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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
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DOI: 10.1039/d2sm01250b 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

rsc.li/soft-matter-journal optimal AC frequency for the capacitance measurement of HRPSs.

implementation.*** However, even after intensified research,

there remains a longstanding bottleneck of CPS - a large trade-
off between sensitivity and applied pressure.**

Our recent invention of hybrid response pressure sensors
(HRPSs) has broken the limit set by conventional CPSs.>* 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.

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."”” Pressure-sensing
e-skins are also useful in flexible touch panels® or wearable
sensors for detecting surface pulse waves.'®™" Various pressure-
sensing mechanisms, including piezoresistive,">'® piezo-
electric,'”'® capacitive,>'*>* optical,>>” and iontronic responses

to applied pressure,”®*® 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
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When the CNT doping ratio is around the percolation
threshold,® 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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Fig. 1 (a) A schematic showing the layers of the HRPS.>* (b) The HRPS is much more sensitive than the conventional CPS.2* (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.

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.”* 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.>* 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,>* following the convention
of a traditional CPS.>?**” 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.**** When the AC frequency
was changed over a wide range, the assumption of constant
dielectric constants could also breakdown.*"

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
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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.>* 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 w. Using this setup,
we performed the following two types of experiments.
Frequency sweep tests: Without applying any pressure, the
capacitance of the HRPS (Cugrps) wWith 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

Soft Matter, 2022,18, 8476-8485 | 8477


https://doi.org/10.1039/d2sm01250b

Published on 14 October 2022. Downloaded on 4/14/2026 8:53:30 AM.

Soft Matter

(a)
0%
LCR meter *J— > | lc:;:cmc
Electrodes
() 0.25 wt% with pressure
40 T T T T
* 1 MHz
32+t * 100 kHz
— - 10 kHz
W 24H - 1kHz
= - 300 Hz o
&
2 16
I
(G] st
0 " " " "
0 10 20 30 40 50
Pressure [kPa]
(e) 0.75 wt% with pressure
200 : : : ;
1 MHz
160} * 100 kHz
Ty © 10 kHz T
& 120H © 1kHz
g - 300 Hz |-
T
O

30 40 50
Pressure [kPa]

View Article Online

Paper
(b) Without pressure
60 * 1.00 wt%||
* 0.75 Wt%
- . * 0.50 wt%
I 40 * 0.25 wt%|]
[%2] > %
&
a s
G 20 ) .
TREEEAERER

102 10* 10°
Frequency [Hz]

(d) 0.50 wt% with pressure
150 : : . :
* 1 MHz
120H * 100 kHz
— S [+1( -2 —— L
Lé 90H - 1kHz x
0 - 300Hz | .
@ ;
['4
=
(@)

0 10 20 30 40 50
Pressure [kPa]

() 1.00 wt% with pressure
800 : - - -
-~ 1 MHz
— 640} * 100 kHz
s * 10 kHz
Tp480f  1kHz |
I L o 4
o 320
160} e
. éj o

0 10 20 30 40 50
Pressure [kPa]

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%.

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,
Cyurps increases with decreasing AC frequency. When the AC

8478 | Soft Matter, 2022, 18, 8476-8485

frequency went below 300 Hz, Cygrps 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 Cygrps, 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

This journal is © The Royal Society of Chemistry 2022
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(a) A schematic of the experimental setup for measuring the frequency response of PNC without and with applied pressure. R, and C, 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. Ry = R, and Cyir = Cp,. Dashed curves are fitted based on eqgn (2) and (3).

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 (R, 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 R, = Ry and C}, = Cijro, 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,** the increases in the amount of CNTs also
yields higher PNC capacitance (Fig. 3c). Third, it is clear that in
general, both R, and C,;;c have frequency dependence except
that the frequency dependence is weak in the R, of the 1 wt%
PNC and in the C,yo 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
responses’® 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.***°*> This can be understood as follows.”> 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:*®

J(w) =04c t Uac(w) =0gce T oaw® (1)

where 04. (04c > 0) is the DC conductivity governed by tradi-
tional percolation theory and are not sensitive to the frequency,

