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Highly Flexible and Broad‑Range Mechanically 
Tunable All‑Wood Hydrogels with Nanoscale 
Channels via the Hofmeister Effect for Human 
Motion Monitoring

Guihua Yan1, Shuaiming He2 *, Gaofeng Chen1, Sen Ma1, Anqi Zeng1, Binglin Chen1, 
Shuliang Yang1, Xing Tang1, Yong Sun1, Feng Xu3, Lu Lin1 *, Xianhai Zeng1 *

HIGHLIGHTS

• An all-wood hydrogel was synthesized via a simply Hofmeister effect without the use of any chemical cross-linking agent.

• The all-wood hydrogel shows a high tensile strength of 36.5 MPa, a strain up to ~ 438%, and good conductivity, and can accurately 
distinguish diverse large or subtle human movements.

• The all-wood hydrogel has good recyclable, biodegradable, and adjustable mechanical properties.

ABSTRACT Wood-based hydrogel with a unique aniso-
tropic structure is an attractive soft material, but the pres-
ence of rigid crystalline cellulose in natural wood makes the 
hydrogel less flexible. In this study, an all-wood hydrogel 
was constructed by cross-linking cellulose fibers, polyvi-
nyl alcohol (PVA) chains, and lignin molecules through the 
Hofmeister effect. The all-wood hydrogel shows a high tensile 
strength of 36.5 MPa and a strain up to ~ 438% in the longitu-
dinal direction, which is much higher than its tensile strength 
(~ 2.6 MPa) and strain (~ 198%) in the radial direction, respec-
tively. The high mechanical strength of all-wood hydrogels 
is mainly attributed to the strong hydrogen bonding, physi-
cal entanglement, and van der Waals forces between lignin 
molecules, cellulose nanofibers, and PVA chains. Thanks to 
its excellent flexibility, good conductivity, and sensitivity, the all-wood hydrogel can accurately distinguish diverse macroscale or subtle human 
movements, including finger flexion, pulse, and swallowing behavior. In particular, when “An Qi” was called four times within 15 s, two varia-
tions of the pronunciation could be identified. With recyclable, biodegradable, and adjustable mechanical properties, the all-wood hydrogel is a 
multifunctional soft material with promising applications, such as human motion monitoring, tissue engineering, and robotics materials.

KEYWORDS Wood hydrogel; Hofmeister effect; Tunable mechanical strength; Flexible; Biodegradable

Salting in

HemicelluloseCellulose Lignin

PVA coating
Freezing

Relignified
Wood

Regeneration

Lignin removal

Cell wall

Nature Wood

Salt ions
PVA/woodWood hydrogel

Degradability

HO HO HO

HOHO HO

HO

HO
HO

HO HO HO HO HO

HO

O O
O O

O O
O

O
O

O O
OO

O O

O O
O O

O O OO HOH2CHOH2C
OH

OH

OH

OH

OH OH OH

OH

OH OH

OH

OH

OH

   ISSN 2311-6706
e-ISSN 2150-5551

      CN 31-2103/TB

ARTICLE

Cite as
Nano-Micro Lett. 
(2022) 14:84

Received: 11 December 2021 
Accepted: 22 February 2022 
Published online: 29 March 2022 
© The Author(s) 2022

https://doi.org/10.1007/s40820-022-00827-3

 * Shuaiming He, he.shuaiming@gmail.com; Lu Lin, lulin@xmu.edu.cn; Xianhai Zeng, xianhai.zeng@xmu.edu.cn
1 College of Energy, Xiamen University, Xiamen 361102, People’s Republic of China
2 State Key Laboratory of Pulp and Paper-Making Engineering, South China University of Technology, Guangzhou 510640, 

People’s Republic of China
3 Beijing Key Laboratory of Lignocellulosic Chemistry, Beijing Forestry University, No. 35, Tsinghua East Road, Haidian, Beijing 100083, 

People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-022-00827-3&domain=pdf


 Nano-Micro Lett. (2022) 14:8484 Page 2 of 14

https://doi.org/10.1007/s40820-022-00827-3© The authors

1 Introduction

Tough and flexible hydrogels have attracted wide attention due 
to their potential applications in the fields of tissue engineer-
ing, implantable electronic devices, soft robots, sensors, drug 
delivery, etc. [1–5]. However, there are still some tricky prob-
lems needed to be solved in practical applications. For example, 
the loose cross-links and high water content of the synthetic 
hydrogels make them mechanically weak and unable to per-
form the actual tasks [6–8]. Although significant advancements 
have been made in enhancing the mechanical strength by add-
ing composite fillers or forming 3D networks, these results are 
still not satisfactory compared with natural materials [9–11]. 
Besides, in most practical applications, the dynamic conversion 
of hydrogels between tough and soft states, or tough and dis-
solve (or degradation) states is highly necessary [12, 13]. For 
example, bioprobes should be designed to be rigid initially for 
easy insertion and flexible once they enter biological tissues 
[14–16]. Significant advances have been made in the use of 
structural engineering methods, such as the creation of homo-
geneous tough hydrogels by self-assembly and double network 
formation or anisotropic tough hydrogels by directional freeze 
casting and mechanical stretching [17–20].

Recently, a composite hydrogel containing a natural 
micro-/nanofiber reinforcer was explored, which significantly 
improved the mechanical properties of hydrogels [21–23]. 
Typically, natural wood can be used as support material after 
releasing the tight connections between cellulose fibers, gener-
ating tough wood structure hydrogels for enhanced mechanical 
strength, super-ion transport, or pressure sensors [10, 24, 25]. 
Natural wood is usually valued because of its highly aniso-
tropic structure; however, the hard crystalline structure of cel-
lulose makes it difficult to make the wood hydrogel flexible 
[26, 27]. Compared with homogeneous hydrogels, the strength 
of wood hydrogels is significantly increased, but even in their 
softest state, they are still not soft enough to match natural bio-
logical tissue [28–30]. Besides, during the wood processing, 
lignin with many reactive groups (e.g., methoxy and phenolic 
hydroxyl groups), as the second abundant biopolymer in natu-
ral plants, is generally discarded as waste, resulting in a serious 
waste of resources [31–34]. Furthermore, existing approaches 
have mainly focused on optimizing the micro-/nanostructures 
of hydrogels. However, the preparation of tough and flexible 
wood-based hydrogels with complex hierarchical structures 
using common natural polymers is still challenging.

