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Highly Sensitive Capacitive Pressure Sensors over a Wide
Pressure Range Enabled by the Hybrid Responses of a

Highly Porous Nanocomposite
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Hochul Hwang, and Nanshu Lu*

Past research aimed at increasing the sensitivity of capacitive pres-

sure sensors has mostly focused on developing dielectric layers with
surface/porous structures or higher dielectric constants. However, such
strategies have only been effective in improving sensitivities at low pres-
sure ranges (e.g., up to 3 kPa). To overcome this well-known obstacle,
herein, a flexible hybrid-response pressure sensor (HRPS) composed of
an electrically conductive porous nanocomposite (PNC) laminated with
an ultrathin dielectric layer is devised. Using a nickel foam template, the
PNC is fabricated with carbon nanotubes (CNTs)-doped Ecoflex to be 86%
porous and electrically conductive. The PNC exhibits hybrid piezoresistive
and piezocapacitive responses, resulting in significantly enhanced sensi-
tivities (i.e., more than 400%) over wide pressure ranges, from 3.13 kPa™'
within 0-1 kPa to 0.43 kPa~' within 30-50 kPa. The effect of the hybrid
responses is differentiated from the effect of porosity or high dielectric
constants by comparing the HRPS with its purely piezocapacitive coun-
terparts. Fundamental understanding of the HRPS and the prediction of
optimal CNT doping are achieved through simplified analytical models.
The HRPS is able to measure pressures from as subtle as the temporal
arterial pulse to as large as footsteps.

1. Introduction

Soft pressure sensors able to conform
to curvilinear and even deformable
surfaces are of increasing demand in
emerging fields such as robotics, pros-
thetics, surgical tools, biometric sensors,
and more.’3l For instance, advanced
soft pressure sensors have been used for
robot fingers handling delicate items,*"]
artificial gloves distinguishing hand ges-
tures,*® tactile sensing,®% noninvasive
measurement of blood pressure,M™ and
artificial vessels capable of detecting pulse
waves.”213l Different applications corre-
spond to different pressure ranges: subtle
pressures below 1 kPa for ultrasensitive
e-skin capturing soft touch™ or palpating
cardiovascular activity®"}; low pressures
between 1 and 10 kPa for intrabody pres-
sures!®% and pressures associated with
daily activities (e.g., gentle manipulation
of items)% and high pressures of more
than 10 kPa for blood pressure monitoring
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devices™ and the plantar pressure of body weight.?2 Some-
times, subtle pressures are even superimposed on high-pres-
sure preloads, such as when pressure sensors are attached to
target surfaces using a covering tape or incorporating pressure
sensors under other wearable devices. For those applications,
soft pressure sensors with high sensitivity throughout large
pressure ranges are desired.

A variety of pressure-sensing mechanisms, including
piezoresistive,[®1223-25  piezoelectric,?-28  capacitive,-29-34
optical,?>3¢ and ionic responses® % have been explored.
Under compression, the pressure-sensing materials generate
changes in electrical resistance, voltage, capacitance, trans-
mittance of light, or capacitance of an electric double layer,
respectively. Piezoresistive pressure sensors have advantages
of facile fabrication, simple structure, and readout circuits, but
suffer from constant power consumption, large confounding
temperature sensitivity, and hysteresis.***1 In contrast,
piezoelectric sensors do not require input power but are only
suitable for measuring dynamic pressures, such as pulses or
vibrations.**-2] Optical pressure sensors exhibit negligible
signal drift but have limitations including complex setup, high
power consumption, and signal alteration or attenuation due to
bending or misalignment."*3] [onic pressure sensors can be
thin and transparent and possess enormous sensitivity due to
the large capacitance change of the electrical double layer.*#]
However, ionic sensors are less stable and/or biocompatible,”]
and require a threshold pressure for the ionogel and the elec-
trode to make initial contact.o~*l

