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polymer hydrogels has been widely 
adopted to enhance the conductivity of 
hydrogels. As nanofi llers tend to aggregate 
and are randomly distributed in polymer 
matrix, surface functionalization and large 
amount of the fi llers are needed to help 
them form a continuous, electrically con-
ductive network. [ 29 ]  This blending method 
usually weakens the mechanical proper-
ties of the conductive hybrid gels and 
reduces the stimuli-responsiveness due to 
the restricted motion of polymer chains 
by strong interaction between fi llers and 
the polymer matrix. [ 30 ]  Conductive poly-
mers such as polyaniline (PANI) and poly-
pyrrole (PPy) have also been incorporated 
into gel systems. However, traditionally 
synthesized hybrid gel consisting of con-
ductive polymers and stimuli-responsive 
hydrogels usually possesses the structure 
of separate domains of conductive poly-
mers dispersed within porous polymer 
matrix, lowering the electrical perfor-

mance of the hybrid gel. [ 23 ]  Recently, conductive smart hydro-
gels have been synthesized by introducing graphene aerogels. [ 7 ]  
The resulting hybrid hydrogel holds robust mechanical per-
formance and decent electrical properties. Alternatively, the 
adoption of conductive polymers is another facile and low-cost 
method to synthesize smart hydrogels with good conductivity 
and mechanical properties because it is less complicated and 
costly compared to the synthesis of graphene aerogels. 

 In this paper, we introduced the conductive polymer hydro-
gels into a widely studied thermally responsive hydrogel, 
poly( N -isopropylacrylamide) (PNIPAM), and developed the 
conductive smart gels sensitive to temperature change. Despite 
the traditional hybrid gel of randomly dispersed conductive 
polymer and stimuli responsive hydrogels, a mesh-like hydrogel 
network of conductive polymer could be in situ formed due to 
the phytic acid molecule which can react with more than one 
PANI (or PPy) chain by protonating the nitrogen groups on 
PANI (or PPy) and thus promote the crosslinked structure. [ 13 ]  
The formation of conductive network can avoid surface modifi -
cation which inhibits the aggregation of polymer particles and 
can provide continuous conducting paths for electron trans-
port, thus enhancing the conductivity of hybrid hydrogel. The 
mechanical properties could be also improved due to the inter-
action between two hydrogel networks. The porous nature of 
the hybrid hydrogel we obtained can maintain the thermal sen-
sitivity of PNIPAM hydrogel because the water can easily fl ow 
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  1.     Introduction 

 “Smart” hydrogels which are sensitive to external stimuli such 
as temperature, [ 1 ]  pH, [ 2 ]  electric fi eld, [ 3,4 ]  magnetic force, [ 5 ]  etc . 
could react actively to environment changes, [ 6 ]  thus receiving 
increasing attention in recent years. However, traditional smart 
hydrogels are generally electrically nonconductive [ 7 ]  while con-
ductive gels hold great promise for a wide range of applications 
in sensors, [ 8,9 ]  fuel cells, [ 10 ]  supercapacitors, [ 11–16 ]  dye-sensitized 
solar cells, [ 17–19 ]  and lithium batteries. [ 20,21 ]  The conductive 
responsive hydrogels could be fabricated by incorporation of 
a second ingredient such as conducting fi llers, [ 22 ]  conductive 
polymers, [ 23 ]  or carbon based gel-like materials [ 7,24 ]  into the 
gel matrix, forming hybrid “smart” hydrogels with stimuli-
responsive properties and conductivity. 

 Adding conducting nanofi llers such as carbon nano-
tubes, [ 25,26 ]  carbon black, [ 27 ]  and metal nanoparticles [ 28 ]  to 
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within pores. The combination of conductive polymer hydrogel 
and thermally responsive hydrogel renders the hybrid gel high 
electronic property and responsive sensitivity which are demon-
strated by a fabricated switcher that can sensitively respond to 
the change of temperature.  

