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Introduction

High toughness fully physical cross-linked double
network organohydrogels for strain sensors with
anti-freezing and anti-fatigue propertiest

Li Tang, @2 %2 Shaoji Wu,%* Yue Xu,® Ting Cui,® Yuhua Li,® Wu Wang,® Liang Gong*®
and Jianxin Tang*®

Flexible sensors based on conductive hydrogels have been of wide interest in the field of smart wearable
electronics due to the excellent stretchability and strain-responsive ability. However, lacking harsh
environment tolerance and self-recovery properties seriously limit their practical applications. Therefore,
the development of anti-fatigue hydrogels with anti-freezing and water-retaining abilities is urgently
required. In this study, we constructed a fully physically cross-linked gelatin/poly(N-hydroxyethyl
acrylamide)/glycerin/lithium chloride double network (gelatin/pHEAA/Gly/LiCl DN) organohydrogel based
on a hydrogen bond crosslinking strategy using a facial one-pot method. The dynamic hydrogen bond
in the DN organohydrogels provided an effective energy dissipation pathway, which produced gels with
high tensile strength/strain (2.14 MPa/1637.49%), fast self-recovery properties and strong interfacial
toughness. The introduction of binary solvents of water and glycerin endowed the DN organohydrogels
with excellent anti-freezing and water-retaining properties. Furthermore, a simple flexible sensor was
fabricated based on the organohydrogel for detecting human motions. The sensor not only showed
remarkable sensitivity (GF = 14.54), broad strain range (0—-1600%) and high response speed (0.2 s), but also
presented accurate and reliable signals under different mechanical deformations and low temperature
(=20 °C). This work provides a feasible way to build high mechanical and sensing performance
organohydrogel-based sensors with anti-freezing and water-retaining abilities, which greatly promotes the
application of flexible sensors in the field of smart wearable electronic devices, electronic skin and human/
machine interface.

wearable sensors.'> On the contrary, conductive hydrogels show
obvious advantages in the application of flexible wearable
sensors due to their large stretchability (>1000%), ionic conduc-

With the rapid development of smart wearable electronics,
flexible sensors have been widely applied in human motion
monitoring,”™ healthcare diagnosis®” and post-operative
observation.®*® The key points in making flexible sensors are
how to design and synthesize conductive and stretchable
materials, which can convert applied stress or strain into
electrical signals. Conductive elastomers are typical flexible
sensors which can efficiently convert tensile strain into
electrical signals.’®'* However, the poor tensile ability
(2-300%) of elastomers doesn’t meet the demand of flexible
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tivity, high water-retaining property and high biocompatibility.

The flexible wearable sensors constructed using conductive
hydrogels need to be able to sense repeatedly and stably under
various deformations (stretching, compression and bending) in
practical applications. Generally, conventional chemically
cross-linked hydrogels have low resilience and poor
shape recovery capacity due to the irreversibility of covalent
bonds. To meet the challenge, introduction of reversible
dynamic bonds, including hydrogen bonds,"®'” electrostatic
interactions,"®'® hydrophobic associations or other
physically cross-linked methods®*?* into networks to construct
physically-chemically hybrid hydrogels or fully physically cross-
linked hydrogels is a good choice. Unfortunately, only a few
physically cross-linked hydrogels have been reported that have
high mechanical properties.>* %’

In addition, under extreme conditions, traditional
conductive hydrogels will be dehydrated or frozen, leading to
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a significant reduction in stretchability and conductivity. To
solve this problem, enhancing anti-freezing and water-retention
properties of conductive hydrogels is a highly effective strategy.
The most common strategies are the introduction of inorganic
salts®*?®> or organic solvents®**” into hydrogels to inhibit
evaporation of water or formation of ice crystals. For example,
Zhang and co-workers prepared zwitterionic hydrogels by
soaking hydrogels in zwitterionic solution to replace the water
in the hydrogel. The resultant hydrogel showed excellent ionic
conductivity (~2.7 S m™') at —40 °C, and maintained good
flexibility in a wide temperature range (—40 °C to 25 °C).*
Nevertheless, too much salt in a hydrogel can lead to undesirable
mechanical properties, which is not conducive to practical
application of flexible hydrogel sensors. Wu and co-workers
synthesized organohydrogels with anti-freezing and water-
retention capabilities by using a solvent replacement strategy
to introduce ethylene glycol and glycerol into x-carrageenan/
PAAm hydrogels.*® The organohydrogel exhibited good stability
and repeatability for strain signals in the range of 0.5-50% at
—18 to 25 °C. However, new problems arose, as the introduction
of organic solvent reduced the ionic conductivity of the gel,
which led to the obtained organohydrogel sensor exhibiting low
sensitivity (GF = 4.5). Hydrogels with anti-freezing and water-
retention capabilities always possess disadvantages, including
low toughness, poor sensitivity and time-consuming solvent
replacement steps. Therefore, it is particularly necessary to
design anti-freezing and water-retaining hydrogels with simple
preparation steps, and high mechanical and sensing properties.

