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ical properties are highly required for composite hydrogels in > Cowalentbonding
electronic applications such as electronic skins and soft robotics. In
this work, a unique polyacrylamide-based and double-network
hydrogel system is designed and fabricated by introducing graphene
oxide and glycerol to improve mechanical properties as well as
antifreezing and antiheating properties. Maximum stress of the
graphene oxide-incorporated hydrogel increases rapidly to 500.0
kPa which is much higher than that of polymetric acrylamide/
carboxymethylcellulose sodium hydrogel (281.7 kPa), probably due
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elongation and antifreezing and heating properties of the composite hydrogels increase gradually. Especially, sample with 20 vol % of
glycerol not only shows stable conductivity and wide temperature tolerance (—50 to SO °C) but also has ideal strength-toughness
match (597.6 kPa and 1263.4%), suggesting that synergistic effect of different layers in the asymmetric structure plays an active role
in improvement of mechanical properties.

1. INTRODUCTION shown great advantages due to their low price, ease of
production, and good biocompatibility.””** However, max-
imum stress of PAAm-based hydrogels were generally lower
than 100 kPa,**>?® which makes them difficult to use in
applications that demand good mechanical properties. Many
efforts have been made to improve mechanical properties of
PAAm-based hydrogels. Gong’s group first proposed con-
struction of a double-network (DN) structure to effectively

Electronic skins (e-skins)'~* have aroused great attention of
many scientists and been used in different applications such as
artificial intelligence systems and wearable health care
devices.> % To simulate functions of real skins, it is essential
for e-skins to have good mechanical properties, high
conductivity, and antifreezing and antiheating properties. In

recent years, hydrogels have been considered as one of the best
' years, Iycroges a . : o improve the maximum stress of hydrogels.”” The DN structure
candidates for preparation of e-skins owing to their tissue-

mimicking features.!"1> To endow hydrogels with high consisted of a first network with good stiffness and a second
conductivity, inorga.nic nanofillers (such as metal jons'>'* n?tv.vorl? with good toughness, providing‘ effect.ive energy
and nanomaterials'*) have been employed to make e-skins dissipation. Subsequently, many hydrogels including PAAm-
: 16,17 yee | based ones with DN structures were designed by using this
respond to different stimuli rapidly. This is the reason that mechanism and promoted to become good candidates for
e-skins have great potential in monitoring physiological signals lication. 283! P h 1 flﬁl d
and developing interactive robots with multiple functions."*"” ipgrlsatelloﬁgse d of aer;% :1: daI; :sgucce;s a };nI:el; :rfnet?lo]jg
According to many reports, output electronic signal of yeros & Y P )

. The DN agar/PAAm hydrogel showed a tensile strength of 1.0
hydrogels can successfully change under tension or compres- . . N .
: - a0 . MPa and a fraction strain of 2000%, while these values were
sion voice conditions.”””" To detect and collect weak signals,

Bao’s group recently designed and prepared a stretchable all-
polymer light-emitting diode with high current efficiency,
achieving signal transfer under low voltage and further
promoting industrial application of e-skins.””

To date, skin-mimicking hydrogels have been developed
based on both synthetic polymers and natural polymers.
Among them, polyacrylamide (PAAm)-based hydrogels have
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only 0.3 MPa and ~1800% for PAAm hydrogels. However, the
DN structure for most hydrogels still had difficulty meeting
requirements under high tension, which made multiple
strengthen mechanism necessary. Introducing nanomaterials
including carbon nanotubles (CNTs), silver nanowires
(AgNWs), and graphene oxides (GO) into hydrogels can
not only increase tensile stress, but also obtain excellent
proi)erties, such as mechanical properties and conductiv-
ity. #1533

Moreover, structures of previously reported e-skins and
hydrogels were almost homogeneous,”"”*"*° showing only
single strain mechanism during deformation. Inspired by
building hierarchical microstructure of alloys to improve their
tensile performance,’” the asymmetric structure with different
sublayers was designed and achieved collaboration between
layers to adapt to deformation. Significantly, asymmetric
structure is consistent with the real skin. What we all know
is that skins are roughly divided into three layers: epidermis,
dermis and subcutaneous tissue, and different layers play
different roles. For example, epidermis provide good strength,
while dermis has excellent toughness. In addition, real skins
can work within a wide temperature ranging from —10 to 50
°C, which requests the e-skin to have antifreezing and
antiheating properties.

