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ABSTRACT: Electrically conductive hydrogels (ECHs) are attracting much interest in the ﬁeld of biomaterials science because
of their unique properties. However, eﬀective incorporation and dispersion of conductive materials in the matrices of polymeric
hydrogels for improved conductivity remains a great challenge. Here, we demonstrate highly transparent, electrically conductive,
stretchable tough hydrogels modiﬁed by single-walled carbon nanotubes (SWCNTs). Two diﬀerent approaches for the
fabrication of SWCNT/hydrogel structures are examined: a simple SWCNT ﬁlm transfer onto the as-prepared hydrogel and the
ﬁlm deposition onto the pre-stretched hydrogel. Functionality of our method is conﬁrmed by scanning electron microscopy
along with optical and electrical measurements of our structures while subjecting them to diﬀerent strains. Since the hydrogelbased structures are intrinsically soft, stretchable, wet, and sticky, they conform well to a human skin. We demonstrate
applications of our material as skin-like passive electrodes and active ﬁnger-mounted joint motion sensors. Our technique shows
promise to accelerate the development of biointegrated wearable electronics.
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INTRODUCTION
Hydrogels are novel soft materials that have enabled diverse
modern technologies, including tissue engineering,1−3 drug
delivery,4 biomedical devices,5 microﬂuidics,6,7 stretchable and
biointegrated electronics,8 and soft robotics.9,10 Remarkable
progress has been made by researchers in the synthesis and
fabrication of hydrogels across a range of various applications.
As a result of the high stretchability and fracture toughness of
hydrogels,6 intensive eﬀorts have been devoted to developing
various biomimetic structures and devices based on
them.6,8,11−13 Furthermore, hydrogels with similar physiological and mechanical properties to a human skin represent an
ideal material for electronics and devices to achieve long-term
eﬀective biointegrations.14,15
Electrically conductive hydrogels (ECHs)16−18 are usually
produced in the form of layered structures consisting of
hydrogels and conductive ﬁllers such as silver nanowires,19
PEDOT:PSS,20 graphene,21 etc. However, such materials do
not possess desired mechanical robustness, which limits the
stretchability of ECHs. Single-walled carbon nanotubes
© 2018 American Chemical Society

(SWCNTs) are a unique family of materials exhibiting
exceptional thermal, electronic and mechanical properties.22
In addition, as a result of a regular pore structure, excellent
electrochemical stability, well-deﬁned one-dimensional structure, low mass density, high mechanical strength, and high
speciﬁc area, SWCNTs have been utilized as nanoﬁllers of
nanocomposite hydrogels.23−26 However, an eﬀective incorporation and dispersion of SWCNTs in the matrices of
polymeric hydrogels remain a great challenge due to their
agglomeration and the presence of surfactants.
Here, we demonstrate a one-step technique of hydrogel
surface modiﬁcation with conductive SWCNT ﬁlms. This
technique allows us to utilize high water content and
transparency with good electrical and mechanical properties
without loses in both SWCNTs and hydrogel functionalities.
Using this approach, we realize mechanically robust, highly
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Figure 1. Generic illustration of the SWCNT ﬁlm deposition process realized by two dry transfer approaches: (a) on the as-prepared tough
hydrogel surface; (b) on the pre-stretched surface. SWCNT/hydrogel structure functional properties: photographs of (c) tough hydrogel and (d)
SWCNT/hydrogel structure at the stretched state demonstrating its high transparency.

stretchable, biocompatible,5 conductive, and transparent
SWCNT/hydrogel structures and demonstrate their applications as ﬁnger-mounted joint motion sensors and electrocardiographic electrodes. The advantages of the proposed
structures in terms of conductivity, stretchability, transparency,
and applicability for electronic circuit creation are highlighted
in Table S1.

