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ABSTRACT: A facile route to novel stretchable conductive
elastomers with micro-ionicgel acting as conductive fillers was
developed via oil-in-0il Pickering emulsion polymerization of
nonpolar monomers A and a mixture of polar monomers B and
ionic liquids (ILs). Oil-in-oil Pickering emulsions were first
fabricated by mixing n-butyl acrylate (n-BA), acrylic acid (AA),
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ionic liquid (1-butyl-3-methylimidazolium tetrafluoroborate, Otimailemuieg
[EMIM]*[BF4]7), and alkyl vinyl-functionalized silica particles. :VE::"W R

The emulsion structure was directly observed using the dye-labeled  ....... + 220

AA-IL phase by confocal fluorescence microscopy. Upon polymer-  ~~ ra ~
ization, the IL-based conductive composite elastomers were

obtained, where the continuous phase and the dispersed phase are poly(n-butyl acrylate) (PnBA) and poly(acrylic acid) containing
ILs (PAA-ILs, referred to as micro-ionicgel), respectively. The PnBA matrix endows the formed elastomer with extremely large
stretchability (up to 12000% strain) and insensitivity to moisture. The micro-ionicgels PAA-ILs not only contribute to good
conductivity but can also prevent the leakage of ILs upon stretching or folding. The electrical impedance-based stretchable sensors
fabricated using this IL elastomer could detect various human motions including the bending of a finger, wrist, elbow, and knee.
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Therefore, the as-developed sensors show promising applications for human—machine interfaces of flexible wearable sensors.
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1. INTRODUCTION

Flexible pressure and strain wearable sensors, which are
capable of transducing mechanical deformations into electrical
signals, have shown significant promise for a broad range of
applications such as human—machine interfaces,' > personal
healthcare diagnosis,4 and activity monitoring.5 Both flexible
pressure and strain sensors require conductive elastomers
serving as stretchable electrodes in capacitive or resistive circuit
elements.”” Currently, the reported conductive elastomers are
mostly fabricated by incorporating conductive fillers (carbon
materials,””'" conducting polymers,"""> and metal nano-
wires'”'*) into the flexible polymer matrix to form a
conductive network."® Although the sensors fabricated using
these elastomers could monitor small strains or pressure with
high sensitivity, they display limited stretchability (less than
200%) due to the large difference between Young’s moduli of
the soft matrix and the rigid filler.'™'® Meanwhile, these
sensors usually suffer from rapid deterioration in conductivity
because of the separation and breakage of the integrated
conductive fillers under repeated large deformation, thereby
significantly limiting their applications.'” Another route toward
preparation of conductive elastomers is to coat the conductive
layers onto the surface of elastomeric substrates such as
poly(dimethylsiloxane).”” Even though the obtained sensors
exhibit good stretchable properties, the conductive layers are
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easily delaminated or peel off from the substrate upon
stretching, bending, or scratching, resulting in deterioration
or even failure of the electrical performance.m’22 In addition,
this strategy suffers from the complexity and high cost of the
manufacturing processes. Therefore, extremely stretchable
conductive elastomers with antifatigue conductivity are of
significance to developing high-performance flexible wearable
Sensors.

Ionic liquids (ILs) have unique characteristics such as high
conductivity, high thermal and chemical stability, low viscosity,
and nonﬂammability.m’24 Due to this reason, IL-based
conductive elastomers have started to receive increasing
attention from researchers for the development of novel
improved sensors.">*>*” Tonic liquid conductive elastomers
are usually fabricated by incorporating the ionic liquid into a
flexible matrix, achieving conductivity by ionic transportation
through polymer chains.” In particular, ionic liquid conductive
elastomers show good stretchability,” high conductivity,””*
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Scheme 1. Schematic Illustration of the IL-Based Conductive Elastomer Formed via Oil-in-oil Pickering Emulsion
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and a wide range operating temperatures,’’ which are
extremely difficult or even impossible to realize by traditional
conductive composite elastomers. IL conductive elastomers,
however, often suffer from some limitations inherent to ILs.
Due to the high hydrophilicity of ILs, IL conductive elastomers
are usually unstable in ambient conditions, which could cause
an alteration of various properties including stretchability and
conductivity.32 Meanwhile, IL elastomers confront the
problem of leakage when subjected to external mechanical
forces (including stretching and folding).33’34 Furthermore,
most elastomers with good stretchability are nonpolar and
hydrophobic; thus, the fabrication of IL-based elastomers is
largely restricted to the miscibility of many elastomers with
ILs.*>*® Thus far, reports on IL elastomers with large
stretchability and high stability are rare, and newly designed
strategies enabling high-performance IL elastomers are
desirable.

