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A B S T R A C T   

The development of wearable strain sensors with high sensitivity, linearity and self-healing property is highly 
demanded. Herein, a simple yet efficient solution compounding method is proposed for fabricating a cellulose 
nanofiber reinforced borax/polyvinyl alcohol nanocomposite hydrogel (CBPH). The resultant CBPH exhibited 
largely enhanced ultimate tensile strength (47.1 kPa) and high toughness (213.9 kJ m− 3) compared with that of 
neat borax/polyvinyl alcohol hydrogel (3.4 kPa, 44.3 kJ m− 3), ascribing to efficient load transfer between 
dynamically hydrogen-bonded cellulose nanofiber and polyvinyl alcohol. Besides, dynamic borate-diol bonds 
among the CBPH contributed to self-healing performance with a healing efficiency reaching nearly 60%. Due to 
its large stretchability, high toughness and favorable ionic conductivity, the CBPH was used as a stretchable and 
self-healing ionic conductor for assembling a wearable strain sensor, showing a high yet linear sensitivity 
(~1.86) over a wide strain range of 0–100%, fast response time (<240 ms) and stable signal feedbacks for human 
motion detection.   

1. Introduction 

With the prosperity and development of flexible electronics tech
nology, flexible sensing devices have attracted extensive attention [1,2]. 
Sensing materials in such devices are required to be capable of quickly 
converting external stimuli (e.g., temperature [3–6], strain [2,7,8] or 
pressure [9,10]) into detectable electronic signals. Human skin is 
regarded as an excellent sample for the development of flexible sensing 
materials [11–14], which is a natural sensor and inherently equipped 
with good stretchability, high toughness and self-healing ability. It is 
quite essential to develop an advanced skin-like sensing material for 
health monitoring and human-machine interfaces in the era of the 
Internet of Things [15]. 

Hydrogels are physically or chemically cross-linked hydrophilic 
polymer networks that are swollen in an aqueous medium [16]. Due to 
the water-rich nature and three-dimensional network structure, a 
myriad of hydrogels possess good biocompatibility and stretchability 
[17,18], showing great prospects in the fields of wearable devices 

[19–21], artificial intelligence [22] and soft robotics [23,24]. Besides, 
considering the complex surface conditions that would occur in many 
application scenarios, good mechanical adaptability enables sensors to 
make well contact to irregular interfaces to deliver accurate signals, 
which is therefore an advantage of many soft hydrogels [25]. Ions can be 
brought into hydrogels to realize high ionic conductivity by incorpo
rating salts or ionic pendant groups [26–28]. Ionic conductive hydrogels 
can not only be intrinsically stretchable but also guarantee stable con
ductivity responses during the deformation [11,29]. Therefore, ionic 
conductive hydrogels have more similarities to human skin both in 
mechanical property and transmission mechanism of signals, having 
great potentials in bionic sensing applications. 

Polyvinyl alcohol (PVA)-based hydrogels are prospective alterna
tives as flexible sensing materials [30]. PVA is noted for many advan
tages, such as biodegradability, nontoxicity, and biocompatibility [31]. 
More importantly, the abundant hydroxyl groups on PVA chains bring 
about a great possibility of developing PVA hydrogels with physical or 
chemical cross-linking. Borate-diol bonds in hydrogels have been proven 
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to have rapid self-healing properties [32–34]. However, the healing 
process requires high mobility of PVA chains, which indicates that 
hydrogels with such self-healing properties might be accompanied by 
limited mechanical strength and poor shape stability [20,35]. Whereas, 
it is mechanical properties that significantly influence the signal reli
ability and sensitivity of sensors based on hydrogels [36]. To keep a 
balance between mechanical properties and self-healing property, it is a 
good choice to incorporate certain components for the formation of 
nanocomposites to provide additional noncovalent interactions, which 
might promote the healed hydrogels to restore most of their original 
performance [30,37]. Cellulose nanofibers (CNF), a kind of biodegrad
able polysaccharide in nanoscale, are characterized by a spatial network 
structure formed by the physical entanglement of nanofibers [38]. 
Adequate sodium carboxylate groups (− COO–Na+) on the CNF are 
capable of not only realizing good dispersibility in aqueous solution, but 
also introducing more noncovalent interactions with the hydrogel ma
trix [32,39]. Moreover, the numerous –COO− Na+ from CNF contribute 
more ions, which can further enhance the ionic conductivity of 
hydrogels. 