  2.     Results and Discussion 

 The synthesis process and gelation mech-
anism of hybrid hydrogel is illustrated 
in  Figure    1  . The unique coil-to-globule 
transition of PNIPAM chains at the lower 
critical solution temperature (LCST) (around 
35 °C) [ 32 ]  allows the large temperature-respon-
sive volume phase transition of the hydrogel 
and loss of large amount of water. The 
deswelled hydrogel is immersed into solution 
of monomers of conductive polymer, thus 
absorbing the monomers until it reswells to 
original volume. Then the reswelled hydrogel 
containing monomers of conductive polymer 
is immersed into the solution of oxidative 
initiator and phytic acid, allowing in situ 
polymerization and crosslinking of conduc-
tive polymer chains. Phytic acid, an abundant 
natural product found in plants, [ 33 ]  reacts 
with PANI or PPy chains by protonating the 
nitrogen groups; one phytic acid molecule 
can interact with more than one conductive 
chain, thus resulting in the formation of 
hydrogel network. The amount of conductive 

hydrogel in hybrid gel could be easily tuned 
by controlling the concentration of monomer 
solution used in the reswelling process. 
The formation of hybrid hydrogels could be 
verifi ed by the UV–vis spectra of PNIPAM, 
PNIPAM/PANI and PNIPAM/PPy hydrogels 
(Figure S1, Supporting Information). The 
hybrid gels of PNIPAM/PANI and PNIPAM/
PPy exhibit high absorbance in the range of 
visible light, which is consistent with their 
colors (dark green for PNIPAM/PANI and 
black for PNIPAM/PPy).  

 The morphology and microstructure of 
hybrid hydrogels of PNIPAM/PANI and 
PNIPAM/PPy were investigated by scanning 
electron microscope (SEM).  Figure    2  a shows 
the SEM image of freeze dried PNIPAM/
PANI. We can fi nd the porous structure of the 
hybrid hydrogel and the size of pores ranges 
from several micrometers to larger than 
10 micrometers. Such hierarchical porous 
structures provide both large open channels 
between the branches and nanoscale porosi-
ties within the structures which facilitate the 
transport of water molecules. The hybrid 
gel of PNIPAM/PPy shows a different mor-
phology which is illustrated in Figure  2 b. The 

structure of interconnected spheres with size around 200 nm is a 
typical microstructure of the PPy hydrogel. Among the spheres, 
materials with smooth surface can be found and they can be 
identifi ed as PNIPAM. The formation of spherical geometry 
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 Figure 1.    Schematic illustration of synthesis process of hybrid hydrogel composed of PNIPAM 
and conductive polymers. The deswelled PNIPAM hydrogel is immersed into the solution 
of monomers of conductive polymer and absorbs the monomers until it reswells to original 
volume. Then the reswelled hydrogel is immersed into the solution of oxidative initiator and 
phytic acid, allowing the in situ polymerization and crosslinking of conductive polymer chains. 
The photos show different states of hydrogels.

 Figure 2.    SEM images of a) PNIPAM/PANI and b) PNIPAM/PPy hybrid hydrogels. c) FTIR 
spectra of PNIPAM, PANI, and PNIPAM/PANI hydrogels. d) FTIR spectra of PNIPAM, PPy, 
and PNIPAM/PPy hydrogels.
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with a structural hierarchy could overcome the rigid nature of 
PPy chains and endows the hydrogel with effective elasticity. [ 12 ]  
Overall, the hybrid gel of PNIPAM/PPy also possesses a highly 
porous structure with pores ranging from several micrometers 
to larger than 10 µm, thus facilitating the fl owing of water and 
ensuring the high sensitivity of hybrid gels.  

 The chemical structures of as-synthesized hybrid hydrogels 
of PNIPAM/PANI and PNIPAM/PPy were analyzed by the 
Fourier transform infrared (FTIR) spectra. Figure  2 c shows 
the FTIR spectra of PNIPAM, PANI, and PNIPAM/PANI. In 
the spectrum (black) of PNIAPM, peaks at 1540 and 1645 cm −1  
can be attributed to N–H bending and C=O stretching, which 
are both characteristic of PNIPAM. [ 34 ]  The spectrum (red) of 
PANI indicates that it is the emeraldine salt form of PANI with 
two characteristic absorption peaks at 1570 and 1480 cm −1  cor-
responding to the stretching vibration of the quinoid ring and 
benzenoid ring, respectively. [ 13 ]  All the characteristic peaks of 
PNIPAM and PANI can be found in the FTIR spectrum of syn-
thesized hybrid hydrogel of PNIPAM and PANI, confi rming 
the formation of composites of PNIPAM and PANI. For the 
identifi cation of hybrid gel of PNIPAM and PPy, the typical 
FTIR spectra of PNIPAM, PPy and PNIPAM/PPy are shown in 
Figure  2 d. The spectrum of PPy shows the absorption peak at 
1552 cm −1  corresponding to the in-ring stretching of C=C bonds 
in the pyrrole rings and the peak at 1045 cm -1  which can be 
attributed to the in-plane deformation of N–H bond. [ 12 ]  These 
two characteristic peaks can also be found in the FTIR spectrum 
of as-synthesized hybrid hydrogel, confi rming the formation 

of PPy in the PNIPAM matrix and the successful synthesis of 
PNIPAM/PPy. We also found that the chemical structures of 
PANI and PPy within hybrid hydrogels are well maintained 
confi rmed by the PNIPAM subtracted FTIR spectra of conduc-
tive hybrid hydrogels (Figure S2, Supporting Information). 

