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Effects of AC frequency on the capacitance
measurement of hybrid response pressure
sensors†
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E-skins consisting of soft pressure sensors are enabling technology for soft robots, bio-integrated

devices, and deformable touch panels. A well-known bottleneck of capacitive pressure sensors (CPS) is

the drastic decay in sensitivity with increasing pressure. To overcome this challenge, we have invented a

hybrid-response pressure sensor (HRPS) that exhibits both the piezoresistive and piezocapacitive effects

intrinsic to a highly porous nanocomposite (PNC) with carbon nanotube (CNT) dopants. The HRPS is

constructed with two conductive electrodes sandwiching a laminated PNC and a stiff dielectric layer.

We have simplified the hybrid response into a parallel resistor–capacitor circuit, whose output depends

on the AC (alternating current) frequency used for the capacitance measurement. Herein, through theo-

retical analysis, we discover a dimensionless parameter that governs the frequency responses of the

HRPS. The master curve is validated through experiments on the HRPS with various doping ratios, sub-

ject to different compressive strains, under diverse AC frequencies. In addition, the relative contribution

of piezoresistive and piezocapacitive mechanisms are also found to vary with the three parameters.

Based on this experimentally validated theory, we establish a very practical guideline for selecting the

optimal AC frequency for the capacitance measurement of HRPSs.

1 Introduction

E-skins refer to soft electronics that can imitate certain char-
acteristics of human skin. Specifically, e-skins with soft pres-
sure sensors that can mimic the human sensation of touch are
best poised for soft robotic applications.1–7 Pressure-sensing
e-skins are also useful in flexible touch panels8,9 or wearable
sensors for detecting surface pulse waves.10,11 Various pressure-
sensing mechanisms, including piezoresistive,12–16 piezo-
electric,17,18 capacitive,3,19–24 optical,25–27 and iontronic responses
to applied pressure,28,29 have been explored. Among them, the
capacitive pressure sensor (CPS) stands out by virtue of its
combined high sensitivity, large sensing range, good repeatability,
temperature independence, low power consumption, and simple

implementation.30–33 However, even after intensified research,
there remains a longstanding bottleneck of CPS – a large trade-
off between sensitivity and applied pressure.34

Our recent invention of hybrid response pressure sensors
(HRPSs) has broken the limit set by conventional CPSs.24 As
shown in Fig. 1a, we constructed a CPS by sandwiching a
laminated barely conductive porous nanocomposite (PNC)
and an ultrathin dielectric layer between two parallel electro-
des. The PNC is a highly porous open cell structure with tubular
ligaments composed of carbon nanotube (CNT) doped Ecoflex.
When the CNT doping ratio is around the percolation
threshold,35 the PNC ligaments become piezoresistive and the
air pores surrounded by such ligaments exhibit parasitic capa-
citance. As a result, the overall PNC is endowed with hybrid
piezoresistivity and piezocapacitivity. The insertion of an ultra-
thin poly(methyl methacrylate) (PMMA) layer between the PNC
and the bottom electrode tries to keep the overall sensor
assembly capacitive. The experimentally measured relative
capacitance change vs. applied pressure in Fig. 1b proved that
the sensitivity of the HRPS outperforms all types of conven-
tional CPSs with common dielectric materials such as Ecoflex,
porous Ecoflex, and CNT doped solid or porous Ecoflex before
reaching the percolation threshold. To reveal the HRPS sensing
mechanism, we built an equivalent circuit as shown in Fig. 1c,
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where the PNC is represented by a parallel piezoresistor–piezo-
capacitor circuit, which is connected in series with a fixed
capacitor that acts for the PMMA layer. An analytical model
based on this simplified circuit was established to calculate the
change of HRPS capacitance upon applied pressure.24 This
model has found reasonable agreement with the experimental
measurements up to a CNT doping ratio of 0.75 wt%. It offers a
fundamental explanation to why the hybrid response pressure
sensors afford much higher sensitivity than conventional
dielectric-based CPSs. It is also able to predict the optimal
CNT doping ratio that yields the best pressure sensitivity. We
have demonstrated the application of a HRPS to human pulse
wave detection at the surfaces of radial, carotid, and even the
temporal arteries.24 We have an ongoing project to fabricate a
stretchable HRPS (SHRPS) and apply it on soft inflatable
grippers.

Although the effects of CNT doping ratio have been well
characterized both experimentally and theoretically, we have
always used the same AC (alternating current) frequency to
measure HRPS capacitance – 1 kHz,24 following the convention
of a traditional CPS.3,36,37 However, while the AC frequency
does not matter for the capacitance measurement of dielectric-
based pure capacitors, it should play a role in the HRPS because
the current division between the resistive and the capacitive
branch (Fig. 1b) is tunable by the AC frequency applied. In
addition to its effects on the equivalent circuit of a HRPS, the
AC frequency could also affect the electrical material properties
of the CNT-doped composite, such as the resistivity and the
dielectric constants. According to existing experimental find-
ings, CNT-dopped-polymer composites exhibited frequency-
dependent electrical conductivity.38–41 When the AC frequency
was changed over a wide range, the assumption of constant
dielectric constants could also breakdown.41