■

structures, which is retained even in the stretched state (Figure
1d).
Electrical, optical, and morphological properties of the
SWCNT/hydrogel structures, fabricated by both approaches,
are further investigated. After the SWCNT ﬁlm deposition by
the ﬁrst approach, our structure was ready to be further
examined in a special stretching device. For two-point
resistance measurements, 2 × 0.5 cm2 hydrogel samples and
SWCNT ﬁlms of the same size are used. Figure 2a
demonstrates the electrical properties of the SWCNT ﬁlms
under stretching/releasing cycles with 15, 30, 50, and 100%
strains applied. Relative change in the resistance of the
SWCNT ﬁlms between stretched and released states are about
40, 80, and 300% for strains ε = 15, 30, and 50%, respectively.
When the highest value of strain (ε = 100%) is applied, the
resistance reaches 28 kΩ (compared to the initial one of 200
Ω), which can be explained by the appearance of microcracks,
visualized by an optical microscope (Figure 2d). The sheet
resistance of the SWCNT/hydrogel structures and SWCNTs
on glass, PET, and PDMS substrates measured by a four-probe
method is almost the same in the relaxed state (around 100 Ω/
□). In the stretched state (at 50% strain applied before crack
formation), sheet resistance of the SWCNT/hydrogel structure
is comparable to the values obtained for the SWCNTs
deposited onto the PDMS substrate (around 350 Ω/□). After
the cracks appear in the SWCNT ﬁlm, the resistance remains
in the range of 16−18 kΩ. However, we demonstrate stable
behavior of fabricated SWCNT/hydrogel structures, which
is observed during 5000 stretching/releasing cycles, while 30%
strain is applied. On the basis of the performed character-

RESULTS AND DISCUSSION

SWCNTs are synthesized by the aerosol (ﬂoating catalyst)
CVD method described elsewhere.27 SEM and TEM images of
the obtained SWCNT ﬁlms are presented in Figure S1.
SWCNT ﬁlms used in this study have a thickness of
approximately 40 nm (with an optical transmittance of 80%
at 550 nm). After the SWCNT ﬁlm on a nitrocellulose ﬁlter is
cut in a desired shape, it is simply pressed against the tough
hydrogel. As SWCNTs have low adhesion to a nitrocellulose
ﬁlter, the ﬁlter is easily peeled oﬀ, leaving the SWCNT ﬁlm on
the surface of the hydrogel. A step by step process of the
SWCNT deposition is illustrated in Figure S2.
Figure 1a,b shows the SWCNT ﬁlm deposition process on a
hydrogel surface, which can be implemented in two ways. The
ﬁrst approach is based on a simple transfer of the SWCNTs
from a ﬁlter onto the as-prepared hydrogel surface (Figure 1a),
while the second one is based on pre-stretching of the hydrogel
before the SWCNT ﬁlm deposition (Figure 1b). The
photographs of the stretched tough hydrogel and obtained
SWCNT/hydrogel structure are presented in Figure 1c. This
demonstrates the high transparency of the SWCNT/hydrogel
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Figure 2. Characterization of SWCNT/hydrogel structures prepared by deposition onto the as-prepared hydrogel: (a) resistance change during
several stretching/releasing cycles up to 15, 30, 50, and 100% strains applied, (b) transmittance spectra at diﬀerent strains, (c) SEM images after 15,
30, and 50% strains applied, and (d) optical microscopy image of SWCNT ﬁlm after the 100% strain applied.

Figure 3. Characterization of SWCNT/hydrogel structures prepared by deposition onto the pre-stretched hydrogel (the pre-strain value is 30%):
(a) resistance change while 15, 30, 50, and 100% strains are applied, (b) transmittance spectra at diﬀerent strains. SEM images of SWCNT/
hydrogel structure morphology: (c) before release of the hydrogel pre-strain after SWCNT ﬁlm deposition, (d) after release of the hydrogel
prestrain, (e) after 15 cycles of stretching to 30% strain.

ization, it may be proposed that such SWCNT/hydrogel
structures can be used for strain-sensitive applications.24

