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A B S T R A C T   

As practical interest in wearable electronic devices and biomimetic transducers increases, the demand for 
elastomers with excellent dielectric behavior as well as good mechanical properties is growing. Herein, we 
propose a new concept of carbon black (CB)-embedded polydimethylsiloxane (PDMS) composites with high 
dielectric properties via a one-pot process. The dispersant-grafted CB3wt%/PDMS composites show an enhanced 
dielectric constant of 1090 with low loss tangent as low as 0.45 at 100 Hz, which is 340- and 145-fold higher than 
those of the pure PDMS and dispersant-free CB3wt%/PDMS, respectively. Experimental and simulation studies 
demonstrate that the dielectric properties of CB/PDMS composites depend on the CB dispersion in the PDMS 
matrix, which is influenced by the chain length of dispersant and the amount of residual dispersant. As a proof of 
concept, the capacitive pressure sensor based on CB/PDMS flat structure has been demonstrated, exhibiting 46- 
fold larger capacitance change than the pure PDMS based sensor. These results indicate that the sensor sensitivity 
can be significantly improved without additional micro-structuring and the large capacitance change enhances a 
tolerance to external noise sources. We believe that the elastomers with high dielectric properties show great 
potential for electronic applications including capacitive pressure sensors that should respond to various input 
pressures.   

1. Introduction 

Dielectric elastomers have received renewed attention for realizing 
biomimetic transducers such as skin sensors and artificial muscles [1–4]. 
Their low dielectric permittivity limits, however, the use of dielectric 
elastomers in these applications. Nano-composites with high-dielectric 
fillers dispersed in elastomeric matrix have been investigated to 

enhance their dielectric properties [5–9]. Along with high dielectric 
properties, the excellent mechanical behavior including stretchability 
and dimensional stability is essential, thus requiring the small volume 
fraction of fillers in elastomeric matrix. In the case of ceramic or metal 
fillers, nano-composites need the large volume fraction of these fillers 
for high dielectric properties [10–12]. In contrast, nanoscale carbona-
ceous materials such as carbon nanotube (CNT) have shown promise in 
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dielectric nano-composites [13]. With a large aspect ratio, the special 
kind of aligned CNT filler can act as a microcapacitor, which results in a 
high dielectric constant of the composites. However, the large aspect 
ratio makes the CNTs strongly agglomerated in the elastomer, thus 
requiring intensive chemical/or physical modifications of CNT surfaces 
or special blending techniques for dispersion [13–15]. 

As an alternative, conductive carbon black (CB) has great potential 
for use in dielectric fillers because of its reliable electrical properties and 
relatively easy dispersion compared to the CNTs. A few studies of CB- 
elastomer composites with enhanced dielectric properties have been 
reported [16–18]. For CB-elastomer composites with low dielectric loss 
tangent, the dielectric constants are only several times higher than those 
of the pure elastomers [17,18]. Whereas, in the case of CB-elastomer 
composite with high dielectric constant, the CB filler also significantly 
increases the dielectric loss tangent to around 5, which might be owing 
to poor dispersion of dispersant-free CBs in the natural rubber [16]. 
Therefore, an alternative method of uniformly dispersing CBs in the 
elastomer to achieve the reliable dielectric properties and low dielectric 
loss tangents is highly desirable. 

Here, we demonstrate a new concept of CB-embedded poly-
dimethylsiloxane (PDMS) composites exhibiting an enhanced dielectric 
constant of 1090 with low loss tangent as low as 0.45 at 100 Hz. These 
dielectric properties are attributed to the fact that the CBs without loss of 
their intrinsic electrical properties are well-dispersed in PDMS. It was 
simply achieved by functionalizing the CBs with alkyltrimethoxysilanes 
and blending with PDMS, simultaneously, while most previous methods 
modified the carbon materials for their dispersion followed by com-
pounding with the matrix [14,19,20]. Experimental and simulation 
studies show that the dielectric properties of CB-embedded composites 
are highly dependent on the chain length of alkyltrimethoxysilanes, thus 
understanding the relationship between the chain length of surfactant 
and the CB dispersion in the elastomer being critical. As a proof of 
concept, we show capacitive pressure sensors based on CB-embedded 
PDMS composites. Most previous capacitive pressure sensors are based 
on delicate microstructures such as pyramid-shaped pure PDMS films for 
their high sensitivity [21,22]. However, these sensors suffer from 
interference from external noise sources owing to the small capacitance 
change [21–24], and present relatively slow dynamic response and low 
reliability at heavy input loadings, thereby leading to limited applica-
tions. In contrast, the pressure sensors based on CB-embedded com-
posites with high dielectric constant show large capacitance changes 
despite small displacements, thus enhancing a tolerance to external 
noise sources. In addition, these sensors exhibit an excellent reliability. 