Herein, we successfully prepared an anti-freezing, water-
retaining, anti-fatigue and self-adhesive ultra-stretchable flexible
sensor based on gelatin/poly(N-hydroxyethyl acrylamide)/gly-
cerin/lithium chloride double network (gelatin/pHEAA/Gly/LiCl
DN) organohydrogels. Gelatin is a soluble protein derived from
skin, cartilage or connective tissue which has excellent
biocompatibility.**** Moreover, gelatin has thermally reversible
gel-sol transformation properties between 25 °C and 60 °C,
which allows it to change from liquid to solid macroscopically.
Therefore, gelatin was chosen to construct the first rigid network
of DN hydrogels. HEAA is a monomer containing hydrophilic
functional groups -OH, -NH and -C—O0, which is able to form a
soft network spontaneously through hydrogen bond interactions
without a chemical crosslinker under photopolymerization.
Besides, glycerin and LiCl were doped to provide abundant
hydrogen bonds and electrostatic interactions to reconstruct the
original pure hydrogen bond network, and they also endowed
the gels with anti-freezing and water-retaining capacities. The
resultant organohydrogel exhibited outstanding mechanical
properties (tensile stress of 2.14 MPa, failure strain of
1637.49%), fast self-recovery (recovery efficiency with 78.59% after
5 min resting at room temperature without any external stimuli),
high interface toughness on hogskin (~256 ] m™?), repeatable
adhesion on Ti (reversible interface toughness of ~200 J m™?),
remarkable sensitivity (GF = 14.54 at strain of 1500%) and
excellent anti-freezing and water-retaining abilities. Hence, this
work provides a feasible strategy for constructing high perfor-
mance flexible sensors with anti-freezing and water-retaining
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abilities, which greatly promotes the application of flexible
sensors in the field of wearable electronic devices.

Results and discussion
Fabrication of the gelatin/pHEAA/Gly/LiCl DN organohydrogels

The fabrication process of gelatin/pHEAA/Gly/LiCl DN organo-
hydrogels was schematically illustrated in Fig. 1. In short, all
reactants (including gelatin, HEAA, glycerin, LiCl and 12959)
were mixed together in deionized water/glycerin solution. The
mixed solution was stirred at 60 °C until gelatin was completely
dissolved. After that, it was gradually cooled to 25 °C so that
gelatin converted from an irregular curled state to a triple helix
state to form the first physically crosslinked gelatin network.
Then, the second physically crosslinked pHEAA network was
formed by hydrogen bonds between the inter- and intropolymer
chain after photopolymerization under UV light. The fully
physically crosslinked structure provided an efficient energy
dissipation pathway and provided the hydrogel with high
mechanical and fast self-recovery properties. During synthesis,
LiCl was dissolved in the mixed solution and confined in the
gel network to provide excellent electrical conductivity. Glycerin
contained abundant hydroxyl groups, which not only inhibited
the formation of ice crystals, but also formed hydrogen
bonds with the hydrogel network to improve the mechanical
properties of the hydrogel.

The organohydrogels also exhibited excellent plasticity and
toughness. They could be injected into various molds to form
desired 3D shapes, such as a HUT (abbreviation of
Hunan University of Technology) logo (Fig. 2a), could also bear
crossover stretching without breaking (Fig. 2b) and easily lift up
to 500 g of weight (Fig. 2c). More importantly, it could
withstand knotting and stretching to 12 times the original
length at —10 °C without breaking (Fig. 2d).

High mechanical performance of gelatin/pHEAA/Gly/LiCl DN
organohydrogels

In our previous studies, the gelatin/HEAA hydrogel formed
by 10 wt% gelatin and 50 wt% HEAA exhibited the best
mechanical performance,”® so the ratio of gelatin to HEAA
was fixed (the ratio was used in subsequent experiments, and
abbreviated as g;0Hso, where g means gelatin and H means

Gelatin/pHEAA/Gly/LiCl
DN organohydrogel
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SN organohydrogel
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Fig.1 Schematic of the synthesis
organohydrogels.

of gelatin/pHEAA/Gly/LiCl DN
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Fig. 2 The DN organohydrogel can (a) adapt different shapes by injecting
into a mold, (b) bear crossover stretching, (c) lift 500 g of weight and
(d) withstand knotting and stretching up to 12 times its original length at
—10 °C.

HEAA) to explore the influences of LiCl concentration and
water/glycerin ratios on the mechanical performance of
gelatin/pHEAA/Gly/LiCl DN organohydrogels. A series of gelatin/
PHEAA/Gly/LiCl DN organohydrogels (abbreviated as g;oHsoGy L,
where G means glycerin, L means LiCl, and x and y respectively
represent the proportion of water and glycerin in the solvent,
and z represents the concentration of LiCl) have been prepared
and tested by varying the concentrations of LiCl from 1 wt% to
7 wt% and ratios of water/glycerin from 3:1 to 1:1 (Table 1).