These considerations prompted us to perform a systematic
investigation on the effects of the AC frequency on both the
HRPS and the PNC. We first carried out experiments to char-
acterize the frequency responses of the HRPS and the PNC
separately. The discovery of frequency-dependent resistance
and capacitance of the PNC echoes other studies on composites
in the literature. We then treated the AC frequency as a variable
and reanalyzed the equivalent circuit in Fig. 1c. Our derivation

yielded a master curve controlled by a single dimensionless
parameter. This dimensionless parameter contains three var-
iables—the AC frequency, the resistance of the PNC, and the
capacitance of air pores. The latter two are functions of both the
AC frequency and the compressive strain. Experimental valida-
tions of the master curve are provided, for various CNT doping
ratios, AC frequencies, and compressive strains. Our theoretical
framework has fully uncovered the interplay between the three
variables as well as distinctively quantified the relative contri-
butions of the piesoresistive and piesocapacitive mechanisms
in the HRPS. Ultimately, it offers a simple guideline for select-
ing the optimal AC frequency to measure the capacitance of
the HRPS.

2 Experiments
2.1 PNC and HRPS fabrication

We fabricated the PNC and the HRPS following the exact recipe
offered in our previous paper.24 Very briefly, the PNC was
fabricated by dip-coating a commercially available nickel foam
with a CNT-Ecoflex solution, curing the CNT-Ecoflex composite,
and etching away the nickel foam using hydrochloric acid. The
HRPS was then prepared by sandwiching the PNC by two gold
electrodes with a PMMA dielectric layer inserted between the
PNC and one of the electrodes.

2.2 Measurement of HRPS capacitance

The experimental setup of HRPS capacitance measurement is
illustrated in Fig. 2a, where the LCR meter we used was Hioki
3532-50 and the AC frequency is denoted by o. Using this setup,
we performed the following two types of experiments.

Frequency sweep tests: Without applying any pressure, the
capacitance of the HRPS (CHRPS) with CNT doping ratios of
0.25 wt%, 0.5 wt%, 0.75 wt%, and 1 wt% was measured using
the Hioki 3532-50 with a frequency sweep from 300 Hz to
1 MHz. The applied voltage was set to be 2 V and the measure-
ment mode was chosen to be the parallel mode. Although both
resistance and capacitance readings were offered by Hioki
3532-50, only the capacitance readings are plotted in Fig. 2b.
It is clear that the capacitance of the specimens with a CNT

Fig. 1 (a) A schematic showing the layers of the HRPS.24 (b) The HRPS is much more sensitive than the conventional CPS.24 (c) A simplified circuit model
to represent the hybrid piezoresistive and piezocapacitive responses of the HRPS. (a and b) Reproduced from ref. 24 with the permission of Wiley.
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doping ratio of 0.25 wt% and 0.5 wt% is almost independent of
the applied AC frequency whereas the capacitance of 0.75 wt%
and 1 wt% HRPS first decreases and then reaches a plateau as
the frequency increases. Specifically, the frequency where
1.00 wt% HRPS steps into a plateau is larger than that of the
0.75 wt% HRPS. In addition, at any given frequency, the
capacitance increases as the doping ratio increases.

Compression tests: A dynamic mechanical analyzer (DMA,
RSA-G2, TA Instruments) was used to compress the HRPS in its
thickness direction. Both the compressive force and the dis-
placement were recorded by the DMA, which can be readily
converted to pressure and compressive strain. In situ capaci-
tance measurement was performed by Hioki 3532-50. The tests
were performed on four types of HRPS each under 5 different
frequencies (300 Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz)
and the results are plotted in Fig. 2c–f. For all doping ratios,
CHRPS increases with decreasing AC frequency. When the AC

frequency went below 300 Hz, CHRPS was out of the measure-
ment range of Hioki 3532-50. When the doping ratio increases,
both the initial capacitance and the capacitance at 50 kPa
increase. In addition, it is obvious that the HRPS with a greater
CNT doping ratio yields a larger absolute capacitance change.
These experimental results will be further explained in the
Results and discussion section.

2.3 Measurements on PNC

As the PNC is much more compliant than PMMA, when
subjected to the same pressure, the PMMA deformation is
negligible compared with the PNC. Therefore, the PNC is the
only pressure sensing layer within the HRPS. To fully under-
stand the frequency-dependence of CHRPS, the frequency-
dependent PNC properties need to be characterized. To do
this, we sandwiched the PNC between two gold electrodes
without a PMMA layer and performed frequency sweep tests