Transmittance spectra of the SWCNT/hydrogel structures
are presented in Figure 2b. The transmittance value at the
28071
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Figure 4. Application of SWCNT/hydrogel structures as active components: (a) biocompatible strain sensors for human motion detection:
resistance change of the SWCNT/hydrogel structure attached to a human arm under repeatable bending cycles, (b) resistance change of a
SWCNT/hydrogel electrode attached to a human ﬁnger depending on the bending angle.

wavelength of 550 nm decreases with the increase of the
applied strain (Figure S4a). This can be explained by the
increase of the scattering in the hydrogel structure while
stretching (Figure S5). The scanning electron microscopy
(SEM) images of the SWCNT networks after 15, 30, and 50%
strains applied are shown in Figure 2c. SEM studies of the
SWCNT/hydrogel structures conﬁrm a slightly changed
morphology of SWCNTs after application of these strain
values.
The same characterization is conducted for the second
approach with the SWCNT/hydrogel structures on hydrogel
pre-stretched to ε = 30%. It is conﬁrmed that the procedure of
the hydrogel substrate pre-stretching before the SWCNT ﬁlm
deposition allows us to exploit formed wrinkles for stable and
highly stretchable electronic components. A relative change in
the resistance of the SWCNT ﬁlm between stretched and
released states is about 7% for 15 and 30% strains applied
(Figure 3a). When the strain is higher than the pre-stretching
strain value, we observe a signiﬁcant increase of the resistance
of about 10 times at ε = 50% and 60 times at ε = 100% applied.
However, the resistance value at the 100% strain is still lower
for the pre-stretching approach (R = 6 kΩ) than that for the asprepared hydrogel approach (R = 30 kΩ). The transmittance
spectra of the SWCNT/hydrogel structures (Figure 3b)
demonstrate an increase in the transparency with the applied
strain. This can be explained by the process of wrinkle removal
leading to the improvement of the overall transmittance (from
the initial value of 37 to 57% while stretched to ε = 100%).
Thus, the pre-stretching approach allows us to improve the
transmittance of the whole structure at the stretched state.
Moreover, after the strain release, the transmittance returns
back to the value of 40%, which is close to the initial one
(Figure S4b). Thus, the pre-stretching of the hydrogel before
SWCNT deposition makes it possible to overcome the low
conductivity at high strains and ensure high transparency. SEM
images of the SWCNT/hydrogel structures before prestretching and after the strain release are shown in Figure
3c−e. From these images, we can observe an excellent
adhesion of the SWCNT ﬁlms to the hydrogel surface before
stretching and after the strain release. It is worth noting that
the demonstrated approach of the SWCNT/hydrogel
structures fabrication can be utilized for applications, where
stable performance of the electrodes during stretching is
needed without the alteration of the electrical properties.

The resistance (Rl) of the SWCNT/hydrogel structures
during stretching is estimated by the eq 128
Rl =

l
σltlwl

(1)

where σl is the electrical conductivity of the SWCNT/hydrogel
structures at a certain strain; l, wl, and tl are length, width, and
thickness of the sample, respectively, at a certain strain.
Here we use two assumptions: (i) electrical resistivity of the
structure is constant while stretching; (ii) relative change in the
SWCNTs and hydrogel dimensions, such as width and
thickness, are the same and can be found as29
l = l0(1 + ε);

wl = w0(1 + ε)−ν ;

tl = t0(1 + ε)−ν
(2)

where l0, w0, and t0 are the length, width, and thickness of the
structure before stretching; ε is applied strain value; ν is
Poisson’s ratio (ν = 0.4 for tough hydrogel).
Using eq 2 and two assumptions, we can express Rl in terms
of the stretching
R l = R 0(1 + ε)1 + 2ν