2. Experimental section 

2.1. Fabrication of CB-embedded PDMS dielectric composite 

Conductive CBs (Cabot Co., Black Pearls 2000, 1635 m2/g surface 
area) with various amounts of alkyltrimethoxysilanes were dispersed in 
PDMS/chloroform mixtures, followed by solvent-evaporation at 90 ◦C 
for 72 h. The alkyltrimethoxysilanes (ATMSs) with three different alkyl- 
chain lengths, i.e., octyltrimethoxysilane (OTMS), dodecyltrimethox-
ysilane (DDTMS), and octadecyltrimethoxysilane (ODTMS), were used. 
OTMS and ODTMS were purchased from Sigma-Aldrich, and DDTMS 
was obtained from Alfa-Aesar. After solvent-evaporation, a curing agent 
was added to the CB/PDMS mixture. The final paste was mixed for 7 min 
and cured at 130 ◦C for 90 min. 

2.2. Characterization 

The functional groups of the CB samples were characterized using a 
Nicolet iS 10 fourier-transform infrared spectroscopy (FT-IR) spec-
trometer (Thermo Fisher Scientific, Inc.). The dispersibility of CBs in 
chloroform/PDMS mixtures was examined by using optical microscopy 
(OM, DM 2500 M, Leica) and transmission electron microscope (TEM, 

Tecnai G2, FEI). Thermogravimetric analysis (TGA) was used to deter-
mine the ATMS content at the CB sufaces under an N2 using a Q50 
analyzer (TA instruments). The dielectric properties of the composites 
were characterized by an impedance analyzer (E4980A, KEYSIGHT) 
after sputtering of a platinum electrode on top of the film. Five or more 
specimens of each sample were tested to obtain the average dielectric 
properties. 

2.3. Simulation method 

We employ a coarse grained model to mimic ATMS-CB/PDMS 
composites and investigate the effects of ATMS and its chain length on 
the dispersion of CB fillers. A CB particle is modeled as a large spherical 
nanoparticle comprised of 500 small spheres (white spheres in Fig. 4(a)) 
of diameter σ and mass m, which are the units of length and mass in our 
simulations, respectively. Nonbonding interactions between two spheres 
are described by a truncated and shifted Lennard-Jones potential, ULJ(r)
as follows: 

ULJ(r)= 4ε
[(σ

r

)12
−
(σ

r

)6]
− εrc, r< rc,

where r is the distance between two spheres. We set ε = 2kBT and rc =

2.5σ such that 500 spheres aggregate strongly with one another and 
form a stable large CB nanoparticle of diameter dnp ≈ 8.5σ. kBand T 
denote the Boltzmann constant and temperature, respectively, thus kBT 
is the energy unit in our simulations. We employ a harmonic bonding 
potential, i.e. Ub(r) = K(r − r0)

2where K = 1000kBT/ σ2 and r0 = σ ,

between two adjacent spheres within a distance 1.05σ to tightly bind 
spheres and maintain its shape (Fig. 4(a)). ATMS is modeled as a short 
chain molecule comprised of nchain monomers of diameter σ and mass m 
(yellow particles in Fig. 4(b)). Two neighbor monomers are also bonded 
with the harmonic potential, Ub(r). 