Fig. 2 (a) A schematic of the experimental setup for measuring the HRPS capacitance without and with applied pressure at different AC frequencies.
(b) Frequency response of the HRPS with different CNT doping ratios without any applied pressure. (c–f) Pressure response of the HRPS under different
AC frequencies (1 MHz, 100 kHz, 10 kHz, 1 kHz, and 300 Hz) with different CNT doping ratios: (c) 0.25 wt%, (d) 0.50 wt%, (e) 0.75 wt%, and (f) 1.00 wt%.
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without any applied pressure, as illustrated in Fig. 3a. The PNC
specimens of different CNT doping ratios (0.25 wt%, 0.5 wt%,
0.75 wt%, and 1.00 wt%) were prepared. We used a different
LCR meter, Keysight E4980AL, for the PNC measurements,
because its impedance is out of the measurement range of
Hoiki 3532-50. The AC frequency range was between 100 Hz
and 100 kHz and the AC voltage was set to be 2 V. The
resistance and capacitance results measured in the parallel
mode (Rp and Cp) are displayed as markers in the log–log plots
given by Fig. 3b and c, respectively. As the PNC was measured in
the parallel mode, essentially Rp = R0 and Cp = Cair0, which refer
to the initial undeformed resistance and capacitance of the
PNC. A few important observations can be made by examining
Fig. 3b and c. First, it is reasonable to have lower resistance
with higher CNT doping ratios (Fig. 3b). Second, as the CNT
fillers enhance the dielectric constants of the
nanocomposites,41 the increases in the amount of CNTs also
yields higher PNC capacitance (Fig. 3c). Third, it is clear that in
general, both R0 and Cair0 have frequency dependence except
that the frequency dependence is weak in the R0 of the 1 wt%
PNC and in the Cair0 of the 0.25 wt% PNC. Lastly, linear
segments in both log–log charts indicate that there exist some
power-law relationships with the frequency.

The experimental measurements in Fig. 3b and c can be
analytically fitted. Previous studies on universal dielectric
responses42 suggested a power-law scaling relationship
between the conductivity and the dielectric properties of con-
ductive filler doped polymer composites and the applied AC
frequency.38,40–42 This can be understood as follows.43 The
conductive fillers in a composite could be viewed as many small
elements containing resistors and capacitors in parallel. A
higher AC frequency will lead to a lower impedance of the
micro-capacitors, effectively resulting in an increase of the
overall conductivity of composites. Therefore, the conductivity-
frequency relationship of these composites can be approxi-
mated by the following empirical equation:38

s(o) =sdc + sac(o) =sdc + aos (1)

where sdc (sdc 4 0) is the DC conductivity governed by tradi-
tional percolation theory and are not sensitive to the frequency,

whereas the AC conductivity has a power-law relation with the
frequency: sac(o) =aos. sdc, a (a 4 0), and s (usually 0 o s o 1)
are all fitting parameters. This equation was first proposed to
fit solid composites42 and later found to be valid for porous
composites as well.39,44 The fitting curves for our PNC con-
ductivity obtained through s = t/(RA), where t is PNC thickness
and A is PNC area, are displayed in the ESI† Fig. S1. The
corresponding fitting parameters are listed in the ESI†
Table S1. Based on eqn (1), we fitted our PNC R0(o) to be:

R0ðoÞ
R0dc

¼ sdc
sdc þ aos

(2)

Eqn (2) suggests that at low AC frequency, R0(o) is domi-
nated by sdc, hence it has weak dependence on frequency,
which explains the plateaus at small frequencies in Fig. 3b
except that for 0.25 wt%, there is no plateau in the given AC
frequency range. Moreover, the DC resistance of 0.25 wt% is too
large to be measured by our Keysight E4980AL LCR meter. We
therefore had to obtain R0dc by extrapolating the resistance to
o = 0.1 s�1, as inspired by the literature.38 As our Keysight
E4980AL LCR meter has an upper limit of AC frequency of 100
kHz, we further extrapolated R0(o) to 1 MHz as dashed curves
in Fig. 3b based on eqn (1) and (2).

Fig. 3c can be fitted in a similar manner provided that we
know the kair0 B o dependence where kair0 is the dielectric
constant of the undeformed PNC that appears in Cair0 = kair0e0A/
t, where e0 is the vacuum permittivity. Theoretically speaking,
the capacitance of air should be independent of frequency.
However, apart from the capacitance of air, PNC also has
parasitic capacitance within the composite which is dependent
on the CNT doping ratios and the AC frequency. According to
the universal dielectric response, the dielectric constants of the
conductive filler doped composites follows the power law:41,45

kair0(o) B o�p, kair0(o) = kair0dc + bo�p (3)

where kair0dc is the DC dielectric constant of undeformed
PNC,46 along with b and the exponent p (p 4 0) are all fitting
parameters. The fitted kair0dc, p, and b are also listed in the ESI†
Table S1. The negative exponent in eqn (4) explains the plateaus
in Fig. 3c – the effects of AC frequency on the capacitance

Fig. 3 (a) A schematic of the experimental setup for measuring the frequency response of PNC without and with applied pressure. Rp and Cp represent
the resistance and capacitance measured by the LCR meter in the parallel mode. Frequency response of the (b) resistance and (c) capacitance of the PNC
with different CNT doping ratios. R0 = Rp and Cair = Cp. Dashed curves are fitted based on eqn (2) and (3).
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diminishes with increasing frequency. We further extrapolated
Cair0 to 1 MHz as dashed curves in Fig. 3c based on eqn (3).