In this work, a high-performance strain sensor with
temperature tolerance was developed to face the challenges
of PAAm-based e-skin, including low stress and loss of water.
This work is mainly engaged in the following sections: First, a
novel DN PAAm/carboxymethylcellulose (CMC) hydrogel
incorporated with nanoscale GO was designed and prepared to
increase the strength of the PAAm-based hydrogel. Then, the
hydrogel was able to persistently work at both low and high
temperatures after the addition of glycerol, owing to the fact
that hydrogen bonding could improve the hydrogels’ ability to
lock water. In addition, an asymmetric structure simulating real
skins was obtained by tuning the gradient distribution of GO
under gravity, encouraging each layer to work in conjunction
and improving the tensile performance of the hydrogel.

2. EXPERIMENTAL SECTION

2.1. Materials. Carboxymethylcellulose sodium (CMC,
viscosity: 300—800 cP at room temperature) was supplied by
Bioss (Beijing, China). Acrylamide (AAm, >99.0%), N,N’-
methylenebis(acrylamide) (MBA, >99.0%), ammonium per-
sulfate (APS, 99.0%), calcium chloride (CaCl,, >96.0%), and
glycerol were supplied by Tansole (Shanghai, China). GO was
supplied by Guoheng Technology Co. Ltd. (Shenzhen,
China). Deionized (DI) water was used in all experiments of
this work.

2.2. Preparation of PAAm/CMC Hydrogels. The
PAAm/CMC hydrogels were prepared by a one-pot method
on the basis of the component ratios shown in Table 1. First,
AAm, APS, and MBA were dissolved in 10 mL DI water in
turn, followed by stirring the mixture for 30 min until a
homogeneous and transparent solution was obtained. Then,
CMC and CaCl, were added to the above solution followed by

Table 1. Weight Ratio of Different Components in the
Mixed Solution

component AAm APS MBA CMC CaCl,
ratio (wt %) 87.12 1.38 a little 9.20 2.30

continuous stirring for another 10 min. The precursor solution
was poured into a dumbbell-type mold with gauge length of 33
mm X 6 mm X 2 mm and polymerized at 60 °C for 60 min in
an oven (Memmert UF260plus). The solid content of the
hydrogels were set to S, 8, 10, 13, 15, 18, and 20 wt %,
respectively.

According to the result, the hydrogel with 15% solid content
was selected to study the change of structure and performances
after addition of GO and glycerol. Specifically, 10 mg of GO
was added to different volumes of DI water, and the mixture
was ultrasonically vibrated for 10 min before addition of AAm.
Finally, glycerol was injected into the above precursor solution,
where 10 mL solvent with 0, 10, 20, 30 and 40 vol % glycerol
was correspondingly named as PAAm/CMC-GO, PAAm/
CMC-GO-gly, 9% PAAmM/CMC-GO-gly, 49 PAAm/CMC-GO-
glysoe and PAAm/CMC-GO-gly,gy. In addition, PAAm/CMC
hydrogel was prepared as control (Table 2).

Table 2. Recipes for the PAAm/CMC Hydrogels

PAAm/CMC GO  glycerol w]:tler

hydrogels solid content (%) (mg) gmL) (mL)
PAAm/CMC 15 0 0 10
PAAm/CMC-GO 15 10 0 10
PAAm/CMC-GO-gly ox 15 10 1 9
PAAm/CMC-GO-gly,s, 15 10 2 8
PAAm/CMC-GO-gly;o 15 10 3 7
PAAm/CMC-GO-gly,ox 15 10 4 6

2.3. Swelling Measurement. Samples with diameters of
20 mm were immersed in beakers filled with DI water. Then,
the weight (W) of each sample was measured. During the
whole process, the ambient temperature and humidity were
kept at 25 °C and 45%, respectively. In order to test swelling
properties of the hydrogels, initial weight (W,) of the samples
were measured without drying process. The swelling diameter
and weight ratios (Q) were calculated according to eq 1

Q:

w — wy
Wo (1)

2.4. FTIR Measurement. The chemical structures of AAm,
PAAm, CMC + CaCl, hydrogels and PAAm/CMC-GO-gly,q
were characterized using Fourier transform infrared spectrom-
eter (FTIR, PerkinElmer Spectrum Two). The FTIR spectra
were recorded in the spectral range of 1000—4000 cm™" for
each sample.

