
vacuum impregnation of PDMS, followed by a certain amount
of compression. The chemical treatment created a more
porous structure and active group (hydroxyl and carboxyl
groups) in the porous material, which has synergistically
contributed to the addition of electric dipole for electro-
mechanical conversion, complete impregnation of PDMS, and
tight combination with PDMS. The immersed PDMS increases
the stress transfer and mechanical properties, which has
enhanced the mechanical compression resilience and the
repeatability of its electromechanical output. Under the loading
force of 45 N, the VOC and ISC of the original OPWE-1.0 are
0.60 V and 15.25 nA, respectively, while that are elevated to
1.58 V and 31.26 nA under the compression ratio of 70%.
Specially, it has obvious anisotropic compression and

electromechanical performance at various forces loaded in

the direction perpendicular to the longitudinal section and
cross section of the wooden electromechanical conversion
device, which can be used for the multidirectional sense at the
same time.
Furthermore, it can be also sliced to fabricate flexible thin

wooden electromechanical sensors with high sensitivity,
displaying the instantaneous maximum VOC of 2.88 V and
the maximum ISC of 210.09 nA under the pressure of a finger.
Thus, the developed wooden electromechanical conversion

devices have the exact potential for the fields of energy
harvesters and electromechanical sensor. The oriented porous
template effect of the WPM and the presented method of the
device will exactly provide reference for the structure
optimization of similar electromechanical conversion devices
and sensor.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c06607.

Voc of the OPWE-1.0 electromechanical device (MP4)

Voc of flexible wooden sensor as stepped by foot (MP4)

Voc of flexible wooden sensor as tapped by finger
(MP4)

Figure 9. Schematic diagram of the application (a) and assembly (b) of the energy harvesting device and sensor in walking. Motion-induced output
VOC: (c) foot tramping and (d) finger tapping. ISC: (e) foot tramping and (f) finger tapping.
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Additional results, including morphology structure,
schematic diagram for the anisotropic mechanical
properties, stress−strain curves, resilience test, and
piezoelectric output, as well as the video on the output
VOC of the OPWE-1.0 electromechanical device, and
flexible wooden sensor as stepped by foot and tapped by
finger (PDF)
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