(3)

where R0 is the electrical resistance of the SWCNT/hydrogel
structures before stretching.
We use eq 3 to compare the experimental results and
theoretical prediction for the SWCNT/hydrogel resistance
change during stretching. The results (Figure S3c) reveal a
good agreement of the theory with the prestretched approach
and thus stable adhesion of the SWCNTs to hydrogel, which
can be explained by the appearance and removal of the
SWCNT wrinkles conﬁrmed by the SEM images. However,
disagreement of the theory with the as-fabricated approach is
demonstrated as a result of the structural changes and crack
formation in the SWCNT ﬁlm while stretching.
The fabricated transparent, stretchable, and electrically
conductive SWCNT/hydrogel structures can ﬁnd a variety of
applications as active and passive components, where on one
hand high sensitivity to the external force is desired, and on the
other one, stable performance of the electrical circuit is needed.
Such an eﬀect can be achieved by using two diﬀerent
deposition techniques, whether SWCNT ﬁlms are transferred
onto the as-fabricated tough hydrogel surface or onto the prestretched one, respectively. Thus, both approaches are based
on a simple and dry transfer technique, which allows utilization
of the same material (SWCNT ﬁlms) as a stable electrical
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Figure 5. Application of SWCNT/hydrogel structures as passive electrodes: (a) stretchable LED-based circuit with conductive SWCNT contacts at
diﬀerent stretched and twisted states, (b) SWCNT/hydrogel-based patterned circuits at a relaxed state and stretched to 50%, (c) biocompatible
electrodes for ECG signal measurements with photographs of SWCNT/hydrogel electrodes.

approach is a novel method of electrical circuit creation,
which allows fabrication of biocompatible, transparent, and
robust electrodes, stable under large deformations and
applicable for diﬀerent wearable electronic devices. Validation
of the performance of the SWCNT/hydrogel structures in an
electrical circuit is conﬁrmed by a constant intensity of an LED
light under the applied strain. Practically, SWCNT ﬁlm
patterns of any size and shape can be used for diﬀerent
wearable and skin-like devices (Figure 5b). As one more
example, we fabricated a stable electrode for continuous
monitoring of electrocardiography (ECG) signals and its longterm variability, which has improved signal-to-noise ratio (35
dB) compared to commonly used ECG electrodes (30 dB)
(Figure 5c). The fact that hydrogels are intrinsically wet will
allow them to remain breathable and allow for robust skin
contact, revealing its safety for biomedical applications. While
hydrogels consist of an ionic cross-linker, such material can
been used as transparent ionic conductor, connected to the
skin.

conductor and a sensitive detector. To demonstrate potential
applications of our novel material, we develop a stretchable
human motion detector based on the SWCNT transfer onto
the as-fabricated tough hydrogel and attach the SWCNT/
hydrogel electrodes (by the hydrogel side) to an arm or to a
ﬁnger (Figure 4a,b). To avoid mechanical failure at the
junction between the stretchable SWCNT/hydrogel structures
and rigid wires for signal processing, we use an adhesive
medical patch so that the hydrogel directly adhere to the skin.
After the fabrication, sensors are attached onto the target
places (knuckles and ﬁnger ﬂexor). As a result, the skin and
SWCNT/hydrogel sensor behave as a single cohesive
stretchable object, and deformation of the skin can be directly
monitored. To detect the relative resistance change from a
palm to a ﬁst (relaxed state of the arm (A) and clenched into a
ﬁst (B)), we fabricate a SWCNT/hydrogel strain sensor with a
30 × 5 mm2 sensing area (Figure 4a). In order to control small
motions, such as particular ﬁnger ﬂexing, we fabricate a
SWCNT/hydrogel strain sensor with a 10 × 5 mm2 sensing
area (Figure 4b). Thus, various types of skin strains can be
monitored by the upward and downward trends of the relative
resistance data plots. One of the most promising advantages of
such devices is the option for repeatable and constant use of
the sensor, which does not restrict motions. Proposed
SWCNT/hydrogel structures could be used for implantable
electrodes by simple encapsulation with the top layer of
hydrogel, as they are kept hydrated during the implantation
because of their water content.
On the basis of the second pre-stretching approach, we
fabricated SWCNT/hydrogel based passive electrodes. Figure
5a illustrates a rigid LED-based electronic circuit, which can be
mechanically deformed. Previously it has been achieved by a
wire connection of LED arrays,5,8,30 which is rigid and has
complicated technology to allow the stretchabilty. Our