3 Analytical model for HRPS

In our previous work,24 a simplified equivalent circuit model
illustrated by Fig. 1b was established under the following four
assumptions: (1) the electrical field is uniform and perpendi-
cular to the parallel electrodes; (2) the PNC has a uniform initial
porosity, j0, and all the applied compression is accommodated
by the reduction of the porosity; (3) there is no lateral deforma-
tion when HRPS is subjected to pressure; (4) the frequency and
pressure effects are fully decoupled. These assumptions allow
us to establish a simple analytical expression for Cair as a
function of both the applied compressive strain e and the AC
frequency o:

Cair0ðoÞ ¼ kair0ðoÞe0
A

t0j0

; Cairðe;oÞ ¼ Cair0ðoÞ
j0

ðj0 � eÞ: (4)

where the subscript ‘‘0’’ denotes the undeformed state
except that in e0, j0 is the initial porosity of the PNC
(j0 = 0.86 for as fabricated PNC), A is the area of HRPS
(A = 1 cm2 for our specimens), and t0 is the initial thickness
of the PNC (t0 = 650 mm). The term (j0 � e) represents that the
effective ‘‘thickness’’ of the aggregated ‘‘air layer’’ in the PNC is
reduced from j0 to (j0 � e) when a compressive strain of e is
applied. Experimental validation of eqn (4) under compression
is provided in the ESI† Fig. S2. It can be observed that eqn (4)
can reasonably capture the experimental results of the
0.25 wt%, 0.50 wt% and 0.75 wt% specimens, but not the
1.00 wt% specimen. This can be attributed to the distortion
of the electrical field due to high conductivity ligaments, which
breaks the assumption of a vertical electrical field. Since it is
hard to analytically describe the distorted electrical field, a
fitted expression of Cair for 1.00 wt% specimens is used (details
in the ESI† Section 2).

We follow the fitted resistance B strain relation in our
previous work24 to express R as a function of both e and o
(not shown in this paper):

Rðe;oÞ ¼ R0ðoÞ
j2
0

ðj0 � eÞ2 þ R0ðoÞ
1000

; (5)

where R0(o) is given by eqn (2). The term R0(o)/1000 was added
to represent the plateau when e approaches j0.

During compression, both R and Cair vary with the compres-
sive strain, while the capacitance of the dielectric layer Ci

remains a constant which equals 7.08 nF in all of our
specimens.

The impedance of all three components in Fig. 1c can be
expressed as:

ZRPNC
¼ R; ZCair

¼ 1

joCair
; ZCi

¼ 1

joCi
(6)

Because ZRPNC and ZCair
are first connected in parallel and

then connected in series with ZCi
, the impedance of the whole

HRPS can be expressed as:

ZHRPS ¼
ZrZc

Zr þ Zc
þ Zi

¼ R

1þ o2R2C2
air

� oR2Cair

1þ o2R2C2
air

þ 1

oCi

� �
j (7)

Whose capacitance component is:

CHRPS ¼
Cið1þ o2R2C2

airÞ
1þ o2R2CairðCair þ CiÞ

(8)

If we introduce two dimensionless parameters
X ¼ oR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
, Y = oRCair, we can rewrite CHRPS (after normal-

izing by Ci):

CHRPS

Ci
¼ 1þ Y2

1þ X2 þ Y2
(9)

Note that X2 and Y2 are correlated because they share the
same variables Cair and R. The range of Cair in the parameter
space we explored in our experiments was B300 pF before
compression (1.00 wt%, 300 Hz) and 2 nF after compression.
Since Ci is 7.08 nF, Ci c Cair, hence X2

c Y2 is always true in
our problem.

Next, let’s evaluate the relative magnitudes of X2, Y2 and 1.
Case I: if Y2 { 1, Y2 is negligible in both the numerator and

the denominator of eqn (9) such that CHRPS can be
approximated as:

CHRPS

Ci
� 1

1þ X2
(10)

Therefore, in Case I, CHRPS is only governed by a single
dimensionless parameter, X. This approximate solution is
plotted in Fig. 4a. In addition, if X2 { 1, then:

CHRPS

Ci
� 1

1þ X2
� 1 (11)

In this case, most of the current will flow through the
piezoresistor and the piezocapacitor no longer plays a role. It
corresponds to the far left limit in Fig. 4a, which is no longer a
functional CPS because CHRPS is not responsive to pressure.

Case II: if Y2
c 1, CHRPS could be approximated as:

CHRPS

Ci
� Y2

X2 þ Y2
¼ Cair

Ci þ Cair
(12)

After rearrangement,

CHRPS �
CiCair

Ci þ Cair
(13)

This expression indicates that the HRPS degenerates into
two capacitors connected in series, meaning that the resistive
branch is negligible. It corresponds to the far right limit in
Fig. 4a, which loses the hybrid response and also becomes an
insensitive CPS.