Different salts show distinguishable abilities to precipitate 
proteins/polymers from aqueous solutions, which is defined 
as the Hofmeister effect [35–37]. Some reports discussed the 
relationship between various ions and the solubility of the pol-
ymers (e.g., poly(vinyl alcohol) (PVA)) and made it possible 
to use different ions to obtain hydrogels with tunable mechan-
ical properties [36, 38]. With these considerations and inspi-
rations from the ion-specific phenomena, we design a PVA-
reinforced all-wood hydrogel by constructing microstructure 
between cellulose fibers, PVA chains, and lignin molecules 
using the Hofmeister effect without modifications for the raw 
materials and any chemical cross-linking agent (Fig. 1a). 
After the processing, we have made the transition from mac-
roscopic natural wood to nanomaterial (Fig. 1b–e). In this 
system, the cellulose fibers act as an aligned high-strength 
skeleton, PVA chains as the filler, and lignin molecules as 
the cross-linking agent (Fig. 1f). Therefore, a highly flexible 
and conductive all-wood hydrogel was prepared by a series of 
lignin rearrangements, PVA impregnation, and sodium sulfate 
salting, which is capable of accurately distinguishing various 
macroscopic or subtle human actions, including finger flexion, 
pulse, and swallowing behavior. With good flexibility, high 
mechanical strength and conductivity, good biodegradability, 
and recyclability, all-wood hydrogels have great potential for 
various advanced applications such as wearable sensors, soft 
robotics, tissue engineering, and drug delivery.

2  Experimental Section

2.1  Materials

Balsa wood was bought from JU FASHION Co. Ltd., China, 
and cut to the dimensions of 1 × 20 × 60  mm3. Sodium 
hydroxide (NaOH), sodium chlorite  (NaClO2) (analytical 
grade, Sigma-Aldrich), poly(vinyl alcohol) (molecular weight 
Mw = 8.9 ×  103–9.8 ×  103 g  mol−1, Aladdin), and sodium sul-
fate (analytical grade, Aladdin) were used as received. Deion-
ized (DI) water was used for the preparation of all solutions.

2.2  Delignification of the Balsa Wood

The balsa wood (1 × 20 × 60  mm3) was boiled in a 2.5 M 
NaOH solution using a 1-L reactor at 120 °C for 2 h. The 
separated solid wood from the brown mixture was transferred 



Nano-Micro Lett. (2022) 14:84 Page 3 of 14 84

1 3

to 1 wt%  NaClO2 solution (pH ~ 4.6) and boiled at 140 °C for 
4 h to make it white enough (denoted as “white wood”). Then, 
the white wood was washed with ethanol and deionized water, 
respectively, and dried at -50 °C for 24 h. Besides, the brown 
mixture was filtered with HCl solution (pH < 2), centrifuged, 
and washed with deionized water to obtain alkali lignin.

2.3  Relignification of the White Wood

The relignified wood was prepared by immersing the white 
wood in the 1,4-dioxane solution (20 mL) of alkali lignin 
(0.03 g). After immersing for 1 h, the wood sample was 
dried naturally at room temperature. The above procedure 
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Fig. 1  Fabrication process of the PVA-reinforced all-wood hydrogel. a The preparation process of the hydrogels via the Hofmeister effect 
includes the delignification, relignification, PVA soak process, freezing, and salt-assisted aggregation. b Digital images of natural wood, white 
wood, and all-wood hydrogel. c–e SEM images showing the hierarchical structure of the all-wood hydrogel. f Schematic diagram of the chemi-
cal cross-linking of cellulose fibers, lignin molecules, and PVA molecular chains
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(immersing and drying) was repeated at different times to get 
relignified wood with different lignin contents. The detailed 
component of wood hydrogels is listed in Table S1.

2.4  Preparation of the PVA and Salt Solution

The PVA solutions (5, 10, and 15 wt%) were prepared by dis-
solving PVA powder in deionized water at 90 °C. After 1 h 
of ultrasound treatment, a clear solution was obtained. The 
sodium sulfate solution (0.5, 1.0, 1.5, and 2.0 M) was prepared 
by dissolving in deionized water at room temperature. After 
0.5 h of ultrasound, a clear solution was obtained.

2.5  Preparation of the All‑wood Hydrogel

For preparing an all-wood hydrogel, relignified wood (cel-
lulose and alkali lignin) or white wood was immersed into 
the PVA solution and heated at 90 °C in an oil bath for 12 h. 
Subsequently, the container was frozen at − 20 °C. Finally, the 
sample was immersed into the sodium citrate solution for gela-
tion at room temperature. For preparing pure PVA hydrogel, 
the PVA solution was frozen at − 20 °C and then immersed 
into the sodium citrate solution at room temperature. In con-
trast, other hydrogels with different lignin content, PVA con-
tent, sodium citrate concentration, and salting-out time were 
all prepared. The detailed formulation of each component is 
listed in Table S2.

2.6  Characterization

The chemical structure of the lignin was analyzed by 31P 
nuclear magnetic resonance spectroscopy (NMR, AS 400, 
Zhongke-Niujin, China) and 2D NMR spectra (Bruker 
Avance III, Germany). The chemical structure of the all-
wood hydrogel was also characterized using Fourier trans-
form infrared spectroscopy (FT-IR). It was also performed 
by X-ray diffraction (XRD, Rigaku Ultima IV, Japan) with a 
10° ~ 90° (2θ) scanning range and a speed of 2 s per degree. 
The microstructure images of the samples were carried out 
using a scanning electron microscope (FE-SEM, SUPRA 
55VP, ZEISS, Germany) observing an SE2 pattern and 
15 kV. 2D SAXS images of the all-wood hydrogel were 
obtained at the Bruker NANOSTAR of the Ceshigo Research 
Service, Shanghai, China. Confocal microscopy (Leica 
DMIL, Germany) was used to estimate the route of PVA 

into cellulose nanochannels of wood. Fluorescein sodium 
was used as a stain to premix in a PVA solution and then to 
prepare hydrogel using the above steps. The fluorescence 
was then observed. The tensile strength of samples was per-
formed by an Instron 4465 instrument at room temperature. 
The hydrogel was coated with olive oil to reduce water loss 
and tested at a stretching speed of 1 cm  min−1. The sensing 
test was performed by an LCR meter (TH2829A, Tonghui, 
China). The all-wood hydrogel was simply covered by two 
copper foils and glued onto the human skin using adhesive 
tape. Subsequently, the simple device was connected by the 
precision LCR meter (TH2829A, Tonghui, China) to record 
the signal changes.