The influence of LiCl on the mechanical properties of
gelatin/pHEAA/Gly/LiCl DN organohydrogels was determined
using a tensile test, as shown in Fig. 3a. It can be seen that with
the increase of LiCl concentration from 1 wt% to 5 wt%, the
tensile stress of the gelatin/pHEAA/Gly/LiCl DN organohydrogels
increased from 1.95 MPa to 2.14 MPa (the corresponding tensile
strain increased from 1007.05% to 1637.49%), and toughness
increased from 9.85 MJ m > to 13.7 MJ m* (Fig. 3b). The results
indicated that the introduction of a small amount of LiCl would
reduce the crosslinking density of hydrogen bonds by enhancing
electrostatic interactions, and improved the stretching ability
and toughness of the organohydrogels. It’s worth noting that the
introduction of a large amount of LiCl will severely destroy the
original hydrogen bond network. When the concentration of
LiCl was 7 wt%, the mechanical properties of the organohydro-
gels were significantly reduced.”

Furthermore, the influence of water/glycerin ratios on the
mechanical properties of organohydrogels was investigated.
The tensile stress, tensile strain and toughness of the gelatin/
PHEAA/Gly/LiCl DN organohydrogels increased from 1.61 MPa

Table 1 Compositional and mechanical properties of gelatin/pHEAA/Gly/
LiCl DN organohydrogels

Water  Glycerin  LiCl Tensile Tensile
Sample (Wt%)  (Wt%) (Wt%)  stress (MPa) strain (%)
210Hs0G1:1-Ly  19.5 19.5 1 1.95 1007.05
g10H50Gy.1- Ly 185 185 3 2.00 1236.72
g10H50Gy:1-Ls  17.5  17.5 5 2.14 1637.49
210Hs50G1:1-L; 165 16.5 7 1.06 1442.32
g10H50Gz.1-Ls  23.33  11.67 5 1.62 1331.16
210Hs50G3.1-Ls  26.25 8.75 5 1.61 1141.93

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The influence of (a and b) LiCl concentration and (c and d) water/
glycerin ratio on the mechanical properties and bulk toughness of gelatin/
pHEAA/Gly/LiCl DN organohydrogels, respectively.

to 2.14 MPa, 1141.93% to 1637.49%, and 7.93 MJ] m> to
13.7 MJ m *® with an increasing proportion of glycerin (Fig. 3c
and d), respectively. This could be attributed to the plasticizing
effect of glycerol, which was conducive to improving the amount of
stretching and toughness of the organohydrogels.** In summary,
after testing the influences of LiCl concentration and water/glycerin
ratios, it is found that g;0Hs50G;.1-Ls could attain a high tensile
strength of 2.14 MPa, a tensile strain of 1637.49% and bulk
toughness of 13.7 ] m . Unless otherwise stated, g10Hs50G;:1-Ls
was used for the following tests.

Hysteresis, energy dissipation, and self-recovery performance
of gelatin/pHEAA/Gly/LiCl DN organohydrogels

Herein, the energy dissipation mode of the organohydrogel was
explored by using loading-unloading tests. The same organo-
hydrogel was subjected to successive loading-unloading tests
(Fig. 4a), and there was no rest time between any two successive
tests. The organohydrogel underwent fifteen loading-unloading
cycles as the strain increased from 100% to 1500%, and it
broke at the sixteenth cycle. Obviously, the dissipated energy
of the organohydrogel increased regularly from 0.07 MJ m ™2 to
3.22 MJ m~* with a continuous increase in the number of cycles
(Fig. 4b). At the same time, it can be seen that even if the
strain interval between successive loading-unloading curves was
200%, the adjacent hysteresis loops still partially overlapped,
indicating that the organohydrogels possess good self-recovery
performance.

Therefore, we explored the influence of rest time (ie. 0, 1, 5,
and 10 min) on the self-recovery efficiency of the organohydrogel.
Fig. 4c showed the loading-unloading curves of the organo-
hydrogel at different rest times. Under different rest times, the
self-recovery efficiency of the organohydrogel peak stress and
energy dissipation were quantitatively analyzed to obtain
Fig. 4d. As the rest time increased, the peak stress recovery

Mater. Adv., 2021, 2, 6655-6664 | 6657
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Fig. 4 (a) Loading—unloading curves and (b) the corresponding energy

dissipation of the same organohydrogel at 100-1600% strains. (c) The self-
recovery ability of the organohydrogel estimated by four successive
loading—unloading cycles with a strain of 1000%, and the rest time was
fixed at O min, 1 min, 5 min and 10 min, respectively. (d) Quantitative
analysis of peak stress and energy dissipation recovery ratios, which were
calculated from the loading—unloading curves in (c).

efficiency of the organohydrogel increased from 79.28% to
91.17%, and the energy dissipation recovery increased from
67.75% to 79.21%. Moreover, the self-recovery efficiency of energy
dissipation from 0 to 5 min was much higher than that from 5 to
10 min, which meant that the dynamic hydrogen bonds in the
network have a much higher reconstructed speed within 5 min.
The high self-recovery efficiency endowed the organohydrogel
with a better anti-fatigue ability than other hydrogels under the
same conditions.