 Desirable mechanical properties are important for respon-
sive hydrogels, especially when they are applied in practical 
devices. [ 35 ]  Hydrogels are viscoelastic materials and they 
exhibit the properties of storing and dissipation of energy. [ 6 ]  
The amount of energy stored in the gel system and the amount 
of energy dissipated within the system under the oscillatory 
stress are indicated by the storage modulus (G′) and the loss 
modulus (G″), respectively. The G′ and G″ values of PNIPAM, 
PNIPAM/PANI and PNIPAM/PPy are shown in  Figure    3  a,b. 
The dynamic frequency sweep experiments of all three gels 
show a wide linear viscoelastic region. And the value of storage 
modulus is higher than that of the loss modulus in each 
case, confi rming their gel state. The G′ values of both hybrid 
hydrogels are signifi cantly higher than that of pure PNIPAM 
hydrogel and PNIPAM hydrogel after swelled in monomers of 
aniline and pyrrole but before polymerization (Figure S3, Sup-
porting Information), indicating the increased strength. This 
is resulted from the reinforcement effect induced by the for-
mation of a continuous and mechanically effi cient network of 
conductive polymer with rigid backbones. The covalent bond 
of PANI and PPy chains facilitates dissipation of energy. The 
interactions between two networks of hydrogels also contribute 
to the increase of mechanical strength of hybrid hydrogels. 
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 Figure 3.    a,b) The storage modulus (G′) and loss modulus (G″) of PNIPAM, PNIAPM/PANI, and PNIPAM/PPy hydrogels tested in a frequency sweep 
mode. c,d) Resistance of PNIPAM/PANI and PNIPAM/PPy cylinder-shaped hybrid hydrogels at different strains, respectively. The consistent values in 
compressing and relaxing cycles demonstrate excellent electrical stability of hybrid hydrogels under deformation.
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The elasticity (G′−G″) [ 36 ]  calculated from the rheological data 
are 157, 1763, and 3231 Pa for PNIPAM, PNIPAM/PANI, and 
PNIPAM/PPy hydrogels, respectively. The hybrid hydrogels 
possess increased elasticity due to the foam-like structure of 
PANI hydrogel and spherical geometry of PPy hydrogel which 
are consistent with the morphologies shown in SEM pictures. 
Ten cycles of compression and tension tests for PNIPAM, 
PNIPAM/PANI, and PNIPAM/PPy hydrogels were conducted 
and the results are shown in Figure S4, Supporting Informa-
tion. The modulus can be calculated as 36.7, 66.1, and 54.5 Pa 
for PNIPAM, PNIPAM/PANI, and PNIPAM/PPy hydrogels, 
respectively. The modulus of hybrid gels are both enhanced 
when compared to that of pure PNIPAM and all these mod-
ulus values are typical for hydrogels with high water content. 
The narrow gap between compression and tension curve for 
hybrid gels indicate that they can recover quickly. The cycling 
performance of PNIPAM, PNIPAM/PANI, and PNIPAM/PPy 
hydrogels (Figure S4b–d, Supporting Information) demon-
strated that excellent elasticity is well maintained for hybrid 
gels. The enhanced mechanical properties of hybrid hydrogels 
are further revealed by the fracture experiments. When frac-
tured, the pure PNIPAM hydrogel breaks into small pieces 
while the hybrid hydrogels show a single large crack, indi-
cating that the binary network structure of hybrid hydrogel 
combining PNIPAM and conductive polymer hydrogels con-
tributes to the relax of local stress and dissipation of micro-
crack energy. 

  We further designed a test to demonstrate the stability of 
electrical properties of the hybrid hydrogels under mechanical 
strain. The cylinders of PNIPAM/PANI and PNIPAM/PPy 
hydrogels with thickness of 5 mm are compressed by 0.5 mm 
each time and the largest strain reaches 50%. Figure  3 c,d shows 
the changes of resistance for PNIPAM/PANI and PNIPAM/
PPy hydrogels during the compressing test, respectively. We 
can fi nd that the resistance of both hybrid hydrogels remains 
almost constant during compressing and relaxing cycle. Even 
under strain as large as 50%, the decrease of resistance is 
rather small (<1%), indicating the excellent electrical stability of 
hybrid hydrogels under mechanical deformation. 