Herein, we reported a versatile and simple strategy for the
fabrication of high-performance IL-based conductive elasto-
mers via oil-in-oil Pickering emulsion polymerization (Scheme
1). Specifically, the emulsion consists of the nonpolar
continuous phase of n-BA monomers and the polar dispersed
phase of a mixture of AA monomers and ILs, using alkyl vinyl-
functionalized silica particles as the surfactant. Upon ultraviolet
light irradiation, the n-BA phase polymerized to form the
elastic matrix, while the mixture of AA and ILs formed the
micro-ionicgel PAA-ILs. Thus, conductive elastomers possess-
ing the sea—island unique architecture were obtained. The
PnBA matrix contributes to the extremely high stretchability
(up to 12.000%) of the resulting materials, rendering them one
of the most stretchable IL-based elastomers reported so far. In
addition, PAA-IL micro-ionicgels acting as novel conductive
fillers endows them with good conductivity and a wide range of
operating temperatures. Importantly, the resulting IL-based
conductive elastomers can avoid the instability caused by
moisture absorption from the air and the IL leakage during
deformation. To demonstrate the applications of the prepared
IL-based elastomers, electrical impedance-based stretchable
sensors were constructed that can sensitively detect different
human motions. With such advantages, the prepared IL-based
elastomers are expected to be widely used as ideal sensors for
flexible electronic devices.

2. EXPERIMENTAL METHODS

2.1. Materials. Acrylic acid (AA) and n-butyl acrylate (n-BA) were
obtained from Sigma-Aldrich Co. The ionic liquid (1-butyl-3-
methylimidazolium tetrafluoroborate, [EMIM]*[BF,]”) was pur-
chased from TCI Co. Nanosilica white powders (average diameter
was 30 nm), 3-aminopropyl trimethoxysilane, triethylamine, 2,2-
diethoxyacetophenone, e-caprolactone, and methacryloyl chloride
were purchased from Shanghai Aladdin Co. Toluene, tetrahydrofuran,
and triethylamine were obtained from Macklin Co. All of the solvents
were dried using a solvent purification system. VHB tape was
purchased from Minnesota Mining and Manufacturing (3M) Co.

2.2. Characterization. Microscope photography was carried out
on an Olympus BX-53M instrument, and the photographs were
analyzed using Image]. Fourier transform infrared (FT-IR) spectra
were obtained using a Nicolet 670 spectrometer with the attenuated
total reflectance (ATR) accessory. Thermal gravimetric analysis
(TGA) was performed on a TG 209 F1 from room temperature to
500 °C in a N, atmosphere with a heating rate of 10 °C min™".
Scanning electron microscopy (SEM) observation was performed
with a JSM-7500F (JEOL, Japan) at an operation voltage of S kV. The
conductivity of IL-CEg, was measured by the four-point probe
resistivity test using the 4-Point probe resistivity measurement system
(RTS-8) with a size of 1X § X 5 mm®. The 'H nuclear magnetic
resonance ('H NMR) spectrum of IL-CE was recorded on an
AVANCE III 600 MHz NMR spectrometer using CDCl; as the
solvent. Gel permeation chromatographic (GPC) analysis was
conducted using the 1260 Infinity II system, equipped with two
Phenomenex linear S mm Styragel columns, and THF was used as an
eluent at a flow rate of 1.0 mL min™".