With the analyses of the limiting cases, we can readily divide
Fig. 4a into three regimes, each with an equivalent circuit
illustrated. The two dividers are therefore X2 = o2R2CiCair { 1
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between the piezoresistive and the hybrid response regimes,
and Y2 = o2R2C2

air c 1 between the hybrid and the piezo-
capacitive regimes. Thus far, we have derived a simple analytical
expression for CHRPS (eqn (10)) which can be plotted into a
master curve (Fig. 4a) that reveals the fundamental interplay
among the resistive, capacitive, and frequency factors – in the
form of a single dimensionless parameter X ¼ oR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p� �
. In

addition to capturing the three equivalent circuits through the
analysis of the limiting cases, the master curve offers quantita-
tive estimations for the condition of the hybrid response of
HRPS: 0:1ooR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
o 10. While the other dimensionless

parameter (Y = oRCair) is not included in the master curve, Y has
a clear physical meaning which will be discussed in Section 4.3.

Because R and Cair are functions of the CNT doping ratio and
the compressive strain, the experimental validation of the

master curve will involve many different scenarios and it is
very interesting to see how well the master curve can capture
those diverse situations and where the limits of the master
curve are.

4 Results and discussions
4.1 Experimental validations

To validate our theory, in this section, we replot the experi-
mental results for CHRPS in Section 2 by normalizing it by Ci and
changing the horizontal axis to be the dimensionless parameter
X ¼ oR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
, which is a function of both o and e. X

essentially increases with increasing o but decreases with
increasing e (because R B (j0 � e)2 in eqn (5) whereas Cair B
(j0 � e)�1 in eqn (4)). Fig. 4b is replotted from Fig. 2b, which

Fig. 4 (a) A master curve based on eqn (10) that can capture all three regimes – piezoresistive, hybrid, and piezocapacitive responses. (b) Frequency-
only validation of the master curve. (c–f) Frequency and pressure validation of the master curve (black dashed curve). The colored dashed and dotted
curves are based on eqn (9). Note that as the compressive strain increases, the x axis oR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
goes left.

Paper Soft Matter

Pu
bl

is
he

d 
on

 1
4 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

ex
as

 L
ib

ra
ri

es
 o

n 
11

/3
/2

02
2 

1:
03

:1
8 

A
M

. 
View Article Online



This journal is © The Royal Society of Chemistry 2022 Soft Matter

are frequency sweep tests without any applied pressure. There-
fore, the horizontal axis of Fig. 4b only varies with o, and
R = R0(o) (eqn (2)) and Cair = Cair0(o) (eqn (3) and (4)) have been
plugged in. The different marker colors represent the experi-
mental results of HRPS with different CNT doping ratios. Note
that the CHRPS of the as-fabricated specimens (without com-
pression) varies more with o at lower o in specimens with
higher CNT doping ratios. The black dashed curve is the master
curve given in eqn (10). It is encouraging to see that all the
experimental results collapse after replotting and the measured
trends are well captured by the master curve without any fitting
for CHRPS. It is a strong indicator that our theoretical framework
has uncovered all the essential physics of the frequency effects --
(1) tuning the current flow through the resistive vs. the capaci-
tive branches and (2) tuning the resistivity and the permittivity
of the PNC.

When pressure is applied, another variable, e, which is
obtained as the ratio of the compressive displacement to the
initial thickness of HRPS, comes into play. To best display the
results of three variables, CNT doping ratio, o, and e, we plot

CHRPS/Ci vs. oRðo; eÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCairðo; eÞ

p
in four different charts, each

with a fixed CNT doping ratio and variable o in different colors
(Fig. 4c–f). Each colored curve in Fig. 4c–f therefore represents a
compression experiment on a HRPS with a fixed CNT doping
ratio under a fixed o. And when e (i.e., applied pressure)
increases, the x axis goes left. Note that the y axes of Fig. 4c–f
have different scales. A few important observations can be
made by comparing the experimental results with the master
curve. (1) The master curve agrees well with the low frequency
experiments on 0.5 wt%, 0.75 wt%, and 1 wt% HRPS. This is
because the master curve given by eqn (10) has a prerequisite
that Y = oRCair { 1, which can be met when o is small. (2)
When o is too large for Y = oRCair { 1 to hold, we plot the exact
solution eqn (9) as the colored dashed curves in Fig. 4c–e and
find them to have good agreement with the experimental
results measured under high frequencies. (3) When the CNT
doping ratio is 1 wt%, eqn (4) no longer captures the experi-
mental relationship between Cair and e. We therefore assume a

power law given by ESI† eqn (S2) to fit the experimentally
measured Cair with the fitted exponents given in the ESI†
Table S2 and the fitted curves plotted as dashed curves in the
ESI† Fig. S2d. Replacing eqn (4) by ESI† eqn (S2), eqn (9) is
replotted as the colored dotted curves in Fig. 4f, which are in
excellent agreement with the experimental curves, indicating
that our overall theoretical framework still holds. (4) In general,
neither the master curve nor the exact solution can well predict
the experimental results of the 0.25 wt% HRPS, which may be
due to the inaccurate R0 that was extrapolated following ref. 38
because it was too large to be measurable by our LCR meter. (5)
All of our experiments only operated in the regimes of piezo-
capacitive and hybrid responses. (6) Fig. 4c–f are not the most
straightforward plots for HRPS sensitivity discussions because
they are plotting CHRPS instead of DCHRPS. When it comes to
sensitivity evaluation, we have to examine DC/C0, in which C0

plays a big role. As a result, although the absolute change of
CHRPS appears to be the largest in 1 wt% specimens, the most
sensitive specimens were actually the 0.5 wt% ones (see the
ESI† Fig. S3b).24 With this point in mind, at given doping ratios
of 0.5 wt% (Fig. 4d) and 0.75 wt% (Fig. 4e), it is still obvious in
those figures that o = 300 Hz offers the best sensitivity, which
happens to be the cases that are best traced by the
master curve.