 For practical applications, the thermally responsive func-
tions of PNIPAM hydrogel should not be negatively affected by 
the incorporation of conductive polymers.  Figure    4  a,b shows 
the swelling and deswelling behavior of PNIPAM/PANI and 
PNIPAM/PPy hybrid hydrogels. PNIPAM/PANI shows a large 
swelling ratio of 5.2, while PNIPAM/PPy shows a lower swelling 
ratio of 2.3 which is still reasonable for thermoresponsive appli-
cation. The difference of swelling ratios between PNIPAM/
PANI and PNIPAM/PPy is induced by the different morpholo-
gies of two hybrid hydrogels. The PPy hydrogel forms particles 
with smaller size when compared to the mesh-like structure of 
PANI hydrogel, thus fi lling more space in the PNIPAM matrix 
and resulting in a lower swelling ratio. Besides the swelling 
ratio, responsive sensitivity is another important factor for ther-
mally responsive hydrogels. As shown in Figure  4 a,b, sharp 
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 Figure 4.    The swelling and deswelling behavior of PNIPAM/PANI a) and PNIPAM/PPy b) hybrid hydrogels. c) Schematic of working mechanism of 
the switcher device based on thermal-responsive conductive hydrogels. d) Cycling performance of the switcher device. e) The demo circuit in which 
the on/off states of LED is controlled by the close-circuit/open-circuit states of the electrical circuit which is determined by the states of switcher. The 
inset photographs show the swelled and deswelled states of hybrid hydrogels in the device.



FU
LL P

A
P
ER

1223wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

decrease of mass happens for both two hybrid hydrogels when 
immersed in water with temperature of 50  o C, demonstrating 
high sensitivity to thermal stimuli. The conductive hybrid 
hydrogels almost reach the largest degree of deswelling within 
1 min. In the recovering half cycle, both the hybrid hydrogels 
exhibit a sharp increase of mass during the fi rst several min-
utes. Then swelling slows down until it takes about 15 h to 
recover to original swelled status. The swelling and deswelling 
behavior of hybrid hydrogels is consistent with that of PNIPAM 
hydrogel, confi rming the unaffected responsive function of 
hydrogels after incorporation of conductive polymers. The good 
thermoresponsive behavior of hybrid hydrogels can be mainly 
ascribed to their interpenetrating binary network structure and 
porous nature which reduce the restriction of PNIPAM chains 
and facilitates the fl ow of water molecules within the hydrogel 
network. The region exhibiting vertical change of mass in the 
swelling and deswelling curves suggests the excellent ther-
moresponsive sensitivity of the designed hybrid hydrogels and 
ensures their application in responsive devices.  

 Apart from the enhanced mechanical properties and well-
preserved thermoresponsive sensitivity, the hybrid hydrogels 
based on PNIPAM and conductive polymers exhibit excel-
lent electrical properties. By using the four-probe method, 
we measured the bulk electrical conductivities of PNIPAM/
PPy and PNIPAM/PANI hydrogels each for ten samples and 
their conductivities are 0.15 ± 0.03 and 0.84 ± 0.02 S m −1  at 
the gel state (Figure S5, Supporting Information), respectively. 
We also noticed that conductivity decreases as the temperature 
increases for both hybrid hydrogels. This may be caused by the 
change of swelling states and microstructures (Figure S6, Sup-
porting Information). The higher conductivity of PNIPAM/PPY 
hydrogel may be due to the higher loading of PPy in the hybrid 
gel which is revealed by the lower swelling ratio of PNIPAM/
PPy gel. Pure conducting polymer hydrogels typically show 
the electrical conductivity in the range of 0.01–1 S m −1  and the 
highest value reported is 11 S m −1  for the PANI hydrogel syn-
thesized by phytic acid as the crosslinker. [ 37 ]  However, recent 
literature reported that the electrical conductivity signifi cantly 
decreases when the conductive polymers are introduced into 
other responsive hydrogel systems. The PANI/folic acid [ 6 ]  and 
tetraaniline/polyvinyl alcohol (PVA), [ 38 ]  hemicellulose hydrogel/
aniline pentamer [ 39 ]  hybrid hydrogel exhibit a conductivity of 
0.0014, 0.001, and 9.05 × 10 −7 –1.58 × 10 −4  S m −1 , respectively 
and the PANI particles/PNIPAM hybrid hydrogel [ 23 ]  shows a 
conductivity in the range of 0.0045–0.027 S m −1 . Compared to 
these smart hydrogel systems with conductive polymers incor-
porated, the electrical conductivities of our hybrid hydrogels 
are approximately two orders of magnitude higher and close 
to those of pure conductive polymers, demonstrating excel-
lent electrical properties. What is more, our conductive hybrid 
hydrogels also show comparable electrical performance to 
PNIPAM based conductive hydrogel [ 7 ]  recently developed by 
Li  et al . which exhibited remarkable electrical conductivity in 
the range of 0.7–10 S m −1  by adding different amounts of gra-
phene aerogel (the electrical properties of different hydrogels 
are summarized in  Table    1  ). The excellent electrical properties 
of our hybrid hydrogels could be attributed to the in situ forma-
tion of networks of conductive polymers which can act as the 
continuous transporting path for electrons. In contrast, hybrid 