2.5. Morphology of the PAAm/CMC Hydrogels.
Morphology of the PAAm/CMC hydrogels were observed
using scanning electron microscope (SEM, Apero S HiVac)
with a working current of 25 pA under an accelerating voltage
of 2 kV. All samples were freeze-dried and then sputtered with
gold for microscopic observation.

2.6. Mechanical Measurement. Uniaxial tensile tests
were conducted using an Instron Tester 5882 tensile stage at
room temperature, —20 and S0 °C with a speed of 80 mm/
min. Rectangular dumbbell-shaped tensile specimens with a
thickness of ~2.00 mm were obtained in molds. For loading—
unloading tests, stretching speeds of 80, 100, and 300 mm/min
was used. Rectangular samples with a width of 20 mm and a
thickness of 1.0 mm were used for the tests.

2.7. Rheological Measurement. Dynamic rheology
performance of the hydrogels was performed on a DHR-2
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Figure 1. Schematic evolution diagram from the PAAm/CMC hydrogel to PAAm/CMC-GO-glycerol hydrogels with an asymmetric structure.

Table 3. Appearance of the PAAm/CMC Hydrogels with 5, 8, 10, 13, 15, 18 and 20% Solid Content

solid content S, 8% 10, 13%

appearance of hydrogel unstable lower strength

stable low strength

15, 16% 18, 20%

stable good toughness-strength match stable toughness decreasing

(o)

(c) 7 {——PAAmMICMC ——PAAM/CMC-GO
6| PAAMICMC-GOgly g

PAAM/CMC-GO-gly, 0,

0 2 4 6 8 10 12 14 16 18
Time (s)

Figure 2. Images of (a) PAAm/CMC and (b) PAAm/CMC-GO-gly,qy, hydrogels; Swelling curves (c) in 17 days of PAAm/CMC, PAAm/CMC-
GO, PAAm/CMC-GO-gly, g, and PAAm/CMC-GO-gly,y hydrogels and images on (d) day 0, (e) day 1, and (f) day 17. PAAm/CMC, PAAm/
CMC-GO, PAAm/CMC-GO-gly, o and PAAm/CMC-GO-gly,o, hydrogels are shown from left to right in (d—f).

Rheometer installed indenter with a diameter of 25 mm (TA
DHR-2). For the frequency sweep test, the settled strain (y)
was 0.1%, and the frequency sweep was performed in a
frequency range of 0.01—100 rad/s. For the strain scan test, the
strain scan was performed at a fixed frequency of 10 rad/s in
the strain range of 0.01—1000%.

2.8. Sensing Measurement. Sensing properties of the
PAAmM/CMC-GO-gly,o,, hydrogel were demonstrated by
combining a tensile tester and multimeter at different strains
and speeds (KEITHLEY DMM?7S). The resistance changes of
hydrogel during stretching were recorded by the multimeter.
Likewise, sensing capacity of the hydrogels for monitoring
human motion was also investigated using a multimeter. The
hydrogels were attached on a human body directly, and both
ends of the hydrogels were connected to the multimeter. The
relative resistance variations were calculated by eq 2

AR R-R
= == 0 % 100%
Ry R, (2)

wherein, Ry and R were the representative of resistance of

hydrogels before and after deforming.

2.9. Differential Scanning Calorimetry (DSC) Meas-
urement. DSC (model: TA DSC250) was employed to
analyze the low-temperature resistance of the hydrogels. The
samples were placed in an airtight aluminum crucible before
test with an empty crucible as reference. The initial
temperature was —50 °C and gradually increased to 20 °C at
a speed of 5 °C/min.