2.3. Preparation of Vinyl-SiO,. The synthesis of vinyl-SiO, was
carried out according to a method previously reported by us.*” First,
3.5 g of silica particles and 5 mL of 3-aminopropyl trimethoxysilane
were added into a 250 mL flask, followed by the addition of toluene
(200 mL) to form a uniform solution. After constant stirring for 12 h
at 90 °C, the amino group-modified silica (SiO,-NH,) was obtained.
Next, 1.2 g of SiO,-NH, and 7.5 g of e-caprolactone were dissolved in
200 mL of tetrahydrofuran. Hydroxyl hybrid silica (SiO,-R-OH) was
obtained after stirring for 12 h at room temperature. Finally, 1.3 g of
SiO,-R-OH, 0.5 mL of methylacryloyl chloride, and 0.45 mL of
triethylamine were added to 100 mL of tetrahydrofuran under
vigorous stirring for 12 h at room temperature, and vinyl-SiO, was
obtained. All of the modified silica was collected by centrifugation and
stored at 2—8 °C in a nitrogen atmosphere.

2.4. Preparation of the lonic Liquid Composite Conductive
Elastomer. The vinyl hybrid silica could play the role of surfactant to
form the Pickering emulsion. First, 0.6 mL of n-BA, 0.1 mL of AA,
0.25 mL of 1-butyl-3-methylimidazolium tetrafluoroborate, and 10 mg
of 2, 2-diethoxyacetophenone were mixed under violent stirring. With
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Figure 1. Diameter distribution of droplets in (a) 0 min and (b) 30 min with different vinyl-SiO, concentrations. (c) Optical micrographs of
Pickering emulsions prepared with varying concentrations of vinyl hybrid silica, 20, 40, 60, and 80 mg/mL, in 30 min (the scale bar is 10 ym).

the introduction of vinyl hybrid silica, a homogeneous solution was
obtained. The precursor solution was transferred to a PTFE mold (30
X 10 X 1 mm?®) and polymerized under UV light for 2 h (4 = 365 nm,
power = 8 W). The ionic liquid composite conductive elastomer was
denoted as IL-CE,, where y represents the content of vinyl-SiO,.
Namely, IL-CE,,, IL-CE, and IL-CEy, indicate that the content was
40, 60, and 80 mg/mL, respectively.

3. RESULTS AND DISCUSSION

The fabrication procedure of IL-based conductive elastomer
PnBA/SiO,/PAA-ILs via oil-in-oil Pickering emulsion is
described in Scheme 1, which includes two steps. First, n-
BA, AA, ILs, vinyl-SiO,, and a photoinitiator were mixed
together to form a relatively stable emulsion. Second, the
resulting emulsion was polymerized by being subjected to
ultraviolet light irradiation (365 nm) to produce the elastomers
(denoted as IL-CE,, where y is the content of vinyl-SiO, in the
feed (20, 40, 60, and 80 mg/mL). The deliberate design using
micro-ionicgel as conductive fillers was the critical point of this
system, which could dissolve two key issues for applications of
IL-based conductive elastomers, namely, (i) instability caused
by absorbing moisture from the air and (ii) leakage of ILs upon
stretching and folding.

First, hydrophobic silica nanoparticles tailored with alkyl
chains as the surfactant were prepared according to the process
shown in Scheme S1.*” Active amino groups were first
introduced onto the surface of bare SiO, particles to produce
SiO,-NH,. Subsequently, the as-prepared SiO,-NH, reacted
with e-caprolactone to afford the hydroxyl hexyl-functionalized
silica particles SiO,-R-OH (R:-CO(CH,);-OH). Finally, the
as-prepared SiO,-R-OH further reacted with methacryloyl
chloride to give the particle surfactant vinyl-SiO,. It should be
pointed out that the alkyl chains grafted onto the SiO, surface
are necessary for the formation of stable emulsion, while the
end vinyl groups play the role of cross-linkers for enhancing
the interface interactions of two immiscible phases as the
emulsion is cured. Functionalization of SiO, was verified by
FT-IR and TGA characterizations. As shown in Figure Slc, the
peaks observed at 1670 and 940 cm™' originated from the