Interfacial toughness of gelatin/pHEAA/Gly/LiCl DN
organohydrogels

Adhesiveness on various surfaces is very significant for flexible
hydrogel sensors to achieve interface bonding, which is
beneficial in improving their portability and comfort.
Repeatable adhesion is useful as it enables sensors to be peeled
and bound at different parts many times and also prolongs the
service life of sensors. Therefore, the interfacial toughness of
gelatin/pHEAA/Gly/LiCl DN organohydrogels was investigated.

First, the interfacial toughness of gelatin/pHEAA/Gly/LiCl
DN organohydrogels was simply investigated by visual
inspection through direct contact with different solid surfaces
like glass, foam, ceramic, steel, paper, rubber and human skin
(Fig. 5a).

Second, quantitative analysis of interfacial toughness was
further carried out by using a 90° peeling test at a peeling rate
of 100 mm min ' on a negatively charged glass substrate. The
results of the influence of LiCl concentration on the interfacial
toughness of organohydrogels were shown in Fig. 5b. Gradually
increasing the concentration of LiCl in a low concentration
range (from 1 wt% to 5 wt%) caused the interfacial toughness
of organohydrogels to reduce slightly. This could be attributed
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Fig. 5 (a) The gelatin/pHEAA/Gly/LiCl DN organohydrogel can directly
adhere to various solid surfaces without any surface modification. The
interfacial toughness of the gelatin/pHEAA/Gly/LiCl DN organohydrogel
on a glass substrate as a function of (b) LiCl concentration and (c) water/
glycerin ratio. (d) Peeling force/width curves of gioHs50Gs.1-L; organo-
hydrogels on Al, Ti, steel, ceramic, hogskin, PET, glass and PTFE substrates
at a peeling rate of 100 mm min~. (e) Reversible interfacial toughness of
the g10Hs50G1:1-L7 organohydrogel by 10 adhesion/peeling cycles on a Ti
substrate at a peeling rate of 100 mm min1.

to the fact that the electrostatic interactions of LiCl reduced the
number of hydrogen bonds in the system, resulting in the
decrease of interface toughness. At higher LiCl concentration
(7 wt%), the interfacial toughness of organohydrogels has
rebounded. This was because the high concentration of
LiCl provided a stronger electrostatic effect, which allowed
organohydrogels to adhere more firmly to the negatively
charged glass substrate.*”> Fig. 5¢c showed that increasing the
concentration of polyhydroxyl glycerin could improve the inter-
face toughness of the organohydrogel. The results indicated
that glycerin is helpful in the formation of hydrogen bonds
between organohydrogel and the surface of substrates.

Third, the interfacial toughness of organohydrogels on
various substrates was further examined using the same peel-
ing test method. As shown in Fig. 5d, the interface toughness of
the organohydrogel on hydrophilic surfaces (aluminum (Al),
titanium (Ti), steel, ceramic, glass, polyethylene terephthalate
(PET) and hogskin) was about 256-470 ] m 2, which meant that
the organohydrogel strongly adhered to various hydrophilic
substrates. In addition, it can be seen that the surface of the
hogskin sample was slightly pulled up when the organohydrogel

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was peeled from it, and no hydrogel fragments were left on its
surface after the peeling test (Movie S1, ESIf). However, the
interfacial toughness of organohydrogels on hydrophobic poly-
tetrafluoroethylene (PTFE) was only 77 ] m™ 2. This phenomenon
was due to the fact that the formation of hydrogen bonds was
related to the hydrophilicity of substrates.*® On the surface of
hydrophilic substrates, a large number of oxide-rich groups exist,
which was beneficial to the formation of strong hydrogen bonds
and results in high interface toughness. Conversely, was difficult
for the hydrophobic substrate to form hydrogen bonds and it
presented weaker interface toughness.

Finally, as the gel-substrate interface was mainly adhered by
hydrogen bonds, it can be predicted that the gelatin/pHEAA/
Gly/LiCl DN organohydrogel may be able to repeatedly
adhere to the hydrophilic surface of substrates. Therefore, 10
adhesion/peeling cycles of the organohydrogel were performed
on the Ti substrate to estimate the reproducible adhesion. As
shown in Fig. 5e, the interface toughness of the gel-substrate
interface was about 470 J m > at the first peeling cycle. In
subsequent cycles, the interface toughness was stable at about
200 ] m~?, and there was no major fluctuation with the increase
in number of peelings. These results indicated that the
hydroxyl, amino and amide groups of the organohydrogel were
easily combined with the oxide-rich groups of the Ti substrate
to form hydrogen bonds. The dynamic reversibility of hydrogen
bonds allowed the interface toughness to be quickly restored.