4.2 Indications of the master curve

The existence of a master curve offers a guideline for choosing
the optimal AC frequency for a given doping ratio and sensing
range. Fig. 5a first reveals how the X variable (plotted as the y
axis in the log scale) varies with e at different hypothetical R0

(equivalent to different doping ratios, dark blue indicates a
higher doping ratio) and different o (equivalent to f ). The four
different scenarios are labeled in Fig. 5a. This figure confirms
that a higher CNT doping ratio and larger compression reduce
X. The open markers indicate before compression and the
solid markers denote after compression. These markers are
replotted on the master curve in Fig. 5b to best illustrate how
much CHRPS can be changed through compression under

Fig. 5 (a) Variation of the controlling parameter, oR
ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
, with the CNT doping ratio, compressive strain and the AC frequency. Dark and light blue

markers represent high and low CNT doping ratios, respectively. Open and solid markers represent before and after compression, respectively. Increasing

the frequency leads to enlarged oR
ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
. (b) Indications of the master curve and guidelines for selecting the optimal AC frequency: given a CNT doping

ratio that is too high, increasing the AC frequency can bring the dark blue triangles to the dark blue circles; given a CNT doping ratio that is too low,
decreasing the AC frequency can bring the light blue triangles to the light blue circles.
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different scenarios. It should be reminded that the X variable
(plotted as the x axis in Fig. 5b) reduces upon compression and
enlarges with increasing o. In Scenario I indicated by the dark
blue solid curve and triangular markers, a large CNT doping
ratio makes the open triangular marker to fall in the piezo-
resistive regime before compression and compression further
moves the marker toward the left, yielding little change in
CHRPS. Without changing the CNT doping ratio, the master
curve offers a new remedy for improving the HPRS
sensitivity—increasing o such that the triangular markers are
shifted to the circular markers, which corresponds to Scenario
II in Fig. 5a and leverages the hybrid responses. Conversely, in
Scenario III, when the CNT doping ratio is low, both the light
blue open and solid triangular markers fall in the piezocapaci-
tive regime. But simply reducing o could shift the light blue
triangular markers to the circular markers, which corresponds
to Scenario IV in Fig. 5a, which is also able to leverage the

hybrid responses. Therefore, the master curve has a very
effective indication for tuning the sensitivity of HRPS—modify-
ing the CNT doping ratio and the AC frequency to make X fall in
the hybrid response regime within the range of compression (or
pressure), roughly 0:1ooR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
o 10.

4.3 Piezoresistive vs. piezocapacitive contributions

There remains one more unanswered question for the hybrid
response—how much is the relative contributions of the piezo-
resistive vs. piezocapacitive responses. Our theory is also able to
provide an answer to this curiosity. Fig. 6a illustrates the
current flowing through the resistive branch (IR) and the
capacitive branch (ICair

). The higher relative current flow
indicates more contribution to the overall response. We there-
fore define the fractions of the current flow to be

ĪR = IR/(IR + ICair
), ĪCair

= ICair
/(IR + ICair

) (14)

Fig. 6 (a) A schematic illustrating the current flowing through the piezoresistive branch (IR) and the piezocapacitive branch (ICair
) of the PNC. The two

current fractions, ĪR + ĪCair
= 1, meaning that there is a trade-off between the two. (b) Legends for the following plots. (c–f) The fractions of IR

(solid curves) and ICair
(dashed curves) vs. the compressive strain at different AC frequencies for different CNT doping ratios: (c) 0.25 wt%, (d) 0.50 wt%,

(e) 0.75 wt%, and (f) 1.00 wt%. The curve pairs closest to the equal divide of current correspond to the optimal frequency. In (c and d), the fraction of IR is
below 0.5 before compression but increases with compression whereas the fraction of ICair

starts above 0.5 but decreases with compression. It indicates
that the relative contribution of piezoresistivity enhances with compression but that of the piezocapacitivity diminishes with compression.
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Due to the parallel connection, there is an intrinsic trade-off
between them:

ĪR + ĪCair
= 1 (15)

Furthermore,

�ICair

�IR

����
���� ¼ ZR

ZCair

����
���� ¼ oRCair ¼ Y ; �IR ¼

1

1þ Y
;

�ICair
¼ Y

1þ Y

(16)