Herein, a simple yet efficient solution-compounding method is pro
posed for fabricating a CNF reinforced borax/PVA nanocomposite 
hydrogel (CBPH) with excellent mechanical performance, good shape 
stability and self-healing ability. Among the CBPH, a borax/PVA 
hydrogel as a self-healable matrix was achieved due to the formation of 
dynamic borate-diol bonds between PVA and hydrolysate of borax, 
while physical entanglements and hydrogen-bonded interactions be
tween CNF and PVA hydrogel matrix significantly promoted mechanical 
properties of the PVA matrix. The as-prepared CBPH was assembled into 
a resistance-type strain sensor, exhibiting high sensitivity, linearity, and 
stable signal feedbacks for detecting human motion. 

2. Results and discussion 

A schematic of the network structures among the CBPH is shown in 
Fig. 1. There existed two types of networks among the CBPH. First is the 
dynamic borate-diol bonds between PVA and hydrolysate of borax (B 
(OH)4

- ) [40], and second is the physical entanglements and hydrogen 
bonds among the CNF and PVA hydrogel matrix (Fig. S1). The dynamic 
borate-diol bonds among the CBPH contributed to a dynamic restruc
turing and self-healing process after being damaged. The CNF not only 
had mechanical reinforcing effects as typical nanofillers, but also 

provided additional physical entanglements and noncovalent in
teractions with PVA chains for regulating rheological behaviors of 
CBPH. The borax/PVA hydrogel (BPH) showed an excellent self-healing 
ability accompanied by low mechanical strength, and obvious creep 
deformation of BPH was observed in 60 min (Fig. S2a). However, the 
shape stability of the resultant CBPH was much higher than that of BPH 
(Fig. S2b, c), indicating that the addition of CNT reduced the mobility of 
PVA chains. Tensile tests of BPH with different borax contents were used 
to explore the effects of borax on the mechanical properties of hydrogels. 
Although the tensile strength and modulus were enhanced with an 
increased amount of borax, high crosslinking density greatly decreased 
the ductility of BPH as the borax content reached 2.0% (Fig. S3). 
Therefore, the BPH with the borax content of 1.0% was chosen as the 
matrix for the subsequent fabrication of CBPH. Here, the CBPH was 
marked as CBPH-X, where X represented the percentage contents of CNF 
within the CBPH that varied from 0.1 to 1.0 wt%. 

The interactions between the PVA, borax, and CNF within the CBPH 
were explored by infrared spectroscopy (Fig. S4). The peak at 3318 cm− 1 

in the BPH belonged to the stretching vibration of –OH groups, and the 
corresponding peak of CBPH appeared at 3311 cm− 1. The shift of the 
absorption indicated that the addition of CNF enhanced the hydrogen 
bonding in the CBPH [41]. Moreover, the strong C––O stretching band in 
the spectrum of CNF, belonging to –COO− , was located at 1592 cm− 1, 
which was lower than that in the CBPH (1604 cm− 1). This further 
proved the existence of hydrogen bonding among the CBPH. Besides, the 
asymmetric stretching relaxation of B–O–C at 1417 and 1338 cm− 1 

indicated the presence of interactions between the PVA and borate [35]. 
Uniaxial tensile tests were further performed to quantify the me