Anti-freezing and water-retaining performance of the gelatin/
PHEAA/Gly/LiCl organohydrogels

As we all know, traditional hydrogels will freeze at sub-zero
temperatures and lose water in dry environments, resulting in a
decrease in the conductivity and flexibility of the hydrogel,
which severely limit the practical application of flexible
hydrogel sensors. In this work, glycerin was incorporated into
a hydrogel to enhance its anti-freezing and water-retaining
capabilities. Both the gelatin/pHEAA hydrogel (g;0Hso) and
the gelatin/pHEAA/Gly/LiCl organohydrogel (g:0Hs0G1:1-Ls)
were twisted and stretched after being kept at —40 °C for 30
min. As shown in Fig. 6a, the g;0Hs, hydrogel broke when it was
twisted, but the g;0Hs0G1.1-Ls organohydrogel could not only
be twisted but also stretched, and still maintained good
flexibility. Fig. 6b showed the tensile stress-strain curves of
organohydrogels at —10 °C, —20 °C, —30 °C and —40 °C,
respectively. It can be seen that with the decrease of temperature,
the tensile stress of organohydrogels sharply increased from
2.82 MPa to 13.19 MPa, and the tensile strain decreased from
1174.46% to 130.01%. This was due to the formation of ice
crystals in organohydrogels at low temperatures, which had a
nano-toughening effect on the organohydrogels and toughened
them.”” It was evident that the organohydrogels maintained
good flexibility even at extremely harsh low temperatures.
At the same time, the DSC curve of the organohydrogel from
—100 °C to 10 °C further proved that the organohydrogels had an
excellent anti-freezing ability (Fig. S1, ESIt).

Water-retaining performances of the organohydrogels with
different water/glycerin ratios were monitored and the results

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(c) The weight changes of gels with different water/glycerin ratios under
long-term storage at 25 °C and 40%RH. (d) DSC curves of gelatin/pHEAA/
Gly/LiCl gels with different water/glycerin ratios from 30 °C to 220 °C.

were illustrated in Fig. 6¢c. The obtained organohydrogels were
stored in a dry environment (25 °C and 40%RH) for different
amounts of time. When the water/glycerin ratio changed from
1:0 to 1:1, the mass retention ratio of the gels increased from
81.45% to 93.53% after storing for 135 h. On the one hand,
glycerin had a lot of hydroxyl groups, which could convert part
of the free water in gels to bound water and improved the water-
retaining ability. On the other hand, glycerin had a strong water
absorption capacity, which was conducive to inhibit the loss
of water.

Fig. 6d showed the DSC curves of the gelatin/pHEAA/Gly/
LiCl gels with different water/glycerin ratios from 30 °C to
220 °C. It can be seen that with the change in water/glycerin
ratio from 1:0 to 1: 1, the endothermic peak of the gels shifted
from 121.7 °C to 142.4 °C. This indicated that an increase in the
proportion of glycerin is helpful to enhance the boiling point of
the solvent in the gels and to improve the water-retaining
ability of gels.

Conductivity and sensing performance of gelatin/pHEAA/Gly/
LiCl organohydrogels for pressure/strain sensors

In order to study the conductivity of gelatin/pHEAA/Gly/LiCl DN
organohydrogels, the conductivity of organohydrogels with
different water/glycerin ratios was measured using linear sweep
voltammetry at a voltage from —0.5 V to 0.5 V at 10 °C. The
current and voltage of all organohydrogels showed a linear
correlation (Fig. S2, ESIt), indicating that the organohydrogel
was an ohmic conductor, which conformed to Ohm'’s law like
metal. Meanwhile, the effect of temperature on the conductivity
of the organohydrogel was not negligible. With the increase of
temperature, the conductivity of the organohydrogel also
increased and exhibited an extremely strong linear relationship
(Fig. S3, ESIt). This result also meant that the organohydrogel
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could be used in the field of temperature monitoring. In
addition, the water/glycerin ratio also had a remarkable
influence on the conductivity. As the water/glycerin ratio
changed from 1:0 to 1:1, the conductivity of organohydrogels
decreased from 0.13 S m~" to 0.01 S m™" (Fig. S4, ESI{). This
could be attributed to the fact that the high viscosity of glycerin
reduced the migration rate of ions in the organohydrogel. The
organohydrogels were then used as a conductor to light up a
light-emitting diode (LED) with a constant voltage of 9 V
(Fig. 7a). The conductivity of organohydrogels in different
states (bending, origin and stretching) was also measured
(Fig. 7b-d). The LED could be lit in all the above mechanical
states. When the organohydrogel was stretched, the LED
became dark, indicating that the strain of the organohydrogel
has a positive correlation with the resistance. Macroscopically,
the cross-sectional area of organohydrogels became narrow and
the length became longer, which restricted the movement of
ions and resulted in an increase of resistance. In addition, the
organohydrogel also demonstrated a repairable electrical
conductivity. As the organohydrogel recovered through self-
healing, the conductivity of the organohydrogel could be
restored to the original level in 2.2 s as shown in Fig. 7e.