In this research, we focus on capacitive pressure sensors
due to their good repeatability, temperature independence, low
power consumption, high spatial resolution, and suitability for
large-area applications.**3 The sensitivity of capacitive pres-
sure sensors mainly depends on the deformation of the dielec-
tric material and is damped as the effective compressive mod-
ulus of the dielectric material increases with compression due
to fixed boundaries.®™ In pursuit of higher sensitivity, recent
research has focused on engineering the dielectric materials
by adding air gaps and/or increasing their dielectric constants.
Air gaps on the surface or inside of a dielectric material reduce
the effective compressive modulus. Moreover, they enable the
effective dielectric constant to increase with compression, as
the volume fraction of air is replaced by solids with higher die-
lectric constants.”! To incorporate air gaps in dielectric mate-
rials, strategies including micropatterned surfaces,/:13:3050-54
foams,>"% nanowire networks,!®42 fabrics,32%3 and spacing
layers[2%-33.64-66] have been employed. To enhance the effects of
air gaps, methods such as coating and doping elastomers with
high dielectric constant materials or conductive nanomate-
rials to achieve high dielectric constant composites have been
explored. 8606267711 However, these techniques for sensitivity
enhancement were only effective over a small pressure range.
The effects weaken as the air gaps diminish with compression.
After extensive research in the past decade, the improvements
of porosity and the dielectric constants have almost reached
their limits. A fundamentally new strategy is needed to achieve
capacitive pressure sensors with high sensitivity over wide
ranges of pressure.

Herein, we report a novel capacitive pressure sensor
employing the hybrid piezoresistive and piezocapacitive
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responses of a highly porous nanocomposite (PNC) to attain
high sensitivity over a large pressure range (i.e., 3.13 kPa™
within 0-1 kPa, 1.65 kPa™! within 1-5 kPa, 1.16 kPa! within
5-10 kPa, 0.68 kPa~! within 10-30 kPa, and 0.43 kPa' within
30-50 kPa). The PNC is composed of carbon nanotubes (CNT)
and Ecoflex, and the ligaments of the PNC are electrically con-
ductive due to adequate CNT doping. The PNC is 86% porous
with an open cell structure that enables distributed parasitic
capacitance. By adding an ultrathin solid insulating layer
between the PNC and one side of the electrode, the whole device
becomes capacitive. Under compression, the overall impedance
response of the sensor is characterized by both the resistance
and capacitance changes of the PNC. We therefore call it the
hybrid-response pressure sensor (HRPS). Our HRPS is flexible
and can be inexpensively fabricated without any vacuum facili-
ties or microelectromechanical systems (MEMS) fabrication
facilities such as cleanrooms. We show that although the sen-
sitivity of our HRPS still decays with compression, the decay
is quite mild compared with conventional capacitive pressure
sensors; hence, high sensitivity can still be attained at large
pressure. We also present an analysis based on simplified cir-
cuit models to fully determine the effects of each of the pie-
zoresponses and moreover, to help determine the optimal CNT
doping concentration. Finally, we demonstrate that our HRPS
is able to measure pressures from as small as 0.07 Pa due to
drosophila weight to as large as 125 kPa due to footsteps.

2. Experimental Methods and Results

2.1. Fabrication of PNC and HRPS

The fabrication process for the PNC is illustrated in Figure 1a.
A solution of hydroxyl-functionalized CNTs and chloroform was
sonicated before and after adding uncured Ecoflex for a uniform
dispersion of the CNTs (Figure S1, Supporting Information).
The solution was heated and stirred to evaporate the chloroform
until the weight ratio of chloroform and Ecoflex reached 10-1. A
650 um thick nickel foam was used as the template for the PNC
(Figure 1b) and was dipped into and then withdrawn from the
solution mixture. The solution-coated nickel foam was heated
at 150 °C for 30 min to fully evaporate the chloroform and cure
the CNT-doped Ecoflex nanocomposite. Afterward, the sample
was immersed in hydrochloric acid (HCI) to fully etch away the
nickel. The leftover PNC was rinsed with distilled water. The
final PNC has an 86% porous open-cell structure with tubular
ligaments as shown in Figure 1c. The PNC is biocompatible
due to the proven biocompatibility of Ecoflex and CNT nano-
composites.’273] More details on the fabrication procedures and
materials used are available in the Experimental Section.

To construct the HRPS, a piece of PNC was sandwiched by
two flexible electrodes with an ultrathin insulating layer added
between the PNC and one side of the electrodes as illustrated
in Figure 1d. The electrode layers were gold/polyimide (Au/PI)
films and the insulating layer was a poly(methyl methacrylate)
(PMMA) film with a thickness of only 500 nm. The multilayer
was packaged between two transparent and soft 3M Tegaderm
medical dressings. Although the PNC was electrically conduc-
tive, the PMMA film acted as an insulating layer, thus making
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Figure 1. Fabrication of PNC and hybrid-response pressure sensor (HRPS). a) Schematic illustration of the fabrication process of the PNC. b) SEM
image of an open cell nickel foam template for the fabrication of the PNC. c) SEM top-view of the PNC. A tubular ligament of PNC is included as
an inset. d) Exploded schematic illustration of a HRPS. e) SEM cross-sectional view of the HRPS. f) Optical images of the HRPS (1 x 1 cm?) bent by

tweezers and on a cylindrical rod.