2.10. Antiheating Measurement. Antidrying capacity of
the hydrogels were investigated at 50 °C. First, PAAm/CMC,
PAAm/CMC-GO, PAAm/CMC-GO-gly o4, and PAAm/
CMC-GO-gly,oy were shaped into discs and weighted (W’).
Then, the samples were placed at 50 °C for 8 h, weighted
again, and recorded as W, The water loss ratio (Qy,) of all
hydrogels was calculated using eq 3

v =3 3)

3. RESULTS AND DISCUSSION

3.1. Structure Analysis of the PAAm/CMC Hydrogels.
3.1.1. Appearance and Swelling Property of the Hydrogels.
A DN hydrogel with good temperature tolerance is designed to
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Figure 3. (a) FTIR spectra of AAm, PAAm, CMC + CaCl, and PAAm/CMC-GO-gly,qy, hydrogels; typical SEM images of the top surface of (b)
PAAm/CMC, (c) PAAm/CMC-GO, and (d) PAAm/CMC-GO-glyl0% hydrogels after freeze-drying.
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Figure 4. (2) Tensile stress—strain curves of PAAm/CMC, PAAm/CMC-GO, PAAm/CMC-GO-gly,o and PAAm/CMC-GO-gly,qs, hydrogels at
room temperature; (b) different dissipated energy and the hysteresis curves of PAAm/CMC-GO-gly,y, hydrogel during loading and unloading
cycles were studied (50, 100, 300, 500%); (c) six times continuing cyclic curves of PAAm/CMC-GO hydrogel at 100% strain and corresponding
dissipated energy; dynamic rheological curves of PAAm/CMC, PAAm/CMC-GO, PAAm/CMC-GO-gly,os and PAAm/CMC-GO-glysgy

hydrogels under (d) strain and (e) frequency, respectively.

obtain an ideal strength-toughness match by tuning the
distribution of GO. APS and MBA were added to an AAm
solution to initiate polymerization into PAAm and form a rigid
network structure. The other flexible network structure was
made of CMC + Ca?* chelate, which was connected to the
PAAm network through hydrogen bonding. GO displayed a
gradient distribution under gravity and had an asymmetric
structure in the hydrogel matrix, as shown in Figure 1.

Table 3 shows the appearance of PAAm/CMC hydrogels
with different solid contents (SC). The appearance of samples
with no more than 8 wt % SC exhibited instability, suggesting
the strength of chemical network was weak. With SC increased
to 10—20 wt %, the appearance of hydrogels became more

46679

stable, leading to a gradual increase in strength and decrease in
toughness. The hydrogels with SC of 15 and 16 wt % displayed
good strength and toughness, explaining the reason for
choosing the SC of 15 wt % for further research in this work.

To clearly show the feasibility of the above design, the
PAAm/CMC hydrogel and the PAAm/CMC hydrogel
containing GO and 20 vol % of glycerol were prepared
(Figure 2(a,b)). The former sample is transparent and
homogeneous, while the latter one with GO and glycerol
displayed gradient distribution of GO in the direction of
gravity and has asymmetric structure, tallying with the
predesign. Moreover, Figure 2(c) displays the weight ratio of
PAAm/CMC, PAAm/CMC-GO, PAAm/CMC-GO-gly,oy,

https://doi.org/10.1021/acsomega.3c05779
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Figure S. (a, c) Typical SEM morphology of tensile fracture-surface of the PAAm/CMC-GO hydrogel; (b, d) higher-magnification SEM images of

PAAm/CMC-GO near cracks.

and PAAm/CMC-GO-gly,o, hydrogels during the swelling
test. Values of Q rapidly increased in the beginning, and then
became more and more slow until the slope was close to 0.
Images recorded on day 0, day 1, and day 17 are provided in
Figure 2(d—f), respectively. The diameter of the four samples
became bigger and bigger, and this phenomenon is evident on
the first day, which is consistent with the curves. Also, the
weight ratio of the PAAm/CMC-GO hydrogel is lower than
that of the PAAm/CMC hydrogel. However, with the increase
of the volume fraction of glycerol, the change of the diameter
and weight is more significant. The results suggest the cross-
link indexes of PAAm/CMC and PAAm/CMC-GO hydrogels
are higher than those of PAAm/CMC-GO-gly,oy, and PAAm/
CMC-GO-gly, gy hydrogels, due to the influence of hydrogen
bonding.