ATMS molecules are either attached on the surface of CB with a 
surface number density ρgraft or dissolved in bulk solutions with a 
molecule number density ρresidual (Fig. 4(g)). We graft the ATMS mole-
cules to the small spheres at the surface of the CB particle by connecting 
the end monomer of the ATMS molecule with the surface monomer via 
Ub(r). ρgraft is, then, defined by the fraction of the small spheres at the CB 
surface that are chemically bonded with ATMS molecules. ρresidual is 
defined as the number density of residual ATMS molecules that are not 
bonded with CB. We employ periodic boundary conditions along xyz 
directions with a cubic simulation cell of dimension L = 4. Nonbonding 
interactions either between chain monomers or between chain mono-
mers and CB spheres are described by a purely repulsive Lennard-Jones 
potential (ULJ(r)) with a cut-off distance rc = 1.122 and. ε = kBT.

We perform steered molecular dynamics (SMD) simulations to 
investigate the effect of ATMS on the dispersion of CB particles by 
calculating a free energy F(h) as a function of the gap (h) between two 
CBs. We evolve the system by solving Langevin equation via the 
LAMMPS simulator [25] as follows: 

m
d2r
dt

= − ∇rU − ξ
dr
dt

+ δFr(t),

where U is the inter-particle interaction including Ub and ULJ, and ξ is a 
friction coefficient. r is the position vector of particles and δFr(t) denotes 
a random force that satisfies the fluctuation-dissipation theorem, i.e. 
δFr(t)δFr(t’) = 2ξkBTδ(t − t’). We use the velocity-Verlet integrator and 
the integration time step is 0.005τ, where τ is the reduced time unit, i.e. 

τ ≡
̅̅̅̅̅̅̅
mσ2

kBT

√
. In SMD simulations, there are two CBs separated byR = 20, 

where R is the center-to-center distance. A guiding potential, i.e. h(R) =

1
2 k(R − λ)2, is added to one CB particle while the other is fixed at its 
initial position. We follow a constant-velocity SMD scheme [26], where 
λ changes linearly with a velocity v = − 5*10− 4 and a force constant =
104 kBT/ σ2. According to Jarzynski’s equality [27], a free energy 
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difference ΔF(R) between two states R = λ0 and R = λt relates to the 
amount of work (W) by ΔF = F(λt) − F(λ0) = β− 1logexp( − βW0→t ).We 
equilibrate the initial configuration with fixing λ = 20, and then start 
SMD simulations to calculate work by changing λ from λ0 = 20to λt =

8. We change nchain and ρgraft in order to investigate effects of a chain 
length and a surface density and calculate a free energy profile ΔF(R) for 
a given nchain, ρgraft and ρresidual. We average the number of work over 100 
different SMD trajectories for each set of parameters (nchain, ρgraft ,

ρresidual). 

2.4. Sensor fabrication and evaluation 

The CB/PDMS-I and CB/PDMS-II composites were fabricated by 
adding 0.707 and 0.943 mmol ODTMSs into the PDMS mixture with 2 wt 
% p-CBs, respectively. The dielectric layer with 280 μm in thickness was 
coated on the Cu plate, followed by curing 130 ◦C for 90 min. And then 
the upper electrode was formed on the dielectric layer by using a silicon- 
based conductive adhesive with 6 mm in diameter and 100 μm in 
thickness. The Pt wire as a signal line was connected to the two elec-
trodes. In the capacitance measurement versus input pressure, the 
pressure was controlled by using weights that consists of 7 pieces of 50 g, 
5 pieces of 100 g and tare weight of 50 g. In order to minimize the 
environmental noise, the loading tester was fabricated using polyoxy-
methylene with excellent mechanical strength and low electrical con-
ductivity. The probe tip has 6 mm in diameter. The capacitance was 
measured usign a precision impedance analyzer (Agilient 4294A). 