3  Results and Discussion

3.1  Fabrication of the All‑wood Hydrogel

We have successfully synthesized the all-wood hydrogel via 
a simply Hofmeister effect without the use of any chemical 
cross-linking agent. The starting wood material composed 
of cellulose, lignin, and hemicellulose has a cellular struc-
ture with numerous open nanochannels along the growth 
orientation (Fig. 2a–c). In the delignification process, most 
of the lignin can be extracted in situ using a mixture solution 
of NaOH and  Na2SO3, and then the residual lignin can be 
further removed to obtain white wood by using a  NaClO2 
solution (pH ~ 4.6) (Fig. S1). Subsequently, the lignin regen-
eration process involves filling the micro-/nanochannels and 
interconnected nanopores of white wood with dissolved 
lignin (1,4-dioxane) (Table S1). In the delignification and 
relignification process, the original microscopic channels 
and chemical structure of natural wood were well main-
tained. After these treatments, many highly active hydroxyl 
groups in the cellulose fibers are exposed, but the mechani-
cal strength of the wood becomes weaker.

To reconstruct the loose and porous structure of the rel-
ignified wood, filling the internal nanochannels with poly-
mers is a preferred strategy. Thus, biodegradable PVA (a 
commonly used polymer) was introduced into the system 
[39–41]. PVA with rich hydroxyl groups can efficiently 
reconstruct wood by forming hydrogen bonds with cellu-
lose fibers and lignin molecules. In our strategy, the religni-
fied wood is immersed into the PVA solution at 90 °C for 
24 h to reach full infiltration, which can be used to soften 
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the cellulose fibers. We subsequently froze the sample at 
− 20 °C for 6 h, and then removed and immersed it in the 
1.5 M  Na2SO4 solution for gelation at room temperature. 
The obtained hydrogel shows an obvious interconnected 

network, which is attributed to the rich active groups of cel-
lulose fibers, PVA chains, and lignin molecules (Fig. 2d–g). 
Note that the cellulose fibers in the hydrogel are originally 
part of the wood cell wall. When the above operation is 
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repeated with the fluorescein disodium salt-labeled PVA, 
the confocal images clearly show that PVA solution can suc-
cessfully enter into the internal nanochannels of cellulose 
fibers (Fig. 2h, i). When PVA-soaked and freeze-dried, the 
PVA chains become internal gel inside the cell lumen, which 
plays a critical role in maintaining the flexibility of the all-
wood hydrogel. Besides, the all-wood hydrogel shows an 
obvious anisotropic structure (Fig. 2j), mainly because cel-
lulose fibers retain the original structure of natural wood and 
act as the framework in the gel system [42–46].

To further investigate the chemical evolution during the 
all-wood hydrogel formation, the samples were character-
ized by FT-IR spectroscopy. Compared to the character-
istic peaks of the natural wood, no significant new peaks 
appeared in the relignified wood (Fig. S2). The prepared all-
wood hydrogel features absorption peaks at 1261  cm−1 for 
CH–OH stretching of tertiary alcohol in PVA, 1102  cm−1 for 
C–OH stretching vibration, 1051–994  cm−1 for C–H stretch-
ing, and 805  cm−1 for C–H bending, respectively (Fig. 2k). 
The FT-IR results indicated the formation of the cross-link-
ing network in the system. Meanwhile, XRD patterns of the 
natural wood, delignified wood, and relignified wood exhibit 
similar diffraction peaks with cellulose I crystalline struc-
ture, suggesting its preservation after these treatments (Fig. 
S3). In addition, the XRD pattern of the all-wood hydrogel 
not only preserved the crystal structure of cellulose I, but 
also showed PVA characteristic peaks, confirming that the 
well-filled PVA gel entered the wood nanochannel (Fig. 2l). 
Besides, we also collected the chemical structure of lignin 
by 2D HSQC NMR spectra to explore the formation mecha-
nism of the hydrogel.

We also tested the 1H-13C NMR spectra of the lignin in 
the aliphatic regions (δC/δH 52–88/3.0–5.1) and aromatic 
regions (δC/δH 100–145/6.1–7.7), as shown in Fig. 3a, b. 
The lignin contains some typical substructures including 
the β-O-4 alkyl-aryl ether, phenylcoumaran, syringyl, and 
guaiacyl-OH, and G-type units, etc. (Fig. 3c). The presence 
of a large number of -OH groups (e.g., phenolic-OH and 
Cx-OH) promotes the formation of entanglements between 
lignin, cellulose, and PVA chains through hydrogen bond-
ing, resulting in a highly cross-linked network of all-wood 
hydrogels. Figure 3d schematically illustrates the interac-
tion between cellulose nanofibers, lignin molecules, and 
PVA chains. Lignin molecules containing a large number 
of hydroxyl groups can form tight interactions with the 
hydroxyl groups in cellulose nanofibers and PVA molecular 

chains through hydrogen bonds, physical entanglement, and 
van der Waals forces, resulting in all-wood hydrogels with 
excellent mechanical properties. In contrast, the network of 
lignin-free hydrogels is formed only by the interaction of 
cellulose nanofibers with PVA molecular chains, and the 
physical entanglement between molecules is greatly reduced 
(Fig. S4). In short, the results show that the lignin, PVA, and 
cellulose all played critical roles in the high tensile strength 
of the all-wood hydrogel.

3.2  Simultaneous Strengthening and Toughening 
of All‑wood Hydrogels

After delignification, relignification, and gelation processes, 
the cellulose fibers in the gel network swell and soften, mak-
ing the all-wood hydrogel highly flexible. Figure 4 shows the 
digital images and microscale morphology of the all-wood 
hydrogel under different stresses. Experimental results indi-
cate that the all-wood hydrogels (1 mm thick) can be easily 
folded in the radial and longitudinal directions without rup-
ture (Fig. 4a–c). Interestingly, it can also curl in the longitu-
dinal direction, indicating that the cellulose fibers have sof-
tened sufficiently (Fig. 4d). Furthermore, we knotted a strip 
of all-wood hydrogel along the cellulose fibers direction. 
The stretched knot and curly ribbons further confirm the 
super-flexibility of the all-wood hydrogel (Fig. 4e–g). In par-
ticular, we can use this method to prepare flexible all-wood 
hydrogels, even with strips of wood up to 3 mm thick (Fig. 
S5). The partially open microchannels create space in the 
all-wood hydrogel to accommodate various deformations in 
an accordion-like manner, allowing the material to bend and 
withstand severe deformation without cracking. This unique 
crumpled, shrunken cell wall structure contributes to the 
excellent flexibility of the all-wood hydrogel, as shown in 
Fig. 4h–j and S6. The excellent mechanical properties of all-
wood hydrogels are mainly attributed to the strong hydrogen 
bonding, physical entanglement, and van der Waals forces 
between cellulose nanofibers, lignin molecules, and PVA 
chains, and the toughening effect of cellulose nanofibers.