■

CONCLUSION
In summary, we report new transparent, stretchable,
conductive, and biocompatible hydrogels modiﬁed by
SWCNT ﬁlms to create passive electrodes and active sensors
for wearable and skin-like electronics. We introduce here a
one-step, universal, and applicable method for SWCNT/
hydrogel structure fabrication, withstanding intrinsic stretching
up to 100% strain. Our method holds advantages, compared to
those reported previously, as it is a direct transfer from the
ﬁlter onto a hydrogel surface without the need for a sacriﬁcial
layer or any other intermediate steps. It is performed at
ambient conditions onto an aqueous hydrogel surface. We
applied our approach to the creation of a new set of soft and
28073
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robust components, such as electrodes for ECG monitoring
and active sensors for a human motion detection. Our method
of the SWCNT ﬁlms patterning allows the creation of largearea electronic circuits. Moreover, it has the potential to be
used for various tissue engineering or sensing applications as
well as for a variety of wearable devices, including electronic
skins.

■

Research Article

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.8b08409.
Comparison between diﬀerent electrically conductive
hydrogels, SEM and TEM images of SWCNTs, SWCNT
ﬁlm deposition process, theoretical prediction for the
relative resistance change of the SWCNT/hydrogel
structures, optical properties of hydrogels and SWCNT/
hydrogel structures, stability test for the resistance of
SWCNT/hydrogel structure (PDF)

EXPERIMENTAL SECTION

We utilized SWCNT ﬁlms produced by an aerosol (ﬂoating catalyst)
CVD method.27 Brieﬂy, this method is based on ferrocene vapor
thermal decomposition in the atmosphere of CO at the temperature
of 880 °C. The as-synthesized SWCNTs were collected downstream
of the reactor by passing the ﬂow through microporous nitrocellulose
ﬁlters.
Tough hydrogels utilized in this work were synthesized according
to a previously reported protocol.25,26 A precursor solution was
prepared by mixing 4.1 mL of 4.8 wt % alginate (Sigma, A2033) and
5.5 mL of 18.7 wt % acrylamide (Sigma, A8887). We added 0.2 g of
N,N-methylenebis(acrylamide) (Sigma, 146072) as the cross-linker
for polyacrylamide and 102 μL of 0.2 M ammonium persulfate
(Sigma, 248 614) as an initiator for polyacrylamide. After degassing
the precursor solution in a vacuum chamber, we added 200 μL of 1 M
calcium sulfate (Sigma, C3771) as the ionic cross-linker for alginate
and 8.2 μL of N,N,N′,N′-tetramethylethylenediamine (Sigma,
T7024−50M) as the cross-linking accelerator for acrylamide.
Thereafter, the precursor solution was poured into an acrylic mold
and was subjected to ultraviolet light for 60 min with 8 W power and
254 nm wavelength to cure the hydrogel.
After deposition, the SWCNT/hydrogel structures were simultaneously tested (homemade stretching device) with two-wire
resistance measurements (Digital Multimeter Keysight 34410A).
Both edges of the hydrogel substrate with the deposited SWCNT ﬁlm
(Figure S3a) were ﬁxed under the clips of a stretching device (Figure
S3b). The morphologies of the SWCNT/hydrogel structures were
investigated using an FEI Versa Dual Beam scanning electron
microscope (environmental mode) with a special tensile stage Gatan
200N for an in situ visualization of stretching/releasing processes.
TEM images were obtained with a Tecnai G2 F20 transmission
electron microscope with a point resolution of 0.24 nm at 80 kV. For
the characterization of optical properties, transmittance of the samples
was measured by Lambda 1050 UV−vis−NIR spectrophotometer at
the 350−2000 nm wavelength range. The scattering spectra (diﬀusive
part of full transmittance) of the hydrogel at diﬀerent stretched states
were measured using a spectral response measurement system,
Bentham PVE300. The system is equipped with DTR6 integrating
sphere (Ba2SO4-coated, 150 mm in a diameter) with an approximately
2.5 × 2.5 mm2 monochromatic probe beam on the working plane of a
sample.
In order to fabricate patterned SWCNT ﬁlms on a hydrogel
surface, demonstrated in Figure 4, we used the following technique. A
template of the SWCNT ﬁlm pattern was created by graphical
software and processed by the CO2 laser cutting machine (GCC
LaserPro Spirit GLS) and computer printing tool. The SWCNT ﬁlm
was patterned according to the created image of the desired circuit by
simple burning of the SWCNTs at undesired places. Further hydrogel
substrate was pressed against the patterned SWCNT ﬁlms, and after
the deposition, a nitrocellulose ﬁlter was peeled oﬀ from the surface. A
small amount of conductive silver paste was used in order to make
contact between the SWCNT ﬁlm and rigid case of LED.
For ECG signal measurements, the AD8232 integrated signal
conditioning block was used. A three-electrode conﬁguration was
realized for signal processing, where ﬁrst commercially available ECG
electrodes were connected to the right and left hands and right foot.
After that, SWCNT/hydrogel-based electrodes were attached to the
same places.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: a.nasibulin@skoltech.ru (A.G.N.)
ORCID