chanical properties of CBPH (Fig. 2a). Detailed mechanical properties 
were summarized in Table 1, and the elastic moduli and fracture en
ergies of BPH and CBPHs were visually presented in Fig. 2b. Both the 
ultimate stress and elastic modulus showed monotonic increases with an 
increasing amount of CNF. The ultimate stress of CBPH gradually 
increased to 8.8, 19.7, 47.4 and 58.1 kPa with an increasing CNF content 
of 0.1, 0.2, 0.5 and 1.0 wt%, respectively, suggesting that the addition of 
CNF resulted in gradual increases in mechanical strength and rigidity of 
CBPH. The ultimate stress of CBPH-1.0 was about 16 times that for BPH 
(3.4 kPa) with a decreased elongation at break of 289.1%, only 22.4% of 
the elongation at break for the BPH (1289.1%). Meanwhile, the CBPH- 
0.1, CBPH-0.2 and CBPH-0.5 also showed decreases in the elongation 
at break with similar characteristics, because the destruction of the 
strongly entangled CNF network led to the failure in maintaining the 
integrality of CBPH at a high strain. The fracture energy reflected the 
toughness of BPH and CBPHs. Despite a large fracture strain, the limited 
ultimate strength of BPH accounted for low fracture energy of 44.3 kJ 
m− 3. In contrast, the CBPHs showed significant increases in toughness. 
An obvious rise in tensile strength appeared when the CNF content 
increased to 0.5%, and the fracture energy reached 213.9 kJ m− 3, 
indicating that the addition of CNF effectively enhanced load transfer 
and energy dissipation of the applied stress. Such increments in elastic 
modulus and toughness are attributed to the physical entanglements and 
extra hydrogen-bonded interactions provided by the CNF. However, as 
the amount of CNF further increased to 1.0 wt%, the fracture energy and 
elongation at break sharply decreased to 142.4 kJ m− 3 and 290%, 
respectively, indicating that excessive CNF led to a fragile CBPH. The 
cyclic tensile test of CBPH-0.5 was conducted at a 50% strain for 100 
cycles. The large hysteresis at the beginning of tensile cycles was mainly 
ascribed to the rearrangement of CNF, PVA chains and dynamic bonds 
among the CBPH. The subsequent curves showed a relatively stable 
trend and almost overlapped after 25 cycles, indicating the good fatigue 
resistance of CBPH-0.5 (Fig. S5). 

The presence of CNF directly caused significant changes in the 
viscoelastic characteristics of BPH ascribing to the formation of physical 
entanglements and hydrogen-bonded interactions between the CNF and 
PVA hydrogel matrix. The viscoelasticity of CBPHs was further charac
terized by rheological measurements to investigate the effects of the 

Fig. 1. Schematic diagram of the CBPH with the dynamic borate-diol bonds 
and hydrogen-bonded CNF network. 
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addition of CNF within the CBPH. In strain sweep tests, the storage 
modulus (G′) and loss modulus (G′′) was enhanced with increasing 
contents of CNF, indicating that the introduction of CNF enhanced the 
rigidity of CBPH (Fig. 2c, S6a). As the shear strain increased, the values 
of G′ and G′′ decreased at a certain strain and an intersection point 
appeared. The G′ value was larger than that of G′′ before this point, 
indicating that the CBPH exhibited an elastic behavior at an ambient 
condition, while the gel network was unstable after this point. When the 
intersection point occurred at a higher strain, it meant that the network 
of CBPH showed stronger resistance to deformation with higher 
toughness [42]. The intersection point of CBPH-0.5 appeared at a strain 
of 5.6%, indicating that the CBPH-0.5 had an optimized resistance to 
deformation and toughness among the CBPH. Oscillatory frequency 
sweep was carried out in the linear viscoelastic region obtained in the 
strain sweep of BPH and CBPHs (Fig. 2d, S6b), indicating that the BPH 
and CBPH did not exhibit stable cross-linking network characteristics. In 
contrast, the G′ values of BPH and CBPHs showed a monotonous in
crease with an increase in the shearing frequency, while the G′′ values of 
CBPHs decreased in the high-frequency region. Therefore, the CBPH 
showed strong frequency-dependent and obvious elastic characteristics 

at high frequency. The intersection point between the curves of G′ and 
G′′ in the frequency sweep was a sign of gelation, indicating that an 
elastic gel was formed by chain entanglements and reversible 
cross-linking. According to the trend of G′ and G′′ values, the intersection 
point of CBPH-0.5 occurred at a lower frequency than that of BPH. This 
indicated that the CBPH-0.5 exhibited tolerance to deformation under 
low-frequency shear strain, i.e., good shape stability. Regarding the 
significance of mechanical strength, toughness and shape stability of 
hydrogels for flexible sensing devices, the CBPH-0.5 was selected as an 
optimized sample for subsequent characterizations. 