Induced by the Hofmeister effect, crystal domains and 
numerous hydrogen bonds are formed in the hydrogel net-
work, resulting in the high mechanical strength of the all-
wood hydrogels [35, 38, 47–49]. The effects of lignin con-
tent, PVA content, and salting time on the tensile strength 
of all-wood hydrogels in the L-directional are further 
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investigated. The tensile strength of the all-wood hydrogel 
enhances gradually with the increase in lignin concentra-
tion (Fig. 5a). In contrast, the white wood hydrogel without 
lignin has a weak tensile strength and exhibits significant 
breakage under external tension (Fig. S7). The results show 

that lignin can act as an efficient cross-linker in the hydro-
gel network, which significantly improves the mechanical 
properties of the hydrogel. Besides, the PVA concentration 
also has a great effect on the tensile strength of the all-wood 
hydrogel (Fig. 5b). The ultimate stresses were 0.5, 36.5, 
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and 44.5 MPa, and the corresponding ultimate strains were 
110%, 468%, and 393% after salting the all-wood hydrogels 
in 1.5 M sodium sulfate solution at room temperature for 
1, 4, and 7 d, respectively. Due to the high viscosity and 
polymerization degree, the 15% PVA solutions cannot fully 
impregnate into the cellulose micro- and nanochannels. Fur-
thermore, both tensile stress and tensile strain are enhanced 
with the increase in salting time and sodium sulfate con-
centration (Figs. 5c and S8). This is mainly attributed to the 
Hofmeister effect, i.e., the change in the aggregation state 
of PVA under the influence of sodium sulfate.

We also systematically investigate the anisotropic 
mechanical properties in the L- and R-directions of the all-
wood hydrogel. The prepared all-wood hydrogel consists 
of 10 wt% PVA and 8.7 wt% lignin with a salting time of 
4 days. The results show that the all-wood hydrogel has good 

longitudinal tensile properties with an ultimate stress of 
36.5 MPa and an ultimate strain of 468%, both of which are 
much higher than that of previously reported cellulose-based 
hydrogels (Fig. 5d) [10, 30, 46, 50]. Notably, we can observe 
two significant breaks in the stress–strain curve of the all-
wood hydrogel in the longitudinal direction (from 438 to 
468%). The first break corresponds to a molecular chain 
break inside the nanocellulose with low ductility, while the 
second break is caused by a molecular chain break inside 
the PVA (Fig. 5d, red line). On a macro level, it is a gradual 
failure mode featuring stepwise fracture, which is a typical 
feature of anisotropic materials (Fig. 5e). During the stretch-
ing process along the L-direction, irregular faults are formed 
inside the hydrogel after the cellulose with fewer ductility 
breaks, which eventually overcomes the energy dissipation 
and leads to the hydrogel fracture with a crack deflection 
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(Fig. 5f). In sharp contrast, the tensile strength of the lignin-
free hydrogel is one order of magnitude lower (~ 4.7 MPa) 
than that of the all-wood hydrogel. When stretched along 
the L-direction, the lignin-free hydrogel exhibits an obvious 
stepwise fracture feature (Fig. S9).

Unlike the stretch strength along the L-direction, the all-
wood hydrogel shows much weak toughness stretching with 

less than 2.6 MPa tensile strength and corresponding 198% 
strain in the R-direction (Fig. 5g). When stretched along the 
R-direction, the all-wood hydrogel mainly overcomes the 
cross-linking bonds between the cellulose, lignin, and PVA 
chains to cause the rupture, but scarcely involve the frac-
ture of rigid cellulose chains. This result also corresponds 
to the super-long tail peak during the fracture process 198% 

(d)

(a) (b) (c)

(f)(e)

(h)
(g)

(i)

Te
ns

ile
 s

tre
ss

 (M
Pa

)

Te
ns

ile
 s

tre
ss

 (M
Pa

)40

30

20

10

0

Te
ns

ile
 s

tre
ss

 (M
Pa

)

3

2

1

0

Te
ns

ile
 s

tre
ss

 (M
Pa

) 40

30

20

10

0

40

30

20

10

0

Te
ns

ile
 s

tre
ss

 (M
Pa

) 40

30

20

10

0
0 100 200 300 400 500

Strain (%)

0 100 200 300 400 500
Strain (%)

0 50 100 150 200 250
Strain (%)

0 100 200 300 400 500
Strain (%)

0 100 200 300 400 500
Strain (%)

12.1 wt% lignin
8.7 wt% lignin
3.9 wt% lignin

15% PVA
10% PVA
5% PVA

7 days
4 days
1 day

0.5 cm

0.5 cm

0% lignin

(8.7 wt% lignin,10% PVA,
soaking for 4 days)

(8.7 wt% lignin, 10% PVA,
soaking for 4 days)

In L-direction

In R-direction

Stretching

Fibril fracture

Crack deflection

Crack
High-functionality

crosslinking

Crack pinning

Fig. 5  The mechanical strength and cross-linking mechanism of the all-wood hydrogel. The effect of a lignin content, b PVA content, and c 
salting time in the 1.5 M sodium sulfate solution on the tensile strength of the all-wood hydrogel in the L-direction, respectively. d The tensile 
stress–strain curves for all-wood hydrogel in the L-direction and e its fibrotic fracture during tension, and f the tensile mechanism at this state. 
g The tensile stress–strain curves for all-wood hydrogel in the R-direction and h its fibrotic fracture during tension, and i the tensile mechanism 
at this state. Here, the samples contain 10% PVA, soaking for 4 days, and different content of lignin in (a); the samples contain 8.7 wt% lignin, 
soaking for 4 days, and different content of PVA in (b); and the samples contain 8.7 wt% lignin, 10% PVA, and different salting time in (c). 
Besides, the samples are composed of 10 wt% PVA, 8.7 wt% lignin, and soaking for 4 days in (d, g)



 Nano-Micro Lett. (2022) 14:8484 Page 10 of 14

https://doi.org/10.1007/s40820-022-00827-3© The authors

to 242% of PVA (Fig. 5g, red line). As shown in Fig. 5h, the 
cellulose fibers can break easily because of the weak interac-
tion forces of each cellulose fiber, leaving PVA gel to con-
tribute a large tail peak. When stretched in the R-direction, 
the hydrogel overcomes the high-functionality cross-linking 
and occurs almost regular fracture instead of a crack deflec-
tion along a direction perpendicular to the cellulose fibers 
(Fig. 5i). Results indicate that the prepared all-wood hydro-
gel features obvious anisotropic properties, corresponding 
to the SAXS pattern in Fig. 2j.