Taking advantage of the good ionic conductive, anti-freezing
and water-retaining abilities of the organohydrogel,
organohydrogel-based flexible sensors were prepared to resist
extreme weather conditions. Fig. 8a showed the changes of
relative resistance of the organohydrogel-based pressure sensor
under different compression strain. It can be seen that the gauge
factor (GF) values were 3.6 and 0.71 under the compression strain
range of 0-5% and 5-50%, respectively. The sensing performance
of the pressure sensors was also tested by adding different weights
(Fig. 8b). With an increase in weight from 0 to 100 g, the changes
in the relative resistance of the sensors decreased from 100% to
78%. Furthermore, the organohydrogel-based pressure sensor was
used as a handwriting touchpad. Fig. 8c showed a continuous
signal that was obtained by handwriting “OK”. It was proved
that the organohydrogel-based pressure sensor had an excellent
pressure response ability.

a

%
lStretching d \

[
Open areit
2.2s
.
-

Hydrogel Conductor 0

‘“030 32 34 36 38 40 42 44 46 48

Time (sec)
Fig. 7 (a) Schematic diagram of a circuit using the gelatin/pHEAA/Gly/LiCl
DN organohydrogel as a conductor with a constant voltage of 9 V and an
LED. The LED lighting conditions of organohydrogels in a state of (b)
bending, (c) original length, and (d) stretching. (e) The disconnected
organohydrogel can re-light an LED through self-healing without external
stimulation.
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Fig. 8 The changes in the relative resistance of organohydrogel-based
pressure sensors as (a) the compression strain increases from 0 to 50% and
(b) the weight increases from 0 to 100 g. (c) The organohydrogel-based
pressure sensor was used for handwriting "OK".

The sensitivity of the strain sensor based on organohydro-
gels was also assessed. The GF values were 1.33, 2.94, 4.18, 6.66
and 14.54 in the tensile strain range of 0-100%, 100-300%,
300-1100%, 1100-1500% and 1500-1600% (Fig. 9a), respec-
tively, which were much higher than mostly previously reported
hydrogel-based strain sensors (Table 2). Particularly, the rapid
and obvious stability signals were successfully obtained in the
process of stretching and unloading under an extremely small
strain of 1% (Fig. 9b). To demonstrate the stability of
organohydrogel-based strain sensors, the signals under small
strain (10-50%) and large strain (100-500%) were also col-
lected, as shown in Fig. 9c and d, respectively. Additionally,
the response time of the electrical signal and the exact time of
applied 10% tensile strain was simultaneously recorded at the
frequency of 0.5 Hz (Fig. 9e). The results showed that the
response of the electrical signal almost synchronously changed
with the applied strain, and the changes in relative resistance
time was only a 0.2 s delay compared with the stretching time.
It was proven that organohydrogel-based strain sensors could
immediately respond to changes in external strain.

In order to study the stability and repeatability of the strain
sensor, the change of relative resistance was recorded using 100
successive loading-unloading cycles with 10% strain. As shown
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Fig. 9 (a) Dynamic stretching sensitivity of the gelatin/pHEAA/Gly/LiCl DN

organohydrogel-based strain sensor. (b) The change in the relative resis-
tance of the organohydrogel-based strain sensor during the loading—
unloading cycles with a strain of 1%. The changes in the relative resistance
of repeated stretching tests of the organohydrogel-based strain sensor at
(c) small strain (10%, 20%, 30%, 40% and 50%) and (d) large strains (100%,
200%, 300% and 400%). (e) Time-resolved responses of the change in the
relative resistance of the organohydrogel-based strain sensor upon 0-10%
strains. (f) The change in the relative resistance of the organohydrogel-
based strain sensor during 100 loading—unloading cycles of 10% strain.
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Table 2 The properties of the reported conductive hydrogels for flexible

strain sensors

Maximal Maximal

Sensing

strain  strength Gauge ranges Anti-
Composition (%) (kPa) factor (%) freezing Ref.
Gelatin/pHEAA/Gly/ 1637 2140 14.54 0-1600 Yes This
LiCl work
PAA/CNC/AICI 1600 350 4.9 0-80 No 48
PAAmM/PDA/KCI 1000 25 0.7 0-1000 No 49
Cellulose/NaCl 236 50 0.29 0-230 Yes 50
PAAm/Casein/LiCl 1465 170 0.4 0-100 Yes 51
PSBMA/PVA 400 600 1.5 0-300 No 52
PHEA/SA/KCl/CaCl, 410 200 1.87 0-200 No 53
PAAm/PDA/Casein 2100 160 <4 0-300 No 54
PAAmM/PAA/CS/NaCl/ 1400 2750 3.62 0-500 No 55
FeCl,
PAAmM/PAA/NaCl/ 1360 469 3.18 0-500 Yes 56
FeCl;
PAA/GO/FeCl, 630 400 1.32 0-500 No 57
PAAmM/PSBMA/NaCl 1150 600 <1 0-700 No 58
PAAm/Alginate/CaCl, 1700 375 0.3 20-800 No 59
Agar/Alginate/PAAm/ 250 500 3.83 0-200 No 60
CacCl,
PVA/Alginate/PAAm/ 959 512 <3 0-300 No 61
CacCl,
PEG/PAMAA/FeCl; 1800 460 — 0-800 No 62
Eg/Gl/PAAmM/KCI 950 — 6 0.5-400 Yes 39
Poly(LysMA-co-AAm)/ 2422 60 — — Yes 63
LiCl
PVP/PVA/FeCl; 1160 2100 0.478 — No 64
PAA/GO/CaCl, — — <1 0-500 No 65
PAAmM/PDMS/LiCl — — 0.84 0-40 Yes 66
Note: “—” indicates ‘“not available” in the references.