The CBPH-0.5 is also equipped with self-healing property inherited 
from the BPH matrix. The CBPH-0.5 acting as an ionic conductor was 
connected to a circuit to successfully lighten up an LED. After being cut 
apart, the CBPH-0.5 was capable of self-healing by contacting with each 
other and restoring its ionic conductivity (Fig. 3a). Fig. 3b exhibits op
tical micrographs during the cutting/healing processes of CBPH-0.5 with 
various healing time. Due to the self-healing of the incision, the origi
nally clear notch gradually became blurred. After a healing process for 
12 h, the notch of the CBPH-0.5 self-healed completely. Besides, the self- 
healing behavior of the CBPH-0.5 was further studied by continuous step 
oscillation measurements (Fig. 3c). When the CBPH-0.5 was subjected to 
a 50% strain, the G′ value sharply decreased and the G′′ value increased, 
indicating the collapse of the dynamic network. After a sudden change to 
1% strain, the G′ immediately recovered to ~60% of its original value, 
and then recovered to ~90% within 30 s. The breakage and recovery 
behaviors were continually repeated several times, indicating that the 
elastic network of CPBH-0.5 quickly reconstructed, further verifying its 
good self-healing property. To evaluate the healing efficiency of me
chanical properties of CBPH-0.5, tensile testing was performed for 
CBPHs-0.5 under various healing time (Fig. 3d). The healing efficiency 
was calculated according to the recovery of fracture energy, relative to 
that of the representative CBPH-0.5 (Fig. 3e). The healing efficiency was 
~19.4% after a 1 h healing process, and the healing efficiencies reached 
43.2% and 58.5% after healing for 12 and 24 h, respectively. The CBPH- 
0.5 presented a time-dependent healing characteristic, similar to the 

Fig. 2. (a) Typical stress-strain curves of BPH and its nanocomposite hydrogels. (b) Elastic modulus and fracture energy of BPH and its nanocomposite hydrogels. 
Rheological properties of BPH and CBPH-0.5 at 25 ◦C: (c) Strain sweep at a fixed frequency of 10 rad s− 1; (d) Oscillatory frequency sweep at a fixed shear strain 
of 0.1%. 

Table 1 
Summary of mechanical performance of BPH and its nanocomposite hydrogels.  

Samples Elastic 
modulus 
(kPa) 

Ultimate 
strength (kPa) 

Elongation at 
break (%) 

Toughness (kJ 
m− 3) 

BPH 9.6 ± 0.9 3.4 ± 0.1 1289.1 ± 53.3 44.3 ± 2.1 
CBPH- 

0.1 
20.7 ± 2.1 8.8 ± 1.2 1060.1 ± 27.7 82.2 ± 6.3 

CBPH- 
0.2 

32.2 ± 4.8 19.7 ± 3.8 904.9 ± 12.1 108.9 ± 9.3 

CBPH- 
0.5 

38.5 ± 3.4 47.4 ± 4.2 879.8 ± 8.9 213.9 ± 10.3 

CBPH- 
1.0 

53.2 ± 1.3 58.1 ± 9.3 289.1 ± 8.8 142.4 ± 19.5  
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human skin. Once the original entanglement network of CNF was 
broken, it took a long time to restore a strong network via dynamic in
teractions. Moreover, the uniform distribution of CNF in the PVA matrix 
might hinder the mobility of PVA chains and reduce the probability of 
the formation of borate-diol bonds. 