Therefore, the physical meaning of Y is actually the ratio of
the current flowing through the capacitive branch to that of the
resistive branch. This explains why (Y2

c 1) represents the
piezocapacitive regime and (Y2 { X2 { 1) represents the
piezoresistive regime in Fig. 4a. With the legends given in
Fig. 4b, the two fractions of current are plotted in Fig. 6c–f,
and each represents a CNT doping ratio. It is clear that a higher
AC frequency leads to a larger current flow through the capa-
citive branch. Moreover, in Fig. 6c–e, ĪCair

starts higher than ĪR

but the former decreases whereas the latter increases with
compression. A cross-over between the two indicates that there
is a swap of the dominating mechanism as the compression
progresses – from piezocapacitivity to piezoresistivity. This can
be easily understood as follows: before the compression, there
are large air pores and the deformation of those air pores
mainly drives the change of CHRPS at small pressure; when
the pressure is large, the air pores are compressed and the
conductive ligaments start to make contacts such that the
piezoresistivity becomes dominant. Among the five frequencies
examined, the optimal frequency observed from Fig. 4c–e is the
one that keeps the two current fractions closest to 0.5, suggest-
ing that the scenario with the most balanced hybrid response
has the best sensitivity. For 1.00 wt%, the optimal frequency
also shares this characteristic (Fig. 6f). Detailed explanations
are provided in the ESI.†

5 Conclusions

Although AC frequency does not matter for conventional CPSs
with dielectric pressure sensing layers, it plays a significant role
in the HRPS where the pressure sensing layer is a PNC with a
CNT doping ratio near the percolation threshold. In this paper,
we have analyzed the equivalent circuit of the HRPS to extract a
dimensionless controlling parameter, oR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
CiCair

p
, and a corres-

ponding master curve that can govern both the frequency and
the pressure responses of the HRPS. The master curve is
validated through experiments on the HRPS with various CNT
doping ratios, compressive strains, and AC frequencies. The
relative contributions of piezoresistive and piezocapacitive
effects are found to vary with the three variables. Based on this
theory, we have established a guideline for selecting the opti-
mal frequency at a given CNT doping ratio. Essentially, with a
given CNT doping ratio, we should choose a frequency which
enables the pressure induced changes of CHRPS/Ci to move
along the steep section of the master curve as indicated in

Fig. 5b. This is the first formal investigation of the frequency
effects on the HRPS. The fundamental understanding we have
achieved is valuable because it offers predictable tunability
for a post-fabricated HRPS to adapt to different working
conditions.
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1 PNC characterization
1.1 Frequency-dependent conductivity and relative permittivity

We adopted Eq. 1 and Eq. 3 in main text to fit the measured conductivity and relative
permittivity of PNC, respectively. The corresponding fitting parameters are listed in Table S1 and
the corresponding resistivity figure is shown in Fig. S1:

Table 1: Fitted parameters for PNC conductivity Eq. 1 and relative permittivity Eq. 3

Doping ratio (wt %) σdc[S/m] s α kair0dc p β

0.25 5.0e-11 0.8021 3.43e-11 1.11 1.21 8.18
0.50 3.0e-8 0.7521 2.46e-10 1.30 1.31 28.12
0.75 1.4e-6 0.7038 1.12e-10 4.03 1.30 2.06e2
1.00 6.7e-6 0.5805 2.006e-10 4.39 1.42 2.11e3
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Fig. S 1: PNC conductivity vs. AC frequency with different CNT doping ratios: markers are experimentally
measured and dashed lines are fitted using Eq. 1.

1.2 Validation of PNC air capacitance
Our equivalent circuit are built under four assumptions: 1) the electrical field is uniform and

perpendicular to the parallel electrodes; 2) the PNC has a uniform porosity φ0, and all the applied
compression is accommodated by the reduction of porosity; 3) there is no lateral deformation when
HRPS is subjected to pressure; 4) the frequency and pressure effects are fully decoupled. Based
on the assumptions in the main text, we establish the analytical expression for Cair as a function
of both the applied compressive strain e and the AC frequency ω:

Cair(e, ω) =
Cair0(ω)φ0

(φ0 − e)
(S1)

In order to validate this theoretical expression, we adopted the experiment set up mentioned in
main text section 2.2, 2.3, and Fig. 3a. The PNC was sandwiched between two electrodes and
then connected to LCR meter (Keysight E4980AL). A Dynamic Mechanical Analyzer (DMA,RSA-
G2, TA Instruments) was used to compress the PNC in its thickness direction. The PNC was
under pressure at a fixed frequency. The measurements were taken in the parallel mode. The
corresponding compressive strain e was converted from the displacement recorded by the DMA
and Cp was recorded from the LCR meter. Because of the parallel mode, we have Cp = Cair.

We plot the experimental results as colored dots and the theoretical expression Eq. S1 as solid
curves in Fig. S2. The theoretical results agree well with the theory for 0.25 wt%, 0.50 wt%, and
0.75 wt%. However, there is a big discrepancy between the two for 1.00 wt% PNC. This discrepancy
might be a result of small resistance of 1.00 wt% PNC, which causes the electrical potential to
decrease along the ligament of PNC and breaks the assumption of vertical electrical field [1]. Due
to the difficulties in analytical modeling of capacitance change under distorted electrical field, we
propose the following phenomenological form for the air capacitance Cair:

Cair(e, ω) =
Cair0(φ0)

b

(φ0 − e)b,
(S2)

where b is a fitting parameter and the value used in this work is listed in Table. 2. The results
are plotted as dashed curves in Fig. S2d and match well with the experiments.
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Fig. S 2: Theoretical (Eq. S1, solid curves), experimental (dots) and fitted (Eq. S2, dashed curves) PNC capacitance
vs. compressive strain with the CNT doping ratios of (a) 0.25 wt%, (b) 0.5 wt%, (c) 0.75 wt%, and (d) 1 wt%.