hydrogels based on randomly dispersed conductive particles or 
monomers consist of point-to-point connected conducting net-
work resulting in a poor electrical conductivity. The enhanced 
mechanical performance, high thermoresponsive and electrical 
properties of our hybrid hydrogels open up new opportunities 
for exploring the applications of conductive smart hydrogels.  

 Based on the thermoresponsive and conductive properties of 
hybrid hydrogels, we designed a thermally responsive switcher. 
As shown in Figure  4 c, a certain amount of hybrid hydrogel is 
sealed into a cylinder shell with top and bottom electrodes. The 
hydrogel and electrodes are well contacted at fi rst and thus it 
becomes a conductor. When the switcher is heated, the hybrid 
hydrogel shrinks due to the deswelling. The resistance of the 
switcher device increases due to the conductivity change of 
hybrid hydrogel which is caused by the loss of water within 
hydrogel matrix and the decrease of contacting area between 
conductive hydrogels and the electrodes. When the device is 
further heated, the hydrogel continuously shrinks and fi nally 
loses contact with electrodes, thus switching to open-circuit 
status. The device could revert to close-circuit status when the 
temperature is cooled down. The hybrid hydrogels swell under 
LCST and recreate the electrical contact between conductive 
hydrogels and electrodes, thus forming a transporting path for 
current. The “switching” behavior could be completed within 
10 s due to the excellent responsive sensitivity of hybrid hydro-
gels, ensuring the quick response of switcher device to temper-
ature change. 

 The cycling performance of the switcher is further tested 
to demonstrate the stability of conductive hydrogel based 
switcher device. Figure  4 d shows the 50 cycles of heating and 
cooling of the switcher. The resistance of switcher maintains 
around 110 kΩ at heated (deswelled) status and stays around 
10 kΩ at cooled (swelled) status even after 50 cycles. The excel-
lent cycling performance is supported by the good mechanical 
properties and electrical stability of the hybrid hydrogels. The 
change of resistance occurs within 10 s after the device is 
heated or cooled, demonstrating the highly thermoresponsive 
sensitivity of the hybrid hydrogels. The difference of resist-
ance at deswelled and swelled states is signifi cant, ensuring 
the “switching” behavior of the device under thermal stimuli. 
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  Table 1.    Electrical conductivities of conductive hydrogels.  

Conductive hydrogels Electrical conductivity 

[S m −1 ]

Our PPy/PNIPAM 0.8

Our PANI/PNIPAM 0.2

PANI hydrogel crosslinked by phytic 

acid [31] 