This journal is © The Royal Society of Chemistry 2022

whereas the AC conductivity has a power-law relation with the
frequency: o,¢(®) =aw®. o4¢, o (¢ > 0), and s (usually 0 < s < 1)
are all fitting parameters. This equation was first proposed to
fit solid composites*®> and later found to be valid for porous
composites as well.>*** The fitting curves for our PNC con-
ductivity obtained through ¢ = ¢/(RA), where ¢ is PNC thickness
and A is PNC area, are displayed in the ESIf Fig. S1. The
corresponding fitting parameters are listed in the ESI
Table S1. Based on eqn (1), we fitted our PNC Ry(w) to be:

R() (CU) _ Odc (2)

Roge  Ode + ow®

Eqn (2) suggests that at low AC frequency, Ry(w) is domi-
nated by o4., 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 Ryq. by extrapolating the resistance to
® = 0.1s7", as inspired by the literature.*® As our Keysight
E4980AL LCR meter has an upper limit of AC frequency of 100
kHz, we further extrapolated Ry(w) 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 k.o ~ ® dependence where k,i is the dielectric
constant of the undeformed PNC that appears in Cairo = Kairo€0d/
t, where ¢, 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:*'"*>

kairo(w) ~ w—P’ kairo(w) = kairOdc + ﬁw—P (3)

where k,joqc is the DC dielectric constant of undeformed
PNC,"® along with f§ and the exponent p (p > 0) are all fitting
parameters. The fitted kajirodc, p, and f are also listed in the ESIT
Table S1. The negative exponent in eqn (4) explains the plateaus
in Fig. 3c - the effects of AC frequency on the capacitance

Soft Matter, 2022, 18, 8476-8485 | 8479
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diminishes with increasing frequency. We further extrapolated
Cairo to 1 MHz as dashed curves in Fig. 3c based on eqn (3).

3 Analytical model for HRPS

In our previous work,> 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, o, 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 C,; as a
function of both the applied compressive strain e and the AC
frequency :

Curn(@) = k@)oo=, Carle.0) = Can() oL (3
where the subscript “0” denotes the undeformed state
except that in &, ¢@o is the initial porosity of the PNC
(po = 0.86 for as fabricated PNC), A is the area of HRPS
(A = 1 cm” for our specimens), and ¢, is the initial thickness
of the PNC (¢, = 650 pm). The term (¢, — e) represents that the
effective ““thickness” of the aggregated ““air layer”” in the PNC is
reduced from ¢, to (¢, — €) when a compressive strain of e is
applied. Experimental validation of eqn (4) under compression
is provided in the ESIT 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 Cy;, for 1.00 wt% specimens is used (details
in the ESIt Section 2).

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

Ro(»)
3

R() (CO)
1000’ (5)

R(e, ) = (po — ) +
where Ry(w) is given by eqn (2). The term Ry(w)/1000 was added
to represent the plateau when e approaches ¢,.

During compression, both R and C,;, vary with the compres-
sive strain, while the capacitance of the dielectric layer C;
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:

1 I
Ze,

(6)

ZRPNC = R7 anir

_jwcvair7 _jU)Ci

Because Zgpne and Zg, are first connected in parallel and
then connected in series with Z¢, the impedance of the whole
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HRPS can be expressed as:
g Lt L,
HRPS = 2 i 2
R wRCy 1.
T 1+ ?RC (1 T RC +E)-’ @)
air air 1
Whose capacitance component is:
Ci(1 + 0?R2C2)
C — air 8
HRPS 1+ u)ZRzCair(Cair + Ci) ( )
If we introduce two dimensionless parameters

X = oR\/CiCyir, Y = ®RCy;, we can rewrite Cygps (after normal-
izing by C;):

Cures 1+ Y?
G l+Xx24+7?

©)

Note that X*> and Y* are correlated because they share the
same variables C,;; and R. The range of Cy;, in the parameter
space we explored in our experiments was ~300 pF before
compression (1.00 wt%, 300 Hz) and 2 nF after compression.
Since C; is 7.08 nF, C; » Cair, hence X*> » Y” is always true in
our problem.

Next, let’s evaluate the relative magnitudes of X, Y* and 1.

Case I: if Y* « 1, Y* is negligible in both the numerator and
the denominator of eqn (9) such that Cygps can be
approximated as:

Chrps 1
~ 1
G 1+ X2 (10)

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

CHrps 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 Cygps iS not responsive to pressure.