Table 2: Fitting parameter b in Eq. of 1.00 wt% PNC at different frequencies

Frequency b
100 kHz 1.88
10 kHz 1.72
1 kHz 1.55
300 Hz 1.41

2 Sensitivity of HRPS with different CNT doping ratios
at different frequencies

The normalized capacitance pressure response △C
C0

vs P is plotted in Fig. S3. We replot
the experimental results for CHRPS in Section 2 by normalizing it by its initial capacitance C0.
According to the indication from the master curve, the performance of a HRPS with relatively
large doping ratio can be optimized by using a relatively large measurement frequency. As shown
in Fig. S3, for 0.25, 0.50, 0.75 wt% PNC, 300 Hz is the optimum frequency as its shows the largest
normalized change of capacitance △C

C0
. For 1.00 wt%, the optimum frequency is 10 kHz. This

difference in the optimum frequency verifies our prediction and indication.

3 Piezoresistive vs. piezocapacitive contributions
In the main text, the optimal frequency observed from Fig. 4c-e is one that keeps the two

current fractions closest to 0.5, the ones with the most balanced hybrid response. To explain this
phenomena, we rewrite the expression of CHRPS/Ci and express it with Cair, Ci and Y = ωRCair

:
CHRPS

Ci

=
1 + ω2R2C2

air

1 + ω2R2C2
air + ω2R2CiCair

=
1 + Y 2

1 + Y 2 + Y 2 Ci

Cair

=
1

1 + Y 2

1+Y 2
Ci

Cair

(S3)
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Fig. S 3: The normalized capacitance vs. pressure of HRPS with different doping ratios at different frequencies. It
is clear that 300 Hz offers the best sensitivity for 0.25 wt%, 0.5 wt%, and 0.75 wt% HRPS whereas it is 10 kHz for
1 wt% HRPS.

We further note that Y = 1 means the current flowing through the resistive branch equals to
current flowing through the capacitive branch (Current fraction = 0.5). Here, we define the e0 as
the strain of the undeformed state, and the corresponding capacitance of HRPS as CHRPS0, air
capacitance as Cair0 and Y0 = ωR0Cair0. Similarly, we can define e1 as the strain of the deformed
state after compression, and the corresponding capacitance of HRPS as CHRPS1 air capacitance as
Cair1 and Y1 = ωR(e1)Cair(e1). Therefore, we have:

CHRPS1

CHRPS0

=
1 +

Y 2
0

1+Y 2
0

Ci

Cair0

1 +
Y 2
1

1+Y 2
1

Ci

Cair1

(S4)

CHRPS1

CHRPS0
is the normalized sensor capacitance after deformation and directly reflects the sensor

sensitivity via CHRPS1

CHRPS0
= 1 +

∆Cϵ=ϵ1

C0
. The larger CHRPS1

CHRPS0
, the better the sensitivity of HRPS.

The compression is performed at the same measuring frequency. Therefore, we note that
R0(ω),Cair0(ω) is unchanged during compression:

R(e, ω) =
R0(ω)

φ2
0

(e− φ0)
2 +

R0(ω)

1000
, Cair(e, ω) =

Cair0(ω)φ0

(φ0 − e)
(S5)

Then we write Y1/Y0:

Y1

Y0

=
ωR(e1, ω)Cair(e1, ω)

ωR(e0, ω)Cair(e0, ω)
=

( 1
φ2
0
(e1 − φ0)

2 + 1
1000

)

( 1
φ2
0
(e0 − φ0)2 +

1
1000

)

φ0

(φ0−e1)
φ0

(φ0−e0)

(S6)

Let strain ϵ0=0, ϵ1=0.7, we get Y1 = 0.1912Y0 from equation (S6), Cair0 = 5.375Cair1 from equation

4



(S5). Therefore, the equation (S4) can be expressed as

CHRPS1

CHRPS0

=
1 +

Y 2
0

1+Y 2
0

Ci

Cair0(ω)

1 + (0.1912Y0)2

1+(0.1912Y0)2
5.375Ci

Cair0(ω)

(S7)

Eq. (S7) suggests that the initial Y0 can determine the change of normalzied capacitance CHRPS1/CHRPS0

during compression. Eq. (S7) is plotted as solid curves in Fig. S4. The markers represent the Y0

values from the experiment in Fig. 6 and its corresponding normalized capacitance changes.

Fig. S 4: Frequency conductivity response of PNC with different doping ratio.

Fig. S4 shows that the normalized capacitance change, which is equivalent to sensitivity, first
increase and then decrease with increasing Y0. For all cases investigated, the peak of sensitivity is
near Y0 = 1, which echoes with our finding that an initial balanced hybrid response results in a
better sensitivity.
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