Evgenia P. Gilshteyn: 0000-0001-5938-2523
Daria S. Kopylova: 0000-0002-8685-7966
A. John Hart: 0000-0002-7372-3512
Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the ﬁnal version of
the manuscript.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors thank Stepan A. Romanov for fruitful discussions.
This work was supported by the Skoltech NGP Program
(Skoltech−MIT joint project) “Carbon Nanomaterial Manufacturing Platforms for Interactive Surfaces and Smart
Prosthetics”. E.G.P., V.A.K., D.S.K., A.P.T., and A.G.N thank
the Russian Science Foundation for ﬁnancial support of the
synthesis and characterization of the fabricated structures
(Agreement No. 17-19-01787).

■

REFERENCES

(1) Lee, K. Y.; Mooney, D. J. Hydrogels for Tissue Engineering.
Chem. Rev. 2001, 101, 1869−1880.
(2) Aregueta-Robles, U. A.; Woolley, A. J.; Poole-Warren, L. A.;
Lovell, N. H.; Green, R. A. Organic Electrode Coatings for nextGeneration Neural Interfaces. Front. Neuroeng. 2014, 7, 15.
(3) Imaninezhad, M.; Kuljanishvili, I.; Zustiak, S. P. A Two-Step
Method for Transferring Single-Walled Carbon Nanotubes onto a
Hydrogel Substrate. Macromol. Biosci. 2017, 17, 1600261.
(4) Peppas, N. A.; Hilt, J. Z.; Khademhosseini, A.; Langer, R.
Hydrogels in Biology and Medicine: From Molecular Principles to
Bionanotechnology. Adv. Mater. 2006, 18, 1345−1360.
(5) Jeong, J. W.; McCall, J. G.; Shin, G.; Zhang, Y.; Al-Hasani, R.;
Kim, M.; Li, S.; Sim, J. Y.; Jang, K. I.; Shi, Y.; Hong, D. Y.; Liu, Y.;
Schmitz, G. P.; Xia, L.; He, Z.; Gamble, P.; Ray, W. Z.; Huang, Y.;
Bruchas, M. R.; Rogers, J. A. Wireless Optofluidic Systems for
Programmable In Vivo Pharmacology and Optogenetics. Cell 2015,
162, 662−674.
(6) Lin, S.; Yuk, H.; Zhang, T.; Parada, G. A.; Koo, H.; Yu, C.; Zhao,
X. Stretchable Hydrogel Electronics and Devices. Adv. Mater. 2016,
28, 4497−4505.
(7) Liu, X.; Yuk, H.; Lin, S.; Parada, G. A.; Tang, T. C.; Tham, E.; de
la Fuente-Nunez, C.; Lu, T. K.; Zhao, X. 3D Printing of Living
Responsive Materials and Devices. Adv. Mater. 2018, 30, 1704821.
(8) Yuk, H.; Zhang, T.; Parada, G. A.; Liu, X.; Zhao, X. Skin-Inspired
Hydrogel-Elastomer Hybrids with Robust Interfaces and Functional
Microstructures. Nat. Commun. 2016, 7, 12028.