in Fig. 9f, the maximum relative resistance was maintained
almost unchanged during the cyclic deformations. Four cycles
of early and late periods were compared (Fig. 9f inset). The
deviation of the maximum relative resistance was less than 1%,
which meant the strain sensor showed high repeatability. The
reason for this phenomenon was that the all-physical cross-
linking strategy endowed the organohydrogel-based strain
sensors with excellent self-recovery and anti-fatigue properties.
Furthermore, the organohydrogel-based strain sensors had a
good water-retaining ability, which could reduce the evapora-
tion of water and further prevent the unstable performance of
organohydrogel-based strain sensors caused by drying.

Motion monitoring performance of the gelatin/pHEAA/Gly/LiCl
organohydrogel strain sensors at room temperature and —20 °C

In order to visually show the potential application of gelatin/
PHEAA/Gly/LiCl DN organohydrogels as strain sensors for
monitoring human movement and physiological activities,
the organohydrogel-based strain sensor was pasted on the
elbow, wrist, knee and finger, which were regularly bent,
respectively. Fig. 10a-c showed the changes of the relative
resistance of the elbow, wrist and knee, respectively. It can be
seen that the signal curves of different bending parts were
obviously different and highly identifiable. In addition, signals
were recorded with finger bending angles of 30°, 60° and 90°,
which were held for a certain period of time (Fig. 10d).
The detected constant relative resistances were 10%, 20% and
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knee and (d) finger. The changes in the relative resistance when (e) saying
“"How are you" and (f) frowning.
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33% respectively, and the relative resistance could return to the
original state after the angle of the finger returned to 0°.
Moreover, the organohydrogel-based strain sensor could also
capture the vibrations of human vocal cords and facial
movements (Fig. 10e and f). These results showed that the
organohydrogel-based strain sensor was fully qualified for
monitoring human sports and physiological activities at room
temperature.

Compared with a traditional conductive hydrogel, the gela-
tin/pHEAA/Gly/LiCl DN organohydrogel had better conductivity
and flexibility in an extremely wide temperature range.
As shown in Fig. 11a, the organohydrogel could still light an
LED even after being treated at room temperature, —20 °C and
—80 °C for 30 min, respectively, indicating that the organohy-
drogel still had conductivity at extremely low temperature.
Furthermore, the sensing performance of human motion at
—20 °C was conducted (Fig. 11b-e). Obviously, the changes of
relative resistance at low temperature were higher than that at
room temperature. This showed that the organohydrogel-based
strain sensor had greater sensitivity at low temperature,
because the stiffness of the organohydrogel increased at low
temperature, leading to greater changes in the conducting path
of the organohydrogel under the same strain. In any case, the

4 6 8 10 0 2 4 6 8
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J”ﬁ °\3753 - o
o
&

4 6 8 10 0 1 2 3 4 5
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Fig. 11 (a) The LED lighting conditions of the gelatin/pHEAA/Gly/LiCl
organohydrogels at room temperature, —20 °C and —80 °C. (b) The
changes in the relative resistance of the gelatin/pHEAA/Gly/LiCl DN
organohydrogel strain sensor were used to monitor the movement of an
(b) elbow, (c) wrist, (d) knee and (e) finger at —20 °C.
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results showed that the gelatin/pHEAA/Gly/LiCl organohydrogel
can detect human motion in an extremely wide range, and it
has great application potential in smart wearable electronic
devices.

Experimental

Materials

Gelatin from hogskin (type A and gel strength ~ 300 g bloom), glycerin
(=99%), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(12959, >98%), and LiCl'-H,O (reagent grade, >95%) were
purchased from Aladdin. N-Hydroxyethyl acrylamide (HEAA,
>98%) was purchased from TCI China. Deionized water used
in this study was purified via a water purification system.