Borate and sodium ions derived from the borax and CNF accounted 
for the high ionic conductivity of CBPH. The ionic conductivities of BPH, 
CBPH, and healed CBPH were measured. The ionic conductivity of CBPH 
was as high as 0.73 S m− 1, and the ionic conductivity of healed CBPH 
reached 0.71 S m− 1 (Fig. S7), suggesting an excellent recovery of ionic 
conductivity upon cutting and self-healing. The CBPH-0.5 was assem
bled into a resistance-type strain sensor, encapsulated by VHB tapes to 
prevent dehydrations (Fig. 4a). The resistance changes caused by 
various strain changes and human movements were monitored in real- 
time. Fig. 4b displays the relationship between the resistance varia
tions and tensile strains during stretching/recovery processes. The 
curves showed high linearity and are consistent for various cycles. The 
CBPH-0.5 strain sensor exhibited high sensitivity (~1.86) according to 
linear fitting. The stepped stretching and recovery processes were 
employed to verify the reliability of sensing signals (Fig. 4c). The 
resistance variations showed corresponding trends with the applied 
strain that was controlled by the preset program. The resistance 

variations remained repeatable and stable at the corresponding strains 
during the stretching/recovery process. Furthermore, a 50% strain was 
rapidly applied (~120 ms) to verify the instant response characteristic of 
the sensor (Fig. 4d). Fig. 4e is an enlarged view of the resistance 
changing trend of the rapid quantitative stretching process, and the 
response time was ~240 ms. The CBPH-0.5 sensor also showed an 
instant response (~244 ms) in the recovery process (Fig. S8). The sta
bility of sensors composed of original and healed CBPH-0.5 was further 
evaluated through cyclic stretching tests. Both the sensors underwent 
cyclic stretching to a 100% strain. The healed CBPH-0.5 was self-healed 
for 24 h before testing, and the resistance variations were almost 
consistent with that of CBPH-0.5 in its original state (Fig. 4f). The 
resistance variations of both the original and healed CBPH-0.5 exhibited 
good repeatability and little drift, confirming the high stability and re
covery of the resistance responses. Therefore, the CBPH-0.5 sensor could 
effectively distinguish the magnitude of the applied strains according to 
the changes of the resistance signals during the process of tensile 
deformation. It also could realize functional recovery through the self- 
healing process after an accidental failure, indicating great potentials 
for monitoring complex strain conditions. To verify the motion 
perception ability of the CBPH-0.5 sensor, it was directly attached to 
different parts of the human body. The resistance variations showed a 

Fig. 3. Self-healing performance of the CBPH-0.5. (a) Photographs showing the recovery of ionic conductivity of CBPH-0.5 during the cutting and self-healing 
process. (b) Optical micrographs of the cracked CBPH-0.5 during the cutting and self-healing processes. (c) Continuous step oscillation measurements from 1% to 
50% and back to 1% strain at 10 rad s− 1 for every 30 s. (d) Representative stress-strain curves of the initial and self-healed CBPH-0.5 under various healing time. (e) 
Healing efficiency of the CBPH-0.5 under various healing time. 
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good response to finger bending at different angles (45◦, 90◦) (Fig. 4g), 
knee flexion during the squat (Fig. 4h), and movements of facial muscles 
caused by inflating in the mouth (Fig. 4i). The CBPH-0.5 sensor 
exhibited excellent resistance-type sensing performance, indicating its 
great potentials in sensing applications for artificial intelligence, human- 
machine interfaces, and wearable devices. 

3. Conclusion 

In summary, a highly stretchable and self-healable nanocomposite 
hydrogel (CBPH) was fabricated by a solution-processed compounding 
of PVA, borax and CNF. Dynamic borate-diol bonds between PVA and 
hydrolysate of borax were achieved among the CBPH, contributing to its 
self-healing performance at room temperature. Hydrogen-bonded in
teractions between CNF and PVA were beneficial to mechanical 
strengthening and toughening of the PVA hydrogel matrix. Among the 
CBPH with various CNF loadings, the CBPH-0.5 exhibited enhanced 
mechanical strength (47.4 kPa), high toughness (213.9 kJ m− 3), large 
elongation at break (880%) and self-healing performance with a healing 
efficiency of 58.5%. The as-prepared ionic conductive CBPH-0.5 was 
directly assembled into a resistance-type strain sensor, showing high and 
linear sensitivity (~1.86) within a strain range of 0–100%, instant 
resistive response (<240 ms), and stable signal feedbacks for human 
motion detection. The development of ionic conductive CBPH might 
provide a competitive alternative for the next-generation self-healable 
ionic conductors and wearable strain sensing devices. 
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