3.1.2. Chemical Structure and Microstructure of the
PAAM/CMC Hydrogels. To further determine the chemical
structure of the PAAm/CMC hydrogels, FTIR was used to
measure the AAm powder, PAAm, CMC+CaCl,, and PAAm/
CMC-GO-gly,oy hydrogels as shown in Figure 3(a). The FTIR
spectroscopy of AAm (purple curve) displays typical character-
istic absorption peaks of C=C (1680 and 1750 cm™") and —
NH, (3201 and 3415 cm™). The C=C and —NH, peaks
disappear in the cyan line, indicating that APS and MBA
participated in the reaction with AAm. Moreover, the
absorption peaks of PAAm/CMC-GO-gly,o,, have no new
complex peak except for a wide —OH (3,320 cm™') peak,
suggesting that the PAAm/CMC hydrogels form a DN
structure.

Figure 3(b—d) displays the morphology of PAAm/CMC,
PAAm/CMC-GO, and PAAm/CMC-GO-gly o, hydrogels,
respectively. Compared to the other micropore surface in
previous reports, >’ the surface of the PAAm/CMC hydrogel
exhibits a smooth plane and a long fiber with cracks, due to
lower solid content. After addition of GO, a rough plane and a
few cracks are widely distributed on the hydrogel. Moreover, a
rough plane and no obvious cracks are observed in PAAm/
CMC-GO-gly, gy hydrogel under the combined effect of GO
and glycerol.

3.2. Mechanical Properties of the PAAm/CMC Hydro-
gels at Room Temperature. 3.2.1. Tensile Performances of

the PAAm/CMC Hydrogels. Figure 4(a) shows tensile curves
of the PAAm/CMC, PAAm/CMC-GO, PAAm/CMC-GO-
glyr0s and PAAmM/CMC-GO-gly,gy hydrogels. Both PAAm/
CMC and PAAm/CMC-GO hydrogels without glycerol have
similar total elongation (782.3 and 807.7%), but obvious
difference in maximum stress (281.7 and 500.0 kPa).
Compared with the mechanical properties of the PAAm/
CMC-GO hydrogel, the total elongation and maximum stress
of the PAAm/CMC-GO-gly,o, hydrogel rapidly go up to
1263.4 and 597.6 kPa. However, many literature studies’®*°
have reported that the stress of hydrogels with homogeneous
composition gradually decreased as glycerol was constantly
added. It is worth noting that the PAAm/CMC-GO-gly,
hydrogel has an asymmetric structure that leads to different
mechanical properties from those with homogeneous structure.
To be specific, the layer with more GO makes the hydrogel
undertake a great tension, and the one with less GO is helpful
for total elongation, realizing that all layers work together and
obtaining excellent strength toughness in the progress of
tensile test. As the volume fraction of glycerol increases to 40%,
the hydrogel shows a higher total elongation (1845.6%) but
significantly decreased stress (339.0 kPa), which is closely
related to the nondense network structure accepted by
hydrogen bonding,.

The fatigue resistance of the PAAm/CMC-GO-gly,oy
hydrogel was studied by tensile cycle tests with different
strains as shown in Figure 4(b). With the increase of tensile
strain, hysteresis loops increase obviously, suggesting that the
cross-linking points are severely damaged. Figure 4(c) displays
the curves of 6 times of tensile cycles without residence time.
The hysteresis curve and hysteresis energy of the following
cycles are slightly lower than that of the first cycle but tend
toward stability, indicating that the hydrogel containing GO
and glycerol possesses fatigue resistance and rapid self-
recovery.

3.2.2. Rheological Performances of the PAAm/CMC
Hydrogels at Room Temperature. To reveal the microscopic
mechanical performance of hydrogels after introducing GO
and glycerol, their dynamic storage modulus (G’) and loss
modulus (G”) are measured with different frequency sweeps in
Figure 4(d). Both G’ and G” values of the PAAm/CMC-GO
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Figure 6. Antifreezing images of PAAm/CMC, PAAm/CMC-GO, PAAm/CMC-GO-gly, oy, and PAAm/CMC-GO-gly,, hydrogels testing at —
°C for (a) 0 day and (b) 8 day; (c) DSC measurements in the range from —50 to 20 °C; (d) antiheating curves at S0 °C in 8.5 h; tensile stress—
strain curves of PAAm/CMC-GO-gly,, and PAAm/CMC-GO-gly, hydrogels (e) at —20 °C and (f) at 50 °C.