28074

DOI: 10.1021/acsami.8b08409
ACS Appl. Mater. Interfaces 2018, 10, 28069−28075

Research Article

ACS Applied Materials & Interfaces
(9) Rogers, J. A.; Someya, T.; Huang, Y. Materials and Mechanics for
Stretchable Electronics. Science 2010, 327, 1603−1607.
(10) Morin, S. A.; Shepherd, R. F.; Kwok, S. W.; Stokes, A. A.;
Nemiroski, A.; Whitesides, G. M. Camouflage and Display for Soft
Machines. Science 2012, 337, 828−832.
(11) Sun, J. Y.; Zhao, X.; Illeperuma, W. R. K.; Chaudhuri, O.; Oh,
K. H.; Mooney, D. J.; Vlassak, J. J.; Suo, Z. Highly Stretchable and
Tough Hydrogels. Nature 2012, 489, 133−136.
(12) Hong, S.; Sycks, D.; Chan, H. F. a.; Lin, S.; Lopez, G. P.;
Guilak, F.; Leong, K. W.; Zhao, X. 3D Printing: 3D Printing of Highly
Stretchable and Tough Hydrogels into Complex, Cellularized
Structures. Adv. Mater. 2015, 27, 4034.
(13) Yuk, H.; Lin, S.; Ma, C.; Takaffoli, M.; Fang, N. X.; Zhao, X.
Hydraulic Hydrogel Actuators and Robots Optically and Sonically
Camouflaged in Water. Nat. Commun. 2017, 8, 14230.
(14) Pan, L.; Yu, G.; Zhai, D.; Lee, H. R.; Zhao, W.; Liu, N.; Wang,
H.; Tee, B. C.-K.; Shi, Y.; Cui, Y.; Bao, Z. Hierarchical Nanostructured Conducting Polymer Hydrogel with High Electrochemical
Activity. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 9287−9292.
(15) Yu, C.; Duan, Z.; Yuan, P.; Li, Y.; Su, Y.; Zhang, X.; Pan, Y.;
Dai, L. L.; Nuzzo, R. G.; Huang, Y.; Jiang, H.; Rogers, J. A.
Electronically Programmable, Reversible Shape Change in Two- and
Three-Dimensional Hydrogel Structures. Adv. Mater. 2013, 25,
1541−1546.
(16) Guiseppi-Elie, A. Electroconductive Hydrogels: Synthesis,
Characterization and Biomedical Applications. Biomaterials 2010,
31, 2701−2716.
(17) Shi, Z.; Gao, X.; Ullah, M. W.; Li, S.; Wang, Q.; Yang, G.
Electroconductive Natural Polymer-Based Hydrogels. Biomaterials
2016, 111, 40−54.
(18) Mawad, D.; Lauto, A.; Wallace, G. G. Conductive Polymer
Hydrogels. Polymeric Hydrogels as Smart Biomaterials 2016, 19−45.
(19) Ahn, Y.; Lee, H.; Lee, D.; Lee, Y. Highly Conductive and
Flexible Silver Nanowire-Based Microelectrodes on Biocompatible
Hydrogel. ACS Appl. Mater. Interfaces 2014, 6, 18401−18407.
(20) Sandu, G.; Ernould, B.; Rolland, J.; Cheminet, N.; Brassinne, J.;
Das, P. R.; Filinchuk, Y.; Cheng, L.; Komsiyska, L.; Dubois, P.;
Melinte, S.; Gohy, J.-F.; Lazzaroni, R.; Vlad, A. Mechanochemical
Synthesis of PEDOT:PSS Hydrogels for Aqueous Formulation of LiIon Battery Electrodes. ACS Appl. Mater. Interfaces 2017, 9, 34865−