3.3  Sensing Performance of the All‑Wood Hydrogel

As previously reported on wood-hydrogel conductors, the 
cellulose nanofibers commonly act as nanochannels for ion 
transport [10, 25, 30, 50]. The strain sensitivity of the all-
wood hydrogel is tested by calculating the gauge factor (GF, 
high value means higher sensitivity) of relative resistance 
variation ((R-R0)/R0) with strain. The curve can be divided 
into two linear responsive areas, including 0–108% region 

with a  GF1 of 3.21 and 108–180% region with a  GF2 of 6.16 
(Fig. S10). Results indicate that the all-wood hydrogel has 
good strain responsiveness. To test the real-time monitor-
ing capability of the all-wood hydrogel as a sensor, it was 
simply covered with two pieces of copper foil and taped to 
the human skin (Fig. 6a). Subsequently, the simple device 
is connected with the precision LCR meter to record the 
signal changes by repeatedly stimulating the assembled sen-
sor device. The nanochannels in the well-aligned cellulose 
nanofibers act as a fast pathway for ion transport of the sen-
sors. As shown in Fig. 6b, the fluctuation range of the cur-
rent change values ((R-R0)/R0) in the longitudinal direction 
is smaller than that in the radial direction, indicating that 
the all-wood hydrogel has a significant anisotropic electri-
cal sensitivity.

Due to the good conductivity, elasticity, and ductility of the 
all-wood hydrogel, it could be potentially applied as a sensor 
for real-time monitoring of various human motions. As illus-
trated in Fig. 6c, the all-wood hydrogel is sensitive enough 
to monitor the finger flexion at different angles ranging from 
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0 to 90°. The resistance signal exhibits great stability when 
maintaining the same finger bending, or bending and straight-
ening the finger at the same angle, demonstrating the precise 
capture of instantaneous movements. Besides, the device can 
accurately distinguish subtle human movements, including 
pulse (Fig. 6d) and swallowing behavior (Fig. 6e). In par-
ticular, when “An Qi” was called four times within 15 s, two 
variations of the pronunciation could be identified (Fig. 6f). 
The results confirm that all-wood hydrogels have a strong 
ability to sense large/subtle body movements, making them 
very promising as wearable devices.

3.4  Sustainability of the All‑Wood Hydrogel

According to the Hofmeister effect, the mechanical strength 
of the all-wood hydrogel can be effectively regulated as the 

hydrogel becomes soft or even dissolves when immersed in 
water. As shown in Fig. S11, the pure PVA gel prepared by 
the same method (also using 1.5 M  Na2SO4 solution as the salt 
ion) was gradually dissolved within 30 min of immersion in 
deionized water [35]. The mechanical strength of the all-wood 
hydrogel decreased from 36.5 to 30.3, 17.2, and 7.3 MPa after 
salting out in deionized water for 5, 10, and 20 min, respec-
tively (Fig. 7a). This is mainly due to the external diffusion of 
salt causing the PVA gel to dissolve in the framework. From 
a macroscopic point of view, it is a mode of progressive dam-
age characterized by step fracture, while also maintaining its 
anisotropic character (Fig. S12). Note that all-wood hydrogels 
also decomposed after 2 h of immersion in deionized water 
(Fig. S13). Therefore, the mechanical strength of the all-wood 
hydrogel can be adjusted by controlling the immersion time 
of the all-wood hydrogel in deionized water.
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We buried the all-wood hydrogel, silicone (SIL, a med-
ical gel film), and polyurethane (PU film, a medical gel 
film) together in a 5–10-cm-deep soil (Fig. 7b). After a 
week of natural processes, the all-wood hydrogels became 
soft in the soil, mainly due to the diffusion of salt ions to 
the soil [33, 37]. The hydrogel then degraded into a brit-
tle residue, which was mainly due to microbial corrosion. 
Finally, the cellulose and lignin of the all-wood hydrogel 
gradually degraded until they were all gone after another 
2 months [51]. In contrast, SIL and PU films retained 
almost their original shape after the same burial time, 
indicating the non-biodegradability of these commonly 
used films. Besides, the all-wood hydrogel also exhibits 
good recyclability (Fig. 7c). The residual sample retained 
cellulose and lignin well after salting and can be soaked 
again with PVA to obtain a new all-wood hydrogel or 
discarded directly into nature to be degraded by micro-
organisms. We can also recover PVA from the solution 
after soaking.

4  Conclusions

In conclusion, an all-wood hydrogel with good flexibility, 
conductivity, and tunable mechanical strength was success-
fully synthesized using a simple Hofmeister effect without 
modifying the raw material or using any chemical cross-
linking agent. With aligned cellulose as the rigid backbone 
and PVA and lignin as the cross-linked network, the pre-
pared all-wood hydrogel shows high tensile strength and 
good flexibility. Tensile tests results indicate the tensile 
strength of the all-wood hydrogel being 36.5 MPa and the 
L-direction strain being 438%, which was 14 times and ~ 2 
times higher than the R-direction, respectively. In addition 
to the anisotropic mechanical strength, the conductivity of 
the all-wood hydrogels exhibited significant anisotropy due 
to the arrangement of the cellulose fibers. With high flex-
ibility, high mechanical strength, and good conductivity, all-
wood hydrogels can be used as sensors to detect a variety of 
large or small human movements, including finger flexion, 
pulse, and swallowing behavior. In addition, the all-wood 
hydrogel not only has tunable mechanical strength but also 
degrades very easily in the natural environment. This study 
demonstrates an effective, green, and recyclable method to 
prepare flexible and biodegradable wood-based hydrogels 

with tunable mechanical strength, paving the way for the 
construction of high-performance sustainable soft electronic 
materials.

Acknowledgements G.Y. would like to thank the China Scholar-
ship Council (CSC) for its financial support. The authors grate-
fully acknowledge the financial support from the National Natural 
Science Foundation of China, China (Nos. 21978248, 21676223), 
the Natural Science Foundation of Fujian Province of China (No. 
2019J06005), and Guangdong Provincial Key Research and Devel-
opment Program (No. 2020B0101070001).

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 022- 00827-3.

References

 1. C.H. Yang, Z.G. Suo, Hydrogel ionotronics. Nat. Rev. 
Mater. 3(6), 125–142 (2018). https:// doi. org/ 10. 1038/ 
s41578- 018- 0018-7

 2. Y.X. Liu, J. Liu, S.C. Chen, T. Lei, Y. Kim et al., Soft and 
elastic hydrogel-based microelectronics for localized low-volt-
age neuromodulation. Nat. Biomed. Eng. 3(1), 58–68 (2019). 
https:// doi. org/ 10. 1038/ s41551- 018- 0335-6

 3. H. Yuk, S.T. Lin, C. Ma, M. Takaffoli, N.X. Fang et al., 
Hydraulic hydrogel actuators and robots optically and soni-
cally camouflaged in water. Nat. Commun. 8, 14230 (2017). 
https:// doi. org/ 10. 1038/ ncomm s14230

 4. F. Pinelli, L. Magagnin, F. Rossi, Progress in hydrogels for 
sensing applications: a review. Mater. Today Chem. 17, 
100317 (2020). https:// doi. org/ 10. 1016/j. mtchem. 2020. 100317