11

PNIPAM/graphene [6] 0.7–10

Typical conductive polymer [31] 0.01–1

PANI/folic acid [5] 0.0014

PANI domains/PNIPAM [19] 0.0045–0.027

Tetraaniline/PVA [32] 0.001

Hemicellulose hydrogel/aniline 

pentamer [39] 
9.05 × 10 −7 –1.58 × 10 −4 
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And the resistance difference could be tuned by controlling the 
amount of hybrid hydrogels sealed in between the two elec-
trodes. The switcher can function between totally open-circuit 
and close-circuit states by losing and recreating the contact 
between conductive hybrid hydrogel and electrodes. The dem-
onstrated circuit is shown in Figure  4 e in which the on/off 
states of light emitting diode (LED) is controlled by the close-
circuit/open-circuit states of the electrical circuit which is deter-
mined by the states of switcher. The inset photographs show the 
swelled and deswelled states of hybrid hydrogels in the device. 
When the hydrogel is swelled, the contact between hydrogel 
and electrode is created, building the transport path for current. 
When the temperature is raised and the hydrogel is deswelled, 
it totally loses its contact to electrode, thus inducing the open-
circuit state. Although the switcher based on our conductive 
hybrid hydrogels is a simple demonstration for their applica-
tion in electronic devices, it reveals the high thermoresponsive 
sensitivity, enhanced mechanical properties and good electrical 
performance of our hybrid hydrogels and provides a new sight 
for the applications of the conductive hybrid hydrogels.  

  3.     Conclusion 

 In summary, we successfully synthesized PNIPAM/conductive 
polymer based hybrid hydrogels by the in situ formation of con-
tinuous network of conductive polymer hydrogels crosslinked 
by phytic acid in PNIPAM matrix. With the interpenetrating 
binary network structure, our hybrid hydrogels exhibit a unique 
combination of high electrical conductivity, high thermorespon-
sive sensitivity and enhanced mechanical properties. These 
unique properties are further demonstrated by the switcher 
device based on our hybrid hydrogels. Our work demonstrates 
that the architecture of the fi lling phase in the hydrogel matrix 
plays an important role in determining the performance of the 
resulting hybrid material. These hybrid hydrogels may fi nd 
potential applications in stimuli-responsive electronic devices, 
self-adaptive electronics, and fl exible bioelectronics.  

  4.     Experimental Section 
  Preparation of Hybrid Hydrogels : The synthesis of PNIPAM was 

previously described in the literature. In a typical synthesis process, 
 N -isopropylacrylamide monomers (283 mg),  N ′, N ′-methylene-
bisacrylamide acting as crosslinker (15 mg), and deionized (DI) water 
(5 mL) were mixed together and purged with nitrogen gas for 5 min. Then 
ammonium persulfate (APS) (10 mg) and  N ′, N ′-tetramethylenediamine 
acting as accelerator (5 mL) were added into the mixture and the 
polymerization was carried out for 12 h. The obtained PNIPAM hydrogel 
was immersed into DI water overnight to remove unreacted monomers. 
After cleaning, the PNIPAM hydrogel was heated at 50  o C to completely 
deswell and then immersed in aniline or pyrrole to be swelled again. 
The reswelled hydrogel was added into APS (283 mg) and phytic acid 
solution (0.921 mL) and the conductive polymer was formed by in situ 
polymerization within the porous structure of PNIPAM hydrogel. Finally, 
the obtained hybrid hydrogel was immersed in DI water to remove 
unreacted residues. 

  Characterizations of Hybrid Hydrogels : The morphology and micro-
structure of samples were observed by Scanning Electron Microscopy 
(Hitachi, S5500) operating at 5 kV. Before observation, the hydrogels 
were freeze dried for 24 h. The FTIR spectra of hydrogels were recorded 

by the FTIR Spectrometer (Thermo Mattson, Infi nity Gold FTIR) 
equipped with a liquid nitrogen cooled narrow band mercury cadmium 
telluride (MCT) detector, using attenuated total refl ection cell equipped 
with a Ge crystal. To understand the mechanical properties of hydrogels, 
rheological experiments were performed by a rheometer (AR 2000EX, 
TA instrument) using parallel plate on a peltier plate in a frequency 
sweep mode. The temperature is 25 °C. The swelling and deswelling 
experiments were performed by immersing hydrogels in water at 
25 and 50 °C. At specifi c times the hydrogel samples were picked and 
weighted after the water on the surface was removed. The electrical 
conductivity of hybrid hydrogels was tested by the four-probe method 
using a sourcemeter (Model 2400, Keithley) and then calculated by 
using the equations for bulk material below. The distance between each 
two probes was set as 1 mm.  S  1  refers to the distance between probe 1 
and probe 2.  S  2  refers to the distance between probe 2 and probe 3.  S  3  
refers to the distance between probe 3 and probe 4.
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 For the test of stability of electrical properties of the hybrid hydrogels 
under mechanical strain, we used the rheometer to compress the 
hydrogel sample. The cylinders of PNIPAM/PANI and PNIPAM/PPy 
hydrogels with thickness of 5 mm were place on the plate of rheometer 
and then compressed by 0.5 mm each time and the largest strain 
reaches 50%. The resistance was obtained by using a multimeter.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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