34874.
(21) Xu, Y.; Lin, Z.; Huang, X.; Wang, Y.; Huang, Y.; Duan, X.
Functionalized Graphene Hydrogel-Based High-Performance Supercapacitors. Adv. Mater. 2013, 25 (40), 5779−5784.
(22) Kaskela, A.; Nasibulin, A. G.; Timmermans, M. Y.; Aitchison,
B.; Papadimitratos, A.; Tian, Y.; Zhu, Z.; Jiang, H.; Brown, D. P.;
Zakhidov, A.; Kauppinen, E. I. Aerosol-Synthesized SWCNT
Networks with Tunable Conductivity and Transparency by a Dry
Transfer Technique. Nano Lett. 2010, 10, 4349−4355.
(23) Yu, Y.; Liu, F.; Zhang, R.; Liu, J. Suspension 3D Printing of
Liquid Metal into Self-Healing Hydrogel. Adv. Mater. Technol. 2017,
2, 1700173.
(24) Ahadian, S.; Ramón-Azcón, J.; Estili, M.; Liang, X.; Ostrovidov,
S.; Shiku, H.; Ramalingam, M.; Nakajima, K.; Sakka, Y.; Bae, H.;
Matsue, T.; Khademhosseini, A. Hybrid Hydrogels Containing
Vertically Aligned Carbon Nanotubes with Anisotropic Electrical
Conductivity for Muscle Myofiber Fabrication. Sci. Rep. 2015, 4,
4271.
(25) Shin, S. R.; Jung, S. M.; Zalabany, M.; Kim, K.; Zorlutuna, P.;
Kim, S. B.; Nikkhah, M.; Khabiry, M.; Azize, M.; Kong, J.; Wan, K.;
Palacios, T.; Dokmeci, M. R.; Bae, H.; Tang, H.; Khademhosseini, A.
Carbon-Nanotube-Embedded Hydrogel Sheets for Engineering
Cardiac Constructs and Bioactuators. ACS Nano 2013, 7, 2369−2380.
(26) Gao, K.; Shao, Z.; Wang, X.; Zhang, Y.; Wang, W.; Wang, F.
Cellulose nanofibers/multi-walled carbon nanotube nanohybrid
aerogel for all-solid-state flexible supercapacitors. RSC Adv. 2013, 3,
15058.
(27) Moisala, A.; Nasibulin, A. G.; Brown, D. P.; Jiang, H.;
Khriachtchev, L.; Kauppinen, E. I. Single-Walled Carbon Nanotube

Synthesis Using Ferrocene and Iron Pentacarbonyl in a Laminar Flow
Reactor. Chem. Eng. Sci. 2006, 61, 4393−4402.
(28) Lipomi, D. J.; Vosgueritchian, M.; Tee, B. C. K.; Hellstrom, S.
L.; Lee, J. A.; Fox, C. H.; Bao, Z. Skin-like Pressure and Strain Sensors
Based on Transparent Elastic Films of Carbon Nanotubes. Nat.
Nanotechnol. 2011, 6, 788−792.
(29) Feng, C.; Jiang, L. Y. Investigation of Uniaxial Stretching Effects
on the Electrical Conductivity of CNT-Polymer Nanocomposites. J.
Phys. D: Appl. Phys. 2014, 47 (40), 405103.
(30) Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; IzadiNajafabadi, A.; Futaba, D. N.; Hata, K. A Stretchable Carbon
Nanotube Strain Sensor for Human-Motion Detection. Nat. Nanotechnol. 2011, 6, 296−301.

28075

DOI: 10.1021/acsami.8b08409
ACS Appl. Mater. Interfaces 2018, 10, 28069−28075