3. Results and discussion 

3.1. Facile fabrication of CB-embedded PDMS composites 

The CB-embedded composites with high dielectric properties were 

simply prepared by functionalizing the CBs without loss of their pristine 
electrical conductivity and by dispersing the CBs into the PDMS matrix, 
simultaneously. As shown in Fig. 1(a), the agglomerated CBs were mixed 
with alkyltrimethoxysilanes and PDMS base in chloroform, followed by 
solvent-evaporation at 90 ◦C for 72 h. After adding a curing agent into 
this mixture, the dielectric composites were fabricated. Considering the 
dispersion of CB particles and solubility parameter of PDMS base, 
chloroform was selected as a solvent (Fig. S1) [28]. The alkyl-
trimethoxysilanes (ATMSs) with three different alkyl-chain lengths, i.e., 
octyltrimethoxysilane (OTMS), dodecyltrimethoxysilane (DDTMS), and 
octadecyltrimethoxysilane (ODTMS), were used (Fig. 1(b)). It is because 
carbon materials functionalized with alkyl chains containing 12 or more 
CH2 groups are known to have excellent dispersibility in hydrophobic 
media [29,30]. During solvent-evaporation, the hydroxyl groups of the 
CB surfaces chemically react with ATMSs. The pristine CB (p-CB) par-
ticles have many oxygen-containing functional groups such as hydroxyl 
groups on their surfaces, thus leading to covalent-linkages with ATMSs 
without pre-treatment like oxidation (Fig. S2). The FT-IR spectrum of 
the ODTMS-modified CB sample reveals two characteristic peaks at 
2850 and 2920 cm− 1 due to C–H stretching in the long octadecyl chains 
[31], confirming the attachment of ODTMS molecules on the CB surface 
(Fig. S3). TGA supports the chemical grafting of ODTMS on the CB 
surface. Although pure ODTMS evaporates at 150–250 ◦C owing to the 
boiling temperature of 170 ◦C, the ODTMS-CB shows no weight loss at 
150–250 ◦C and a 30 wt% loss at 350–550 ◦C, further demonstrating the 
successful chemical grafting of ODTMS molecules to the CB surface 
during solvent-evaporation. 

As a proof of concept, the capacitive pressure sensor based on 
ODTMS-CB/PDMS composites has been demonstrated. Capacitive 
pressure sensor detects the change in capacitance induced by the change 
in the distance between two electrodes [32]. Capacitance is given by C 
= εA/d, where ε, A, and d are the relative permittivity (dielectric 

Fig. 1. Fabrication of CB-embedded PDMS dielectric composites. (a, b) Schematic illustration showing the preparation of PDMS composite with CBs chemically 
linked to ATMSs. (c) Capacitive pressure sensing based on CB/PDMS dielectric composites. 
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constant) of the dielectric materials, the area of the electrode, and the 
distance between two electrodes, respectively. Most capacitive pressure 
sensors have adopted delicate micro-structuring of pure dielectric elas-
tomers, thus inducing the large capacitance change by increasing the 
changes in the distance between two electrodes and in the area of the 
electrode at light input loadings [33–35]. In contrast, the capacitive 
pressure sensor based on ODTMS-CB/PDMS composites in this study 
induces the large capacitance change despite small distance change, 
which is due to the high dielectric constant of the composites (Fig. 1(c)). 
The detailed explanations for the composite-based force sensor are dis-
cussed at a later point in this manuscript. 

3.2. Dielectric properties of CB-embedded PDMS composites 

The dielectric properties of PDMS composites with p-CB were chac-
terized as a function of the p-CB content (Fig. 2(a)-(b)). As the p-CB 
content increases to 3 wt% in PDMS, the dielectric constant and loss 
tangent increase to 7.5 and 0.029 at 100 Hz, respectively. The com-
posites with CB contents higher than 3 wt% could not be fabricated 
owing to a failure in curing. Despite the addition of 3 wt% CBs into 
PDMS, the dielectric constant is only 2-fold higher than that of the pure 
PDMS, due to the agglomerated p-CBs in PDMS as shown in OM and TEM 
images of Figs. 3(a) and S4(a). The agglomerated conducting fillers 
minimize the number of microcapacitors, thus leading to a low dielectric 
constant [11,13]. When the ATMSs are added into the PDMS mixtures 
with 2 wt% p-CBs, the composites show a drastic increase in the 
dielectric constant (Fig. 2(c)–(d)). While OTMS has no effect on the 
dielectric constant of CB/PDMS composites, DDTMS and ODTMS mol-
ecules induce a significant increase in the dielectric constant. As DDTMS 
content increases to 1.4 mmol, the dielectric constant and loss tangent 
increase to 220 and 0.19 at 100 Hz, respectively. In case of ODTMS, its 
optimum content is 0.94 mmol, resulting in the dielectric constant of 
317 and loss tangent of 0.28 at 100 Hz. This dielectric constant is 52-fold 
higher than that of the p-CB2wt%/PDMS composites without ODTMS. 
These results can be explained by the CB dispersion enhanced by ODTMS 
molecules. As shown in Fig. 3(b)-(d), S4(b)-(d) and S5, as the alkyl chain 
of the dispersants gets longer, the CB particles are dispersed better in 
PDMS. As a result, the ODTMS-functionalized CB particles exhibit the 
best dispersion. Due to their large surface area, well-dispersed CBs in the 
polymer matrix can act as microcapcitors, imparting high dielectric 
constants to the composites, as previously reported literatures [9,11,13]. 
For each microcapacitor in nanocomposites, two polarization 