 5. Y.H. Ye, Y.F. Zhang, Y. Chen, X.S. Han, F. Jiang, Cellu-
lose nanofibrils enhanced, strong, stretchable, freezing-tol-
erant ionic conductive organohydrogel for multi-functional 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-022-00827-3
https://doi.org/10.1007/s40820-022-00827-3
https://doi.org/10.1038/s41578-018-0018-7
https://doi.org/10.1038/s41578-018-0018-7
https://doi.org/10.1038/s41551-018-0335-6
https://doi.org/10.1038/ncomms14230
https://doi.org/10.1016/j.mtchem.2020.100317


Nano-Micro Lett. (2022) 14:84 Page 13 of 14 84

1 3

sensors. Adv. Funct. Mater. 30(35), 2003430 (2020). https:// 
doi. org/ 10. 1002/ adfm. 20200 3430

 6. Z. Qiao, M.J. Cao, K. Michels, L. Hoffman, H.F. Ji, Design 
and fabrication of highly stretchable and tough hydrogels. 
Polym. Rev. 60(3), 420–441 (2020). https:// doi. org/ 10. 1080/ 
15583 724. 2019. 16915 90

 7. J.Y. Sun, X.H. Zhao, W.R.K. Illeperuma, O. Chaudhuri, 
K.H. Oh et al., Highly stretchable and tough hydrogels. 
Nature 489(7414), 133–136 (2012). https:// doi. org/ 10. 1038/ 
natur e11409

 8. S.T. Lin, J. Liu, X.Y. Liu, X.H. Zhao, Muscle-like fatigue-
resistant hydrogels by mechanical training. PNAS 116(21), 
10244–10249 (2019). https:// doi. org/ 10. 1073/ pnas. 19030 
19116

 9. H.L. Fan, J.P. Gong, Fabrication of bioinspired hydrogels: 
challenges and opportunities. Macromolecules 53(8), 2769–
2782 (2020). https:// doi. org/ 10. 1021/ acs. macro mol. 0c002 38

 10. W. Kong, C. Wang, C. Jia, Y. Kuang, G. Pastel et  al., 
Muscle-inspired highly anisotropic, strong, ion-conductive 
hydrogels. Adv. Mater. 30(39), 1801934 (2018). https:// doi. 
org/ 10. 1002/ adma. 20180 1934

 11. G. Yan, Y. Feng, H. Wang, Y. Sun, X. Tang et al., Interfacial 
assembly of self-healing and mechanically stable hydrogels 
for degradation of organic dyes in water. Commun. Mater. 
1(1), 41 (2020). https:// doi. org/ 10. 1038/ s43246- 020- 0043-0

 12. S. Pradhan, K.A. Keller, J.L. Sperduto, J.H. Slater, Funda-
mentals of laser-based hydrogel degradation and applications 
in cell and tissue engineering. Adv. Healthc. Mater. 6(24), 
1700681 (2017). https:// doi. org/ 10. 1002/ adhm. 20170 0681

 13. G. Yan, G. Chen, Z. Peng, Z. Shen, X. Tang et  al., The 
crosslinking mechanism and applications of catechol-metal 
polymer materials. Adv. Mater. Interfaces 8(19), 2100239 
(2021). https:// doi. org/ 10. 1002/ admi. 20210 0239

 14. Y. Qiu, E. Askounis, F.Y. Guan, Z.H. Peng, W.K. Xiao et al., 
Dual-stimuli-responsive polymer composite with ultrawide 
tunable stiffness range triggered by water and temperature. 
ACS Appl. Polym. Mater. 2(5), 2008–2015 (2020). https:// 
doi. org/ 10. 1021/ acsapm. 0c001 81

 15. J.R. Capadona, K. Shanmuganathan, D.J. Tyler, S.J. Rowan, C. 
Weder, Stimuli-responsive polymer nanocomposites inspired 
by the sea cucumber dermis. Science 319(5868), 1370–1374 
(2008). https:// doi. org/ 10. 1126/ scien ce. 11533 07

 16. Y.L. Tan, B.R. Hu, J. Song, Z.Y. Chu, W.J. Wu, Bioinspired 
multiscale wrinkling patterns on curved substrates: an over-
view. Nano-Micro Lett. 12, 101 (2020). https:// doi. org/ 10. 
1007/ s40820- 020- 00436-y

 17. H.L. Qin, T. Zhang, N. Li, H.P. Cong, S.H. Yu, Anisotropic 
and self-healing hydrogels with multi-responsive actuating 
capability. Nat. Commun. 10, 2202 (2019). https:// doi. org/ 
10. 1038/ s41467- 019- 10243-8

 18. M.T.I. Mredha, H.H. Le, V.T. Tran, P. Trtik, J.X. Cui et al., 
Anisotropic tough multilayer hydrogels with programmable 
orientation. Mater. Horiz. 6(7), 1504–1511 (2019). https:// doi. 
org/ 10. 1039/ c9mh0 0320g

 19. R. Bai, J. Yang, X.P. Morelle, Z. Suo, Flaw-insensitive hydro-
gels under static and cyclic loads. Macromol. Rapid Commun. 
40(8), 1800883 (2019). https:// doi. org/ 10. 1002/ marc. 20180 
0883

 20. G.H. Yan, S.M. He, G.F. Chen, X. Tang, Y. Sun et al., Ani-
sotropic, strong, self-adhesive and strain-sensitive hydrogels 
enabled by magnetically-oriented cellulose/polydopamine 
nanocomposites. Carbohyd. Polym. 276, 118783 (2022). 
https:// doi. org/ 10. 1016/j. carbp ol. 2021. 118783

 21. C.P. Xiang, Z.J. Wang, C.H. Yang, X. Yao, Y.C. Wang et al., 
Stretchable and fatigue-resistant materials. Mater. Today 
34(7), 7–16 (2020). https:// doi. org/ 10. 1016/j. mattod. 2019. 
08. 009

 22. T. Li, C.J. Chen, A.H. Brozena, J.Y. Zhu, L.X. Xu et al., 
Developing fibrillated cellulose as a sustainable technologi-
cal material. Nature 590(7844), 47–56 (2021). https:// doi. org/ 
10. 1038/ s41586- 020- 03167-7

 23. G. Chen, T. Li, C. Chen, W. Kong, M. Jiao et al., Scalable 
wood hydrogel membrane with nanoscale channels. ACS Nano 
15(7), 11244–11252 (2021). https:// doi. org/ 10. 1021/ acsna no. 
0c101 17

 24. C.J. Chen, J.W. Song, J. Cheng, Z.Q. Pang, W.T. Gan et al., 
Highly elastic hydrated cellulosic materials with durable 
compressibility and tunable conductivity. ACS Nano 14(12), 
16723–16734 (2020). https:// doi. org/ 10. 1021/ acsna no. 0c042 
98