characteristic stretching of the vinyl groups, which demon-
strated the successful tethering of vinyl alkyl chains onto the
surface of $i0,.*%*° Figure S2 shows the TGA analysis of SiO,-
NH,, SiO,-R-OH, and vinyl-SiO,. In comparison with SiO,-
NH,, the samples of SiO,-R-OH and vinyl-SiO, exhibited
increasing weight loss (8 and 36%, respectively), further
informing the successful tethering of vinyl alkyl chains onto the
surface of Si0,.*

Due to the successful vinyl alkyl chain grafting, the obtained
vinyl-SiO, particles were utilized as good solid particle
emulsifiers to prepare the Pickering emulsion. The effect of
the concentration of vinyl-SiO, on the stability of the formed
Pickering emulsion was investigated by varying vinyl-SiO,
concentrations. Figure lab shows the optical pictures of
Pickering emulsion with varied concentrations of vinyl-SiO, at
20, 40, 60, and 80 mg/mL at 0 min and 30 min. It can be seen
that the Pickering emulsion displayed obviously layered phase
separation with the addition of 20 mg/mL vinyl-SiO, and the
color difference of the whole system gradually disappeared
with the concentration of vinyl-SiO, increasing, indicating the
formation of more uniform Pickering emulsion. It is well
known that an increasing amount of the added solid particle
emulsifiers adsorbing at the biphase interface results in the
increasing contact area of the phase interface, implying the
formation of a more stable emulsion. After 30 min, obvious
phase separation occurred in the systems with lower emulsifier
concentrations (20 and 40 mg/mL), further confirming that
the stability of the Pickering emulsion largely depended on the
content of vinyl-SiO,. The prepared Pickering emulsions with
different concentrations of vinyl-SiO, were further observed
using the dye-labeled AA-IL phase by confocal fluorescence
microscopy, and Figure 1c shows their polarized micrographs.
When the concentration of vinyl-SiO, was 20 mg/mL,
polydispersed AA-IL droplets with an average size of about
35 pum were first produced, but we failed to obtain stable
emulsion as the droplets gradually coalesced into larger ones
during 30 min, indicating the insufficiency of the particle
emulsifiers. As for the emulsions with the concentrations of
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Figure 2. (a) Thermogravimetric curve of the conductive elastomer. (b) Environmental stability testing of the conductive elastomer in open air at
test temperatures of 30, S0, and 100 °C. (c) Temperature dependence of G’ and G” for the conductive elastomer from S to 140 °C. (d) Stability of
the ionic conductivity at room or high temperatures for a long period. (e) Relative changes in ionic conductivity in the temperature range of 0—150
°C. (f) Summary of the conductivity of different conductive elastomers.
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Figure 4. (a) Schematic illustration and the photograph of the IL conductive elastomer-based resistance sensor attached to the puppet’s finger. (b)
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vinyl-SiO, from 40 to 80 mg/mL, no remarkable variations in
the average droplet size were observed at the beginning.
However, after 30 min, only the droplet size of the emulsion
with the particle emulsifier concentration of 80 mg/mL did not
change obviously, suggesting that the resultant emulsion
possessed relatively good stability.