mechanisms, i.e. interfacial polarization and dipolar polarization, are 
responsible for the high dielectric constant. Particularly, the interfacial 
polarization induced by the movement of charge carriers under an 
applied electric field mainly contributes in the CB/PDMS composites 
[13]. Furthermore, when 1.24 mmol ODTMSs were added into the 
PDMS mixture with 3 wt% p-CBs, the dielectric constant and loss 
tangent increase to 1090 and 0.45 at 100 Hz, respectively (Fig. 2(e)–(f)). 
It is 145-fold higher than that of the p-CB3wt%/PDMS composites 
without ODTMS, which currently represents one of the highest dielectric 
constants with low loss tangent reported for dielectric elastomers 
(Table S1) [13,17,18,36–38]. Fig. S6 exhibits the dielectric properties of 
ODTMS-modified CB/PDMS composites as a function of the frequency, 
indicating that the dielectric properties have a strong dependence on the 
frequency as reported in previous literatures [17]. At low frequencies, 
there is enough time to accumulate charges at the interface between the 
CB particles and the PDMS matrix, thus increasing the dielectric con-
stants. In contrast, at high frequencies, the interfacial polarization 
cannot keep up with the frequency change, resulting in a decrease in the 
dielectric constant. 

However, the CB/PDMS composites with ODTMS content higher 
than optimum show a decrease in the dielectric constant (Fig. 2(c)), 
owing to the re-agglomeration of CBs in PDMS (Fig. 3(e)–(f)). As shown 
in TGA data of Fig. S7, as the ODTMS content increases to 0.94 mmol 
(optimum point), the amount of ODTMS chemically linked to CB sur-
faces increases. However, when the ODTMS content higher than opti-
mum is added into p-CB2wt%/PDMS, the amount of ODTMS reacted with 
CB is constant, indicating the formation of residual ODTMS molecules in 
CB/PDMS mixture. The re-agglomeration of CB particles with excess 
ODTMSs could be attributed to residual ODTMS molecules which do not 
participate in the chemical reaction with CBs. We tried to theoretically 
identify the effect of alkyl-chain length and residual ATMSs on the 
dispersion of CB particles in the PDMS matrix using SMD simulation. 

3.3. Simulation study on the dispersion of CBs in PDMS 

We performed SMD simulations to investigate the effect of ATMS and 
its chain length on the dispersion of CB fillers (Fig. 4(a)). We calculated a 
free energy F(h) as a function of a gap distance, h ≡ R − dnp, between 
two CB particles (Fig. 4(b)). Here, R and dnp denote the distance between 
the centers of the mass of two CB particles and the diameter of the CB 
particle, respectively. Fig. 4(c) shows a free energy profile (F(h)) in the 
absence of ATMS. Since F(h) has a very deep attractive well (̃60 kBT) at 

Fig. 2. Dielectric properties of CB-embedded PDMS dielectric composites. (a) Dielectric constant and (b) dielectric loss tangent of p-CB/PDMS composites as a 
function of the p-CB content. (c) Dielectric constant and (d) dielectric loss tangent of p-CB2wt%/PDMS composites with ATMS as a function of the ATMS content. (e) 
Dielectric constant and (f) dielectric loss tangent of p-CB3wt%/PDMS composites with ODTMS as a function of the ODTMS content. 
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small h, the CB particles would agglomerate, which is consistent with 
experimental results that the p-CB fillers are not dispersed well in PDMS 
mixture. When the ATMS molecules are grafted onto the CB surface, a 
repulsive free energy barrier around h ≈ 1appears, as shown in the inset 
in Fig. 4(c). The repulsive barrier in F(h) originates from an entropic 
contribution: the grafted chains confined between two CB particles may 
have a smaller number of possible conformations and lose the confor-
mational entropy as two CB particles approach each other. In this study, 
we denote ΔF1 and ΔF2 as the attractive well depth and the repulsive 
barrier height, respectively, which relate closely to the dispersibility of 
CB fillers: the dispersibility would be increased as either ΔF1 or ΔF2 
increases (note that ΔF1 has a negative value). 