 25. C.J. Chen, L.B. Hu, Nanoscale ion regulation in wood-based 
structures and their device applications. Adv. Mater. 33(28), 
2002890 (2021). https:// doi. org/ 10. 1002/ adma. 20200 2890

 26. Y.Y. Li, X. Yang, Q.L. Fu, R. Rojas, M. Yan et al., Towards 
centimeter thick transparent wood through interface manipula-
tion. J. Mater. Chem. A 6(3), 1094–1101 (2018). https:// doi. 
org/ 10. 1039/ c7ta0 9973h

 27. J. Song, C. Chen, S. Zhu, M. Zhu, J. Dai et al., Processing 
bulk natural wood into a high-performance structural material. 
Nature 554(7691), 224–228 (2018). https:// doi. org/ 10. 1038/ 
natur e25476

 28. R. Ajdary, B.L. Tardy, B.D. Mattos, L. Bai, O.J. Rojas, Plant 
nanomaterials and inspiration from nature: water interactions 
and hierarchically structured hydrogels. Adv. Mater. 33(28), 
2001085 (2021). https:// doi. org/ 10. 1002/ adma. 20200 1085

 29. W.H. Sun, S. Schaffer, K. Dai, L.N. Yao, A. Feinberg et al., 3D 
printing hydrogel-based soft and biohybrid actuators: a mini-
review on fabrication techniques, applications, and challenges. 
Front. Robot. AI 8(1), 673533 (2021). https:// doi. org/ 10. 3389/ 
frobt. 2021. 673533

 30. K.C. Nie, Z.S. Wang, R.X. Tang, L. Zheng, C.C. Li et al., Ani-
sotropic, flexible wood hydrogels and wrinkled, electrodepos-
ited film electrodes for highly sensitive, wide-range pressure 
sensing. ACS Appl. Mater. Interfaces 12(38), 43024–43031 
(2020). https:// doi. org/ 10. 1021/ acsami. 0c139 62

 31. V.K. Thakur, M.K. Thakur, P. Raghavan, M.R. Kessler, Pro-
gress in green polymer composites from lignin for multifunc-
tional applications: a review. ACS Sustain. Chem. Eng. 2(5), 
1072–1092 (2014). https:// doi. org/ 10. 1021/ sc500 087z

https://doi.org/10.1002/adfm.202003430
https://doi.org/10.1002/adfm.202003430
https://doi.org/10.1080/15583724.2019.1691590
https://doi.org/10.1080/15583724.2019.1691590
https://doi.org/10.1038/nature11409
https://doi.org/10.1038/nature11409
https://doi.org/10.1073/pnas.1903019116
https://doi.org/10.1073/pnas.1903019116
https://doi.org/10.1021/acs.macromol.0c00238
https://doi.org/10.1002/adma.201801934
https://doi.org/10.1002/adma.201801934
https://doi.org/10.1038/s43246-020-0043-0
https://doi.org/10.1002/adhm.201700681
https://doi.org/10.1002/admi.202100239
https://doi.org/10.1021/acsapm.0c00181
https://doi.org/10.1021/acsapm.0c00181
https://doi.org/10.1126/science.1153307
https://doi.org/10.1007/s40820-020-00436-y
https://doi.org/10.1007/s40820-020-00436-y
https://doi.org/10.1038/s41467-019-10243-8
https://doi.org/10.1038/s41467-019-10243-8
https://doi.org/10.1039/c9mh00320g
https://doi.org/10.1039/c9mh00320g
https://doi.org/10.1002/marc.201800883
https://doi.org/10.1002/marc.201800883
https://doi.org/10.1016/j.carbpol.2021.118783
https://doi.org/10.1016/j.mattod.2019.08.009
https://doi.org/10.1016/j.mattod.2019.08.009
https://doi.org/10.1038/s41586-020-03167-7
https://doi.org/10.1038/s41586-020-03167-7
https://doi.org/10.1021/acsnano.0c10117
https://doi.org/10.1021/acsnano.0c10117
https://doi.org/10.1021/acsnano.0c04298
https://doi.org/10.1021/acsnano.0c04298
https://doi.org/10.1002/adma.202002890
https://doi.org/10.1039/c7ta09973h
https://doi.org/10.1039/c7ta09973h
https://doi.org/10.1038/nature25476
https://doi.org/10.1038/nature25476
https://doi.org/10.1002/adma.202001085
https://doi.org/10.3389/frobt.2021.673533
https://doi.org/10.3389/frobt.2021.673533
https://doi.org/10.1021/acsami.0c13962
https://doi.org/10.1021/sc500087z


 Nano-Micro Lett. (2022) 14:8484 Page 14 of 14

https://doi.org/10.1007/s40820-022-00827-3© The authors

 32. D. Kai, M.J. Tan, P.L. Chee, Y.K. Chua, Y.L. Yap et al., 
Towards lignin-based functional materials in a sustainable 
world. Green Chem. 18(5), 1175–1200 (2016). https:// doi. 
org/ 10. 1039/ c5gc0 2616d

 33. Q. Xia, C. Chen, Y. Yao, J. Li, S. He et al., A strong, bio-
degradable and recyclable lignocellulosic bioplastic. Nat. 
Sustain. 4(7), 627–635 (2021). https:// doi. org/ 10. 1038/ 
s41893- 021- 00702-w

 34. Y. Chen, T.C. Mu, Application of deep eutectic solvents in 
biomass pretreatment and conversion. Green Energy Environ. 
4(2), 95–115 (2019). https:// doi. org/ 10. 1016/j. gee. 2019. 01. 
012

 35. M.T. Hua, S.W. Wu, Y.F. Ma, Y.S. Zhao, Z.L. Chen et al., 
Strong tough hydrogels via the synergy of freeze-casting and 
salting out. Nature 590(7847), 594–599 (2021). https:// doi. org/ 
10. 1038/ s41586- 021- 03212-z

 36. S.W. Wu, M.T. Hua, Y. Alsaid, Y.J. Du, Y.F. Ma et  al., 
Poly(vinyl alcohol) hydrogels with broad-range tunable 
mechanical properties via the hofmeister effect. Adv. Mater. 
33(11), 2007829 (2021). https:// doi. org/ 10. 1002/ adma. 20200 
7829

 37. Q.Y. He, Y. Huang, S.Y. Wang, Hofmeister effect-assisted one 
step fabrication of ductile and strong gelatin hydrogels. Adv. 
Funct. Mater. 28(5), 1705069 (2018). https:// doi. org/ 10. 1002/ 
adfm. 20170 5069