The as-prepared Pickering emulsions were polymerized to
afford the IL-based conductive elastomers PnBA/SiO,/PAA-
ILs, which combine the good mechanical properties of
elastomers with the high conductivity of ILs. As shown in
Figure S3, the characteristic signals belonging to the double
bonds of n-BA and AA monomers were not observed,
indicating that polymerization was complete. Figure S4
shows the SEM morphologies of the resulting elastomer,
from which it could be observed that the islandlike PAA-IL
microgels were well dispersed in the matrix. Due to this unique
structure, the obtained IL-based conductive elastomers
possessed many special characteristics. As shown in the
thermogravimetric curve (Figure 2a), they possess a high
decomposition temperature (up to 225 °C in air and 230 °C in

N,), indicating that they can be used even under a high
temperature. The elastomer’s stability at different constant
temperatures (30, 50, and 100 °C) in open air was
investigated. Figure 2b shows that the weight of the as-
prepared elastomer remained unchanged even after 30 h,
implying that the elastomer is suitable for applications in open
air and a wide range of temperatures. Meanwhile, the effect of
humid conditions on the properties of the prepared conductive
elastomer was further investigated, as shown in Figure SS. It
can be seen that the weight and the conductivity of the
elastomers remained almost unchanged within 30 h, implying
that the materials possess good stability under different
humidities. Temperature sweep measurements for the
prepared IL-based elastomers with different contents of
vinyl-SiO, are shown in Figure 2¢c. Through the whole testing
temperature range (10—140 °C), the elastomer samples
retained their solidlike behavior as the storage modulus (G’)
always remained higher than the loss modulus (G”). Besides,
the elastomers possessed stable conductivity, confirmed by the
material’s relative conductivity (6/0,) remaining nearly
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constant at a low or high temperature for a long period (Figure
2d). Meanwhile, the conductivity exhibited a temperature-
dependent behavior and there was an almost linear relationship
between them (Figure 2e). The conductivity of the elastomers
was improved with increasing temperature and vice versa. This
phenomenon is widely observed in ionic conductors. In Figure
2f, we also compared the IL-based elastomer’s conductivity in
this work to those reported previously, which are based on
carbon materials,**™ silver nanowires,"> and lithium bis-
(trifluoromethane sulfonimide).**** The IL-based elastomer in
this work outperforms the former two kinds and is comparable
with the last.

Given the inherent features of the PnBA matrix and the
cross-linked structure, the obtained IL-based conductive
elastomers are expected to exhibit good mechanical proper-
ties."” As shown in Figure S6, no trace of polymers was
observed, further confirming the cross-linked structure of the
as-prepared elastomers. Figure 3a,b shows that the resulting IL-
based conductive elastomers possessed a very high stretch-
ability and good mechanical strength. Especially, the
elastomers IL-CE,;, and IL-CE4, could be surprisingly
stretched to about 125 times their original length without
rupture, which is better than most of the reported conductive
elastomers. In addition, their tensile properties were obviously
affected by the contents of vinyl-SiO, (Figure 3b). As the
contents of vinyl-SiO, increased to 80 mg/mL, the fracture
stress of the elastomer was up to about 1.46 MPa with the
break strain maintained at ca. 5000%. Furthermore, the
relationship between the loading rate and the mechanical
properties was investigated. From Figure S7, it was observed
that the elastomer’s mechanical strength obviously increased
with the increase of the loading rate from 0.08 to 0.33 s
implying that the loading rate significantly affects the
mechanical properties of the materials. Apart from excellent
mechanical properties, the resulting elastomers also possessed
good elasticity. To evaluate the elasticity of the materials, cyclic
stress—strain tests without waiting time between two
consecutive loadings were first performed with gradually
increasing strains. As shown in Figure 3c, the elastomer IL-
CEyg could almost recover to its original state after the first
tensile cycle with a strain of 50%, and the better elasticity is
probably due to the deformation of the micro-ionicgels PAA-
ILs during the stretching process. After sequential cycles with
larger strains, the elastomer showed observable residual strain,
which might be attributed to the partial breakage of the
covalent bonds at the interface of the PnBA matrix and micro-
ionicgels PAA-ILs. Meanwhile, the pronounced hysteresis at all
strains indicated successful energy dissipation during the
stretching/releasing process. To characterize the cyclic stability
of the elastomers, the uninterrupted cyclic tensile test with a
strain of 100% was performed. As shown in Figure 3d, the
obvious hysteresis loop could be observed in the first cycle,
implying the significant energy dissipation. In the next few
cycles, IL-CEy, exhibited excellent fatigue durability, in which
the stress—strain curves were almost overlapped. Notably, the
maximum stress and the energy loss coeflicient were
maintained at 68.3 and 59.3%, respectivelg, without a sustained
and noticeable decrease (Figure 3e).”*® To further demon-
strate the excellent toughness of the elastomers, puncture
resistance tests were performed by puncturing the samples with
a needle (inset of Figure 3f).*’ Figure 3f shows the force—
displacement curves of the elastomers with diverse vinyl-SiO,
nanoparticle contents, from which an obvious increase of force