In experiments, the ATMSs are either grafted to CB fillers or remain 
in the PDMS matrix. The ratio between grafted and residual ATMSs 
varies depending on the total amount of ATMSs added. It is hard in 
experiments to measure the ratio accurately. In order to investigate the 
effect of both grafted and residual ATMSs on CB dispersion, we change 
ρgraft and ρresidual. After a certain amount of ATMSs added, chemical 
grafting would be saturated and then the introduction of additional 
ATMSs will increase only the concentration of residual ATMSs. Fig. 4(d) 
shows the effects of grafted molecules on F(h) where there is no excess 
molecules in mixture (ρresidual = 0) for different chain length. A black 
line indicates F(h) between two pristine CB particles for comparison 
(same in Fig. 4(c)). As shown in Fig. 4(d), the magnitude of the attractive 
well depth becomes smaller and the repulsive barrier becomes higher as 
ρgraft increases. An increase of both ΔF1 and ΔF2 is more prominent in the 
longer chain (see lower panel in Fig. 4(d)) such that ΔF1 has even a 
positive value at ρgraft > 0.2, which means there is no attractive inter-
action anymore and a dispersed state becomes thermodynamically sta-
ble. This suggests that the grafting of ATMSs onto CB surface should 
increase the dispersibility of CB fillers, thereby enhancing the dielectric 
properties of the composites in experiments. 

In Fig. 4(e), we plot ΔF1 and ΔF2 as a function of chain length (nchain) 
of ATMSs. Both ΔF1 and ΔF2 increase as the longer chains are grafted. 
This is because the longer chains are likely to lose more conformational 
entropy. Moreover, the increase of ΔF1 and ΔF2 with respect to nchain is 
more prominent as the grafting density increases. This indicates that the 
dispersibility of CB fillers is improved by grafting ATMSs onto the sur-
face. However, when the concentration of residual ATMSs becomes 

higher, it would decrease the CB dispersibility and make CB fillers re- 
agglomerate, for which we believe the non-monotonic trend of the 
dielectric constant as a function of the ATMS content in experiments 
(Fig. 2). We calculate F(h) for a given set of (nchain, ρgraft) = (6, 0.2) but 
different values of the residual ATMS concentration, ρresidual. As shown in 
Fig. 4(f), the attractive well becomes deeper and the repulsive barrier 
becomes lower as ρresidual increases from 0 to 0.05. When two CB parti-
cles approach each other, it is entropically unfavorable for residual 
ATMSs to be located between two CB particles due to depletion effect 
[39]. Fig. 4(g) shows simulation snapshots taken when they are far apart 
(h = 10) and are sufficiently close with chains in contact (h ≈ 1.8). 
Because residual ATMSs between two CB particles in proximity have less 
number of possible conformations than residual ATMSs in PDMS 
mixture, residual ATMSs are likely to be pushed out from the space 
between two CB particles, which creates an entropic attraction between 
CB particles. This is why both ΔF1 and ΔF2 decrease with an increase in 
ρresidual, and the dispersibility of CBs deteriorates with residual ATMSs in 
the mixture. As the dispersibility of CBs deteriorates after a certain 
amount of ATMS content due to the presence of residual ATMS mole-
cules, the dielectric constant would decrease accordingly as shown in 
experiments (Fig. 2). 