Case II: if Y> » 1, Cygps could be approximated as:

Chres Y2 __ G (12)
Ci X2+ Y2 Ci+ Cur

After rearrangement,
CiCair
CHrps ~ G+ Con (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 X*> = w?R*CiCpir < 1

This journal is © The Royal Society of Chemistry 2022
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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 egn (9). Note that as the compressive strain increases, the x axis wR/C;Cyi; goes left.

between the piezoresistive and the hybrid response regimes,
and Y> = w’R’C2%; » 1 between the hybrid and the piezo-
capacitive regimes. Thus far, we have derived a simple analytical
expression for Cygps (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 = wR\/C;Cy). 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: 0.1 < wR\/C;Cy; < 10. While the other dimensionless
parameter (Y = wRC,;;) is not included in the master curve, Y has
a clear physical meaning which will be discussed in Section 4.3.

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

This journal is © The Royal Society of Chemistry 2022

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 Cygrps in Section 2 by normalizing it by C; and
changing the horizontal axis to be the dimensionless parameter
X = wR\/C;C,;, which is a function of both w and e. X
essentially increases with increasing w but decreases with
increasing e (because R ~ (¢, — €)* in eqn (5) whereas Cyiy ~
(po — €)~" in eqn (4)). Fig. 4b is replotted from Fig. 2b, which
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are frequency sweep tests without any applied pressure. There-
fore, the horizontal axis of Fig. 4b only varies with w, and
R = Ry(w) (eqn (2)) and Cyj; = Cajro(®) (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 Cygrps Of the as-fabricated specimens (without com-
pression) varies more with o at lower w 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 Cygps. 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, w, and e, we plot
Curps/Ci vs. ®R(w, €)+/ CiCqir(w, ) in four different charts, each
with a fixed CNT doping ratio and variable w 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 w. And when e (ie., 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 = wRC,;; « 1, which can be met when w is small. (2)
When o is too large for Y= wRC,;; « 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 C,;; and e. We therefore assume a

(a) ,
102E I f=1KHz l
10%
1
100 £=100 Hz
101' Il f=10kHz
<10 A oS
3 102[— R~k
Et3 . R,=100 MQ f=1kHz
10°
0 02 0.4 0.6

Compressive strain €
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power law given by ESIT eqn (S2) to fit the experimentally
measured C,;; with the fitted exponents given in the ESIf
Table S2 and the fitted curves plotted as dashed curves in the
ESIt Fig. S2d. Replacing eqn (4) by ESIT 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 R, 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 Cygrps instead of ACygrps. When it comes to
sensitivity evaluation, we have to examine AC/C,, in which C,
plays a big role. As a result, although the absolute change of
Cyurps appears to be the largest in 1 wt% specimens, the most
sensitive specimens were actually the 0.5 wt% ones (see the
ESIt Fig. S3b).>* 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 w = 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 R,
(equivalent to different doping ratios, dark blue indicates a
higher doping ratio) and different w (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 Cygrps can be changed through compression under

(b)

0.75

Piezoresistive Hybnd‘\response Piezocapacitive

G305

o«
i3
T

O

0.25 \

5 | A o k]
102 102 10" 10° 10" 10% 10°
w R(w) e) Cf Cair(wy e)

Fig. 5 (a) Variation of the controlling parameter, wR+/C;Cyy, 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 wR+/C;Cy;. (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 w. 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
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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 0.1 < @R\/C;Cy;; < 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 (Ix) and the
capacitive branch (Ic ). The higher relative current flow
indicates more contribution to the overall response. We there-
fore define the fractions of the current flow to be

Ir=I/(Ix tIc ), Ic, = Ic, [Ur + Ic,) (14)

(b)
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Fig. 6 (a) A schematic illustrating the current flowing through the piezoresistive branch (/r) and the piezocapacitive branch (Ic_ ) of the PNC. The two
current fractions, Iz + I-Cair = 1, meaning that there is a trade-off between the two. (b) Legends for the following plots. (c—f) The fractions of /g
(solid curves) and I i (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 I is
below 0.5 before compression but increases with compression whereas the fraction of lCa\r 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:

Ip+lg, =1 (15)
Furthermore,
Ic. Zr _ 1
= = |——| =wRCyiy =Y Ig =——
In |~ |Ze, |~ @0 =0 R4y
: (16)
= Y
Ie. =——
C‘;Ilf 1 + Y

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 (¥> » 1) represents the
piezocapacitive regime and (Y* « X°> « 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. 6¢c-e, I¢__starts higher than I
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 Cugrps 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 ESL}

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, w R\/C;Cyir, 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 Cygrps/C; to move
along the steep section of the master curve as indicated in
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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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