 38. M.T. Hua, S.W. Wu, Y. Jin, Y.S. Zhao, B.W. Yao et al., Tough-
hydrogel reinforced low-tortuosity conductive networks for 
stretchable and high-performance supercapacitors. Adv. Mater. 
33(26), 2100983 (2021). https:// doi. org/ 10. 1002/ adma. 20210 
0983

 39. S. Kubo, J.F. Kadla, The formation of strong intermolecular 
interactions in immiscible blends of poly(vinyl alcohol) (PVA) 
and lignin. Biomacromol 4(3), 561–567 (2003). https:// doi. 
org/ 10. 1021/ bm025 727p

 40. H.Y. Bian, L.Q. Wei, C.X. Lin, Q.L. Ma, H.Q. Dai et al., 
Lignin-containing cellulose nanofibril-reinforced polyvinyl 
alcohol hydrogels. ACS Sustain. Chem. Eng. 6(4), 4821–4828 
(2018). https:// doi. org/ 10. 1021/ acssu schem eng. 7b041 72

 41. A. Kumar, S.S. Han, PVA-based hydrogels for tissue engineer-
ing: a review. Int. J. Polym. Mater. Polym. Biomater. 66(4), 

159–182 (2017). https:// doi. org/ 10. 1080/ 00914 037. 2016. 
11909 30

 42. J.W. Song, C.J. Chen, Z. Yang, Y.D. Kuang, T. Li et  al., 
Highly compressible, anisotropic aerogel with aligned cellu-
lose nanofibers. ACS Nano 12(1), 140–147 (2018). https:// doi. 
org/ 10. 1021/ acsna no. 7b042 46

 43. C. Jia, C. Chen, R. Mi, T. Li, J. Dai et al., Clear wood toward 
high-performance building materials. ACS Nano 13(9), 9993–
10001 (2019). https:// doi. org/ 10. 1021/ acsna no. 9b000 89

 44. S. Wang, F. Jiang, X. Xu, Y. Kuang, K. Fu et al., Super-strong, 
super-stiff macrofibers with aligned, long bacterial cellulose 
nanofibers. Adv. Mater. 29(35), 1702498 (2017). https:// doi. 
org/ 10. 1002/ adma. 20170 2498

 45. M. Zhu, J. Song, T. Li, A. Gong, Y. Wang et al., Highly ani-
sotropic, highly transparent wood composites. Adv. Mater. 
28(26), 5181–5187 (2016). https:// doi. org/ 10. 1002/ adma. 
20160 0427

 46. G. Yan, S. He, S. Ma, A. Zeng, G. Chen et al., Catechol-based 
all-wood hydrogels with anisotropic, tough, and flexible prop-
erties for highly sensitive pressure sensing. Chem. Eng. J. 427, 
131896 (2022). https:// doi. org/ 10. 1016/j. cej. 2021. 131896

 47. Y. Shang, C. Wu, C. Hang, H. Lu, Q. Wang, Hofmeister-effect-
guided ionohydrogel design as printable bioelectronic devices. 
Adv. Mater. 32(30), 2000189 (2020). https:// doi. org/ 10. 1002/ 
adma. 20200 0189

 48. J. Wei, G. Wei, Z. Wang, W. Li, D. Wu et al., Enhanced solar-
driven-heating and tough hydrogel electrolyte by photothermal 
effect and hofmeister effect. Small 16(44), 2004091 (2020). 
https:// doi. org/ 10. 1002/ smll. 20200 4091

 49. J. Wei, Q. Wang, Hofmeister effect-aided assembly of 
enhanced hydrogel supercapacitor with excellent interfacial 
contact and reliability. Small Methods 3(11), 1900558 (2019). 
https:// doi. org/ 10. 1002/ smtd. 20190 0558

 50. C.C. Chen, Y.R. Wang, Q.J. Wu, Z.M. Wan, D.G. Li et al., 
Highly strong and flexible composite hydrogel reinforced by 
aligned wood cellulose skeleton via alkali treatment for mus-
cle-like sensors. Chem. Eng. J. 400, 125876 (2020). https:// 
doi. org/ 10. 1016/j. cej. 2020. 125876

 51. K. Sanderson, Lignocellulose: a chewy problem. Nature 474, 
S12–S14 (2011). https:// doi. org/ 10. 1038/ 474S0 12a

https://doi.org/10.1039/c5gc02616d
https://doi.org/10.1039/c5gc02616d
https://doi.org/10.1038/s41893-021-00702-w
https://doi.org/10.1038/s41893-021-00702-w
https://doi.org/10.1016/j.gee.2019.01.012
https://doi.org/10.1016/j.gee.2019.01.012
https://doi.org/10.1038/s41586-021-03212-z
https://doi.org/10.1038/s41586-021-03212-z
https://doi.org/10.1002/adma.202007829
https://doi.org/10.1002/adma.202007829
https://doi.org/10.1002/adfm.201705069
https://doi.org/10.1002/adfm.201705069
https://doi.org/10.1002/adma.202100983
https://doi.org/10.1002/adma.202100983
https://doi.org/10.1021/bm025727p
https://doi.org/10.1021/bm025727p
https://doi.org/10.1021/acssuschemeng.7b04172
https://doi.org/10.1080/00914037.2016.1190930
https://doi.org/10.1080/00914037.2016.1190930
https://doi.org/10.1021/acsnano.7b04246
https://doi.org/10.1021/acsnano.7b04246
https://doi.org/10.1021/acsnano.9b00089
https://doi.org/10.1002/adma.201702498
https://doi.org/10.1002/adma.201702498
https://doi.org/10.1002/adma.201600427
https://doi.org/10.1002/adma.201600427
https://doi.org/10.1016/j.cej.2021.131896
https://doi.org/10.1002/adma.202000189
https://doi.org/10.1002/adma.202000189
https://doi.org/10.1002/smll.202004091
https://doi.org/10.1002/smtd.201900558
https://doi.org/10.1016/j.cej.2020.125876
https://doi.org/10.1016/j.cej.2020.125876
https://doi.org/10.1038/474S012a

	Highly Flexible and Broad-Range Mechanically Tunable All-Wood Hydrogels with Nanoscale Channels via the Hofmeister Effect for Human Motion Monitoring
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Delignification of the Balsa Wood
	2.3 Relignification of the White Wood
	2.4 Preparation of the PVA and Salt Solution
	2.5 Preparation of the All-wood Hydrogel
	2.6 Characterization

	3 Results and Discussion
	3.1 Fabrication of the All-wood Hydrogel
	3.2 Simultaneous Strengthening and Toughening of All-wood Hydrogels
	3.3 Sensing Performance of the All-Wood Hydrogel
	3.4 Sustainability of the All-Wood Hydrogel

	4 Conclusions
	Acknowledgements 
	References