3.4. Application of CB-embedded PDMS composites to capacitive pressure 
sensors 

While previous capacitive pressure sensors based on delicate mi-
crostructures such as pyramid-shaped pure PDMS films show the high 
sensitivity at light input loading, they present relatively slow dynamic 
response and low reliability at heavy input loadings [21,22]. Whereas, 
the flat-structured sensor has a reliable response over the entire loading 
range [40]. However, these flat-structured sensors suffer from low 
sensitivity, which is attributed to the small distance change between two 
electrodes and low dielectric constant of the elastomers. In this context, 
the capacitive pressure sensors based on the flat structure were fabri-
cated, and the ODTMS modied-CB2wt%/PDMS composites were used as a 
dielectric elastomer to improve the sensor performance despite small 
distance change (Fig. 5(a)). 

To investigate the effect of dielectric constant of the elastomers be-
tween two electrodes on the capacitance change, the pressure sensors 

Fig. 3. Dispersibility of CBs in the dielectric composites. OM images of (a) p-CB, (b) OTMS-CB, (c) DDTMS-CB, and (d–f) ODTMS-CB in the PDMS/chloroform 
mixtures. The optimum contents of ATMSs were added into the PDMS/chloroform mixtures in ((b)–(d)). The excess ODTMSs were added into the PDMS/chloroform 
mixtures in ((e) and (f)). 
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were prepared using three different dielectric elastomers: (1) pure PDMS 
(ε = 3.4 at 1 kHz), (2) CB/PDMS-I (ε = 59 at 1 kHz), and (3) CB/PDMS-II 
(ε = 156 at 1 kHz). The dielectric constant of the composites was 
controlled by varing the ODTMS content in 2 wt% CB/PDMS mixture 
(Fig. S8). We evaluated the sensor performance as a function of the input 
pressure as shown in Fig. S9. Without input pressure, three sensors based 
on pure PDMS, CB/PDMS-I and CB/PDMS-II show the initial capacitance 
of 3.08, 52.39 and 139.57 pF at 1 kHz, respectively (Fig. 5(b)). As the 
input pressure increases to 312 kPa, the capacitance increases to 3.21, 
54.08 and 145.58 pF for pure PDMS-, CB/PDMS-I-, and CB/PDMS-II- 
based sensors, respectively. Under loading conditions, the capacitance 
change is dramatically improved with an increase of the dielectric 
constant. While the pure PDMS-based sensor shows about 0.13 pF 
capacitance change, the CB/PDMS-I- and CB/PDMS-II-based sensors 
exhibit 1.69 and 6.01 pF capacitance changes, respectively, which are 
approximately 13 and 46-fold larger than that of the pure PDMS-based 
sensor (Fig. 5(c)). The hysteresis errors with respect to the maximum 

output are 8.33, 6.31 and 8.39% for pure PDMS-, CB/PDMS-I-, and CB/ 
PDMS-II-based sensors, respectively, thus indicating that the hysteresis 
errors have the same values regardless of the dielectric constant. Addi-
tionally, the capacitance changes of the three sensors were characterized 
as a function of the frequency (Fig. S10). While the pure PDMS-based 
sensor shows little change in the capacitance change, the capacitance 
changes of the composite-based sensors decrease as the frequency in-
creases from 1 to 50 kHz. It is attributed to the fact that the dielectric 
constant of the composites decreases with increasing the frequency as 
shown in Fig. S8. Fig. 5(d) shows the capacitance ratio of the composite- 
based sensor to the pure PDMS-based one as a function of the input 
pressure. The capacitance ratios of CB/PDMS-I and II to the pure PDMS- 
based sensor are 17 and 45, respectively, and these values are constant 
regardless of the input pressure. These results are entirely consistent 
with the permittivity ratios of two composites to the pure PDMS, 
demonstrating that the permittivity of dielectric layer plays a critical 
role in the sensor sensitivity. 