hydrogel are higher than those of the PAAm/CMC hydrogel
over the entire frequency range. Also, both hydrogels show the
same result that G’ is much higher than G” over the frequency
range, which is identical with the solid-like, elastic nature of
hydrogels. In addition, the values of G’ and G'/G” dramatically
increase for the PAAm/CMC-GO-gly,o,, hydrogel, attributed
to the strong interface interaction from asymmetric structure.
G’ and G” values decrease gradually as the volume fraction of
glycerol rises, which is consistent with tensile loading—
unloading tests. A significant strain-dependent viscoelastic
response for all samples could be observed in the curves
(Figure 4(e)) for G’ and G” as a function of shear strain (y). In
the linear viscoelastic region of y from 0.1 to 10%, the G’ and
G” of PAAm/CMC-GO-gly,p4, PAAmM/CMC-GO-glysq,
PAAm/CMC-GO, and PAAm/CMC hydrogels decrease in
sequence, suggesting that an appropriate content of glycerol
and GO is capable of effectively optimizing mechanical
performances. However, the hydrogels exhibit slop-droop
nonlinear viscoelastic behavior at an else shear strain range
from 10 to 1000%, and the modulus of the hydrogels without
glycerol decreases slowly. This phenomenon indicates that the
DN incorporation is easily induced by the shear strain.

3.2.3. Microstructure of the PAAm/CMC-GO Hydrogel
Near Cracks Generated by the Tensile Process. Figure 5(a,c)
presents typical SEM images showing the tensile fracture-
surface morphology of the PAAm/CMC-GO hydrogel. Some
whiskers are observed in cracks that are scattered in the plane
and short fiber-shaped region. To reveal the clear morphology
of whiskers, the higher-magnification SEM images taken from
the region marked in Figure S(a,c) are displayed in Figure
5(b,d), respectively. The nanoscale GO that the orange arrows
point out sew up the cracks like a thread, leading to improved
strength of the hydrogels.

3.3. Temperature-Tolerance Performance and Me-
chanical Properties of PAAM/CMC Hydrogels. 3.3.1. Anti-
freezing and Antiheating Performances of the PAAm/CMC,
PAAM/CMC-GO, PAAmM/CMC-GO-gly,os, and PAAM/CMC-
GO-gly,pq, Hydrogels. To preliminarily understand the
antifreezing properties of the hydrogels, PAAm/CMC,

PAAm/CMC-GO, PAAm/CMC-GO-gly oy, and PAAm/
CMC-GO-gly,py hydrogels are placed in a refrigerator at
—25 °C for 8 days, as shown in Figure 6(a,b). It is observed
that the PAAm/CMC-GO-gly,0y hydrogel still keeps its
original state, while others are frozen after 8 days. To further
explore the antifreezing performance, the crystallization
temperature of the hydrogels is determined by DSC analysis.
As shown in Figure 6(c), the crystallization peak temperatures
of PAAm/CMC and PAAm/CMC-GO hydrogels are —1.5 and
—4.3 °C, respectively. The crystallization peak temperature of
the hydrogel is —21.4 °C after addition of 10 vol % glycerol,
due to the addition of hydrogen bond lowering their
crystallization temperature. As the volume fraction of glycerol
reaches 20 vol %, the temperature drops to below —50 °C, and
the result was consistent with the phenomenon shown in
Figure 6(a,b).

It is difficult for most hydrogels to avoid water loss at room
temperature or elevated temperature, restricting further
application of the materials. A universal and effective way to
solve this problem is introducing hydrogen bonding, which can
be damaged under continuously absorbing energy and is finally
helpful to slow down evaporation. The curves of Qy at 50 °C
are shown in Figure 6(d) and used to display the antiheating
performance of all hydrogels. Compared with the hydrogels
without glycerol, the Qy value of the PAAm/CMC-GO-gly oy
hydrogel is lower, suggesting that glycerol has a positive effect
on preventing evaporation. As glycerol increases to 20 vol %,
the Qyy value further decreases.