was observed on increasing the vinyl-SiO, nanoparticle
contents. The puncture resistance tests were conducted on a
universal testing machine by using the puncture resistance
testing machine (Figure S8).

With the excellent mechanical properties, good conductivity,
and high stability in open air, the fabricated IL-based
elastomers can be employed as electrodes for future flexible
sensor applications. Figure 4a illustrates the triple-layer
structure of the sensor, in which the conductive elastomer
was sandwiched between two pieces of VHB.?’ The fabricated
sensor could respond to mechanical stimuli including
stretching and bending by electronic signals. Figure 4b shows
the relative resistance change (AR/R,) with regard to applied
tensile strains up to 200%. The GF value reached 1.11 in this
strain range, indicating that the IL-based sensor possessed a
high strain sensitivity. Meanwhile, as shown in Figure 4c, there
is a reversible linear relationship between strain and resistance
with highly stable sensitivity. As the IL-based sensor is
subjected to various strains at a fixed strain speed, the relative
resistant changes gradually increased with the strain increasing
from 50 to 200%, and no obvious shift of the electric signal
baseline was observed during the stretching, further confirming
the good conductive stability of the sensors (Figure 4d).
Moreover, depending on the remarkable conductivity, the
response and recovery time of the sensor for the loading and
unloading process were both only 120 ms under 10% strain
(Figure 4e). The high sensing performance endows the
constructed sensors with the capability to accurately monitor
various motions of the human body by the changes in the
resistance. Figure 4f shows that as the prosthetic finger bends
at different angles (30, 60, and 90°), the resistance of the
sensor correspondingly changes and the amplitudes of the
signals increase with the increasing bending angle. Besides,
other body movements, such as elbow, wrist, and knee
bending, could also be detected sensitively, as shown in Figure

4g.

4. CONCLUSIONS

In summary, novel conductive elastomers PnBA/SiO,/PAA-
ILs with micro-ionicgels acting as conductive fillers were
successfully fabricated via one-pot oil-in-oil Pickering emulsion
polymerization, in which the islandlike micro-ionicgels
dispersed in the elastic matrix. On the one hand, this strategy
makes it realize to integrate the polar ILs into the nonpolar
matrix to fabricate conductive elastomers. Most importantly,
the resulting IL-based conductive elastomers exhibited a
combination of many desirable properties including stability
in open air, no leakage of ILs during deformation, a wide
operating temperature range, excellent conductivity, large
stretchability, good elasticity, and toughness. These properties
make the as-prepared nanocomposite elastomers ideal
candidates for wearable strain sensors. Thus, we demonstrated
the applications of the constructed sensors for accurately
monitoring various motions of the human body including
finger, elbow, wrist, and knee bending. Overall, this study
develops a facile and meaningful approach to fabricate IL-
based conductive sensors for human healthcare monitoring.
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Mechanical measurements, sensing performance, and
human detection; synthesis of surface-modified vinyl-
SiO, (Scheme S1); FT-IR spectra, TGA curve of the
modified silica; '"H NMR of the resulting elastomer;
SEM images of the resulting elastomer samples; stability
of the material at different humidities; GPC trace of the
conductive elastomer; tensile curves at different strain
rates; and schematic illustration of the puncture
resistance testing machine (Figures $1-S8) (PDF)
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