Gelatin/pHEAA/Gly/LiCl DN organohydrogel preparation

A gelatin/pHEAA/Gly/LiCl DN organohydrogel was prepared via
a simple one-pot heating-cooling-photopolymerization method
as previously reported.*® Firstly, 10 wt% gelatin, 50 wt% HEAA,
12959 (1 mol% of HEAA), 5 wt% LiCl and 35 wt% water/glycerin
(1:1, g/g) mixed solution were added into a glass container. The
glass container was heated at 60 °C until all the reactants
completely dissolved to form a clear and transparent solution.
Then, the solution was poured into a glass mold and left to cool
at 25 °C. In the cooling process, gelatin molecules changed
from an irregular curled state to a triple helix state, and formed
the first physically cross-linked gelatin network. After that, the
mold was exposed to 365 nm UV light with a power of 8 W for
1 hour, and HEAA molecules were polymerized to form pHEAA
chains. The second physically cross-linked pHEAA network was
formed under hydrogen bond interactions between pHEAA
chains. Finally, the organohydrogel was taken out from the
mold for performance tests.

Tensile test

Tensile tests were carried out on a universal tester (AGS-X)
equipped with 1000 N load cell at a speed of 100 mm min .
The gel samples were cut into dumbbell shapes with a gauge
length of 30 mm, width of 4 mm and thickness of 1 mm.
Tensile strain (¢) was the length of stretching (Al) of the sample
divided by the initial length (/,), multiplied by 100% (& = Al/l, X
100%). Tensile stress (o) was the applied force (F) divided by the
initial cross-sectional area (4,) of the sample (¢ = F/A,). For
tensile cycle tests, samples were stretched to a preset strain, and
then unloaded to 0 strain at the same rate of 100 mm min "
Dissipated energy was estimated according to the area between

the loading and unloading cycle.

Interfacial toughness measurement

In order to form stable interfacial toughness between the
organohydrogel and non-porous substrates, the surface of solid
substrates were washed with acetone, ethanol and deionized
water in turn for 30 minutes in an ultrasonic instrument, and
then dried in an oven. Furthermore, organohydrogels were
synthesized on a clean substrate with a silica gel gasket
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(80 mm x 15 mm x 3 mm). To allow it to be easily removed
from the mould, transparent PET film was used to cover the
mold. The subsequent method of preparing organohydrogels
was the same as mentioned above. Then, according to the test
requirements, the samples were tested with a standard 90°
peeling test at a peeling rate of 100 mm min~". The interfacial
toughness (g) was calculated by g = Fa/w, where Fp,.x is the
maximum force during the peeling process and w is the width
of the tested organohydrogel.

Tensile test at subzero temperature

The tensile stress and tensile strain of organohydrogels below
zero temperature were tested by a universal tester (Zwick Roell
Z010) with an environmental chamber. Before stretching, each
sample was kept at the test temperature for 20 minutes to
ensure that the temperature of the sample was the same as that
of the external environment. The stretching rate was also

controlled at 100 mm min*.

Differential scanning calorimetry analysis

Differential scanning calorimetry (DSC) tests were performed
using NETZSCH DSC 200F3 at a heating rate of 10 °C min " ina
set temperature range under nitrogen protection.

Determination of water retention capacity

The water-retaining capacity of the organohydrogels was
evaluated by measuring their weight loss in an environment
with a relative humidity of 40% at 25 °C for a long time.

Measurement of conductivity

The conductivity of organohydrogels was measured by
using the linear sweep voltammetry of an electrochemical
workstation (CHI660D, China), and the conductivity (¢) can
be calculated as o = Al/(R x S), where Al represents the length of
the organohydrogel, R is the bulk resistance, and S is the cross-
sectional area of the organohydrogel.

Strain- and pressure-sensing tests

Both the relative resistance and applied strain of the organo-
hydrogel sensor were monitored simultaneously using a
universal tester (AGX-S) with an electrochemical workstation
(CHI660D, China). The sensitivity defined as the gauge factor
(GF) can be estimated as GF = (AR/R,)/¢, where AR is the change
in resistance with strain, R, is the resistance of the organo-
hydrogel at the original length, and ¢ is the applied strain.

Conclusions

In summary, we synthesized a full physically cross-linked
gelatin/pHEAA/Gly/LiCl double network organohydrogel via a
simple one-pot heating-cooling-photopolymerization method.
The resultant gelatin/pHEAA/Gly/LiCl double network organo-
hydrogels showed high mechanical properties (tensile stress of
2.14 MPa, tensile strain of 1637.49%), fast self-recovery
(peak stress/energy dissipated recovery of 91.17%/79.21% after

© 2021 The Author(s). Published by the Royal Society of Chemistry
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10 min resting at room temperature) and strong interfacial
toughness (256-470 ] m™2). The organohydrogel also presented
high flexibility even in cold (—40 °C) and drying conditions
(25 °C, stored for 135 h at 40%RH). Furthermore, the extraordin-
ary sensitivity of the gelatin/pHEAA/Gly/LiCl organohydrogel-
based flexible sensor was expanded to an extremely broad strain
window (0-1600%) with a high GF of 14.54 at 1500%, which
allowed accurate and reliable detection of different mechanical
deformations. The gelatin/pHEAA/Gly/LiCl organohydrogel-based
strain/pressure sensor is expected to meet the complex
application needs in practice and adapt to a variety of harsh
environments.
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