3.3.2. Tensile Performance of PAAM/CMC-GO-gly g and
PAAM/CMC-GO-gly 4 Hydrogels at Low and High Temper-
atures. According to the above results, PAAm/CMC-GO-
gly,09 and PAAm/CMC-GO-gly,o, hydrogels are chosen to
study antifreezing and antiheating properties since the other
samples are difficult to be applied in lower or higher
temperature. Furthermore, Figure 6(e,f) displays the tensile
testing curves of the two hydrogels at —20 and 50 °C,
respectively. Compared with the same samples at room
temperature shown in Figure 4(a), the total elongation and
maximum stress of the PAAm/CMC-GO-gly,p (1503.7%,
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Figure 7. Resistance variation of PAAm/CMC-GO-gly,o, hydrogel responds to the different bending angles of (a) knuckle; (b) knee; (c, d)
detection of speaking when the hydrogel mounts on throat. Relative resistance of PAAm/CMC-GO-gly,,, changes in response to (e) the tensile
strain varied from 1 to 300% and (f) the tensile speed of 80, 150, and 300 mm/min.

558.5 kPa) and PAAm/CMC-GO-gly, s (1874.1%, 342.3 kPa)
hydrogels show no significant change at —20 °C, indirectly
confirming that glycerol is helpful to reduce crystallization
temperature. When PAAm/CMC-GO-gly,o, and PAAm/
CMC-GO-gly,oy hydrogels are tested at 50 °C, the total
elongations of PAAm/CMC-GO-gly,y, and PAAm/CMC-
GO-gly s hydrogels fall (975.0 and 1009.5%), while the
maximum stress rises (719.6 and 403.6 kPa), due to the fact
that losing water makes the double-network structure become
denser, and the hydrogels still keep good strength-toughness
match and are still applied.

3.4. Sensing Properties of PAAmM/CMC-GO-gly,qy.
Based on the overall performances of real skin with good
mechanical properties, stable conductivity, and outstanding
sensitivity, the PAAm/CMC-GO-gly,q hydrogel simulating
real skin has enormous potential for monitoring various human
motions. As shown in Figure 7(ab), the relative resistance
changes (AR/R,) of the hydrogel covering the knuckle and
knee show the corresponding regular changes with a
reciprocating joint bending angle, which is caused by the
length and cross-section area fluctuation of the hydrogel during
the joint movement. Furthermore, the hydrogel transducer
possesses the ability of speech recognition; for instance,
different current signal patterns could be detected when the
tester uttered different voices such as “Jia”, “Xing”, “Xue”,
“Yuan”, and “Asymmetric”; thus, the hydrogel sensor could be
used for language rehabilitation and recognition of language-
disabled people (Figure 7(c,d)).

Figure 7(e,f) shows the AR/R, of PAAm/CMC-GO-gly,gy
hydrogel at different tensile strains (1—300%) and speed (80—
300 mm/min), respectively. The repeatable and stable signals
could be monitored under different strains and speed.
Especially, the hydrogel is extremely sensitive to both small
strain and fast speed, and superb reliability is exhibited during
the repeated stretching-produced stable output signals.

4. CONCLUSIONS

In this work, novel asymmetric and conductive PAAm-based
hydrogels were designed, and their structure and multiple

46682

properties were studied and discussed. First, PAAm/CMC
hydrogels with 15% and 16% solid contents show a DN
structure and smooth surface with cracks after cold-drying. The
morphology of the hydrogels is rough with few cracks after
introducing GO/glycerol. Second, the maximum stress of the
PAAm/CMC-GO hydrogel increases to 500 kPa, which is
much higher than that of the PAAm/CMC hydrogel (281.7
kPa), while both are low in total elongation. The PAAm/
CMC-GO-gly,o not only has outstanding total elongation
(1263.4%) after addition of 20 vol % glycerol, but also shows a
higher stress (597.6 kPa), due to the asymmetric structure and
suture function from GO. With further increase in the content
of glycerol, the maximum stress of PAAm/CMC-GO-gly,o
decreases to 339.0 kPa. In addition, the crystallization
temperature of the samples gradually decreases from —21 °C
to below —50 °C as the volume fraction of glycerol increases
from 10 to 20%. As for the PAAm/CMC-GO-gly, (s hydrogel,
for one thing, the total elongation and maximum stress reach
to 975% and 719.6 kPa at 50 °C, respectively. For another, the
hydrogel shows stable conductivity and outstanding sensitivity
on monitoring small changes in the process of tensile test and
various human motions and small tensile stress. In summary,
the PAAm/CMC hydrogels have great capability to be used as
a strain sensor for detecting subtle strain changes over a wide
temperature range.
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