Fig. 4. Simulation results of CB-embedded PDMS dielectric composites. (a) A simulation model for p-CB filler comprised of 500 monomers (white particles). (b) 
Yellow particles indicate alkyltrimethoxysilane (ATMS) molecules grafted permanently onto the CB surface. SMD simulations are conducted to calculate the free 
energy along a gap distance, h = R − dnp. (c) F(h) of two CBs without any ATMS molecules. (Inset) F(h) of two CBs with ATMS molecules of (nchain,ρgraft , ρresidual) = (3,
0.3, 0). (d) F(h) for different ρgraft for (upper) nchain = 3 and (lower) nchain = 6 with residual ATMS molecules ( ρresidual = 0). (e) ΔF1and ΔF2 are plotted as a function 
of nchain with different ρgraft . (f) F(h) for different ρresidual with fixed nchain = 6 and ρgraft = 0.2. (g) Simulation snapshots when two CBs are far apart (left) and are in 
contact (right). Grey particles represent residual ATMSs that are not grafted onto CB surface. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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The drift characteristics of each sensor was examined at the constant 
pressure (312 kPa) for 60 min (Fig. 5(e)). The drift errors are 0.3, 0.5 and 
0.3% for pure PDMS-, CB/PDMS-I-, and CB/PDMS-II-based sensors, 
respectively, indicating an excellent stability. Fig. 5(f) presents the 
cycling tests showing the capacitances of three sensors under loading 
(312 kPa) and unloading conditions versus the number of loading cycles. 
Three sensors exhibit a constant load response during 100 cycles. The 
capacitance change is constant, and the deviation from the average 
value is less than 0.4% for three sensors. These results demonstrate that 
the flat-structured pressure sensor shows the reliable response over the 
entire loading range. More importantly, the CB/PDMS based pressure 
sensor has an enhanced tolerance to external noise sources, due to the 
large capacitance change derived from high dielectric constant. 

4. Conclusion 

We have demonstrated a new concept of ODTMS-modified CB3wt 

%/PDMS composites exhibiting an enhanced dielectric constant of 1090 
with low loss tangent as low as 0.45 at 100 Hz via a one-pot process. This 
dielectric constant is 145-fold higher than that of the p-CB3wt%/PDMS 
composites without ODTMS, currently one of the highest dielectric 
constants with low loss tangent reported for dielectric elastomers. These 
results are attributed to the CB particles well-dispersed in PDMS without 
loss of their intrinsic electrical properties. Experimental and simulation 
studies show that the dielectric properties of CB/PDMS composites 
strongly depend on the CB dispersion in the PDMS matrix, which is 
affected by the chain length of ATMS used as a dispersant and the 
amount of residual ATMSs. As a proof of concept, the flat-structured 
capacitive pressure sensor based on CB/PDMS composites has been 
demonstrated. The sensor based on CB/PDMS composites with high 
dielectric constant of 156 at 1 kHz shows approximately 46-fold larger 
capacitance change than the pure PDMS based sensor, thus indicating 

that the sensor sensitivity can be significantly improved without addi-
tional micro-structuring. Furthermore, this pressure sensor exhibits 
large capacitance changes despite small distance changes between two 
electrodes, thus enhancing a tolerance to external noise sources. The 
drift characteristics and cycling tests present the excellent reliability at 
heavy input loadings. The strategy proposed in this study shows great 
potential for capacitive pressure sensors, which should respond to 
various input pressures. 

CRediT authorship contribution statement 

Youngpyo Ko: Methodology, Investigation, Visualization, Writing - 
original draft. Hyungsuk Yoon: Methodology, Investigation, Visuali-
zation, Writing - original draft. Seulki Kwon: Software, Formal analysis, 
Writing - original draft. Hyunjung Lee: Resources. Min Park: Re-
sources. Insu Jeon: Resources. Jung Ah Lim: Methodology, Investiga-
tion. Seungjun Chung: Methodology, Investigation. Sang-Soo Lee: 
Conceptualization, Resources, Supervision. Bong June Sung: Concep-
tualization, Resources, Supervision. Jong-Ho Kim: Conceptualization, 
Resources, Supervision. Heesuk Kim: Conceptualization, Resources, 
Supervision, Writing - review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was supported by the National Research Foundation of 
Korea (NRF-2019R1A2C2091094). 

Fig. 5. Performance of three pressure sensors. (a) Schematic illustration showing the preparation of pressure sensor and its dimension. (b) Capacitance, (c) 
capacitance change, and (d) capacitance ratio of the composite-based sensor to the pure PDMS-based one as a function of the input pressure. (e) Drift characteristics 
of three sensors at the constant pressure (312 kPa) for 60 min. (f) Capacitances of three sensors under loading (312 kPa) and unloading conditions as a function of the 
number of loading cycles. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.compositesb.2020.108337. 
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