the whole pressure sensor capacitive. To prevent short circuits,
the PMMA was transferred onto the Au/PI after the edges of the
Au layer were slightly engraved by a laser cutter (Figure S2,
Supporting Information). A cross-sectional scanning electron
microscopy (SEM) image of the HRPS is shown in Figure le.
The air gaps surrounding the conductive ligaments produced
parasitic capacitances. The packaged HRPS was flexible enough
to be bent to a radius of 1 mm as shown in Figure 1f; and
Video S1 (Supporting Information). The estimated minimum
bending radius is 271 um as described in Figure S3 (Supporting
Information).

2.2. Characterization of HRPS

The softness of the HRPS is best characterized by the nominal
pressure—strain curve in Figure 2a. The highly porous structure
leads to a strong nonlinear response. The HRPS is able to reach
50% compressive strain under just 2 kPa pressure, as evident
in the blown-up chart. The low initial compressive modulus is
associated with the collapse of the PNC cells due to the elastic
bending and buckling of the microligaments.”*”>) The HRPS’s
high compliance is an important contributing factor to its high
sensitivity. The electrical resistance versus compressive strain
curves are plotted in a semilog chart in Figure 2b. The weight
concentration of CNT in the nanocomposite varies from 0.25
to 1 wt%, and the resistance of the PNC is measured without
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the insulating layer (Figure S4, Supporting Information). The
resistance initially decreases by orders of magnitude upon
compression due to the increasing contact between conduc-
tive ligaments in the PNC, and later, from the densification of
the CNT network in the nanocomposite.”” As expected, the
PNCs with greater CNT doping concentrations have lower ini-
tial and final resistance. The resistivities of the PNCs at 0.77
compressive strain are 53, 2.5 MQ m, 100 and 71 kQ m when
CNT doping ratios are 0.25, 0.5, 0.75, and 1 wt%, respectively.
The piezoresistivity (slopes of the curves in Figure 2b) varies
depending on the CNT doping concentrations due to the non-
linear behaviors within the percolation zone (Figure S5, Sup-
porting Information).677]

The capacitance changes of HRPSs with varying amounts of
CNT in the PNC are plotted in Figure 2c. In addition to the
HRPS, a capacitive pressure sensor made out of undoped but
porous Ecoflex was also included for comparison. Three sam-
ples were fabricated and tested for each CNT doping ratio
(Figure S6, Supporting Information), and the intermediate
pressure response curve from the samples was selected for
plotting in Figure 2c. The relative standard deviation among the
three samples does not exceed 11% within the plotted pressure
range. It is obvious that a greater CNT wt% results in a larger
absolute capacitance change of the HRPS upon compression.
The monotonic dependence on CNT wt%, however, does not
persist when the capacitance change is normalized by initial
capacitance as shown in Figure 2d. Due to an abrupt increase
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Figure 2. Electromechanical characterization of the HRPS. a) Pressure—strain curve of the HRPS. b) Resistance—strain curves of PNCs with different
doping ratios of CNT. c) Pressure response of the absolute capacitance of the HRPS with different doping ratios of CNT. d) Pressure response of
relative capacitance change of the HRPS with different doping ratios of CNT. 0.5 wt% appears to be the optimal doping concentration and tangential
sensitivities are labeled for this curve. e) Comparison of the sensitivity of HRPS with capacitive pressure sensors reported in the literature in the pres-
sure ranges of 1-5, 5-10, 10-30, and 30-50 kPa. f) Cyclic response of the HRPS up to 5000 cycles from 0 to 5 kPa.

in the initial capacitance when the CNT doping is beyond
0.5 wt% (Figure S7, Supporting Information), the HRPS with
0.5 wt% CNT PNC shows the highest sensitivity among the
samples tested. Due to the existence of an optimal doping con-
centration, the HRPS is in distinct contrast to other capacitive
pressure sensors, which always have higher sensitivities with
larger amounts of conductive dopants which lead to higher
dielectric constants.[0¢7.637178] The sensitivity of the HRPS
changes with applied pressure and is found to be 3.13 kPa™
within 0-1 kPa, 1.65 kPa! within 1-5 kPa, 1.16 kPa™! within
5-10 kPa, 0.68 kPa~! within 10-30 kPa, and 0.43 kPa™! within
30-50 kPa when doped with 0.5 wt% CNT. The sensitivity of
the HRPS exceeds that of other capacitive pressure sensors
reported in the recent decade in the pressure range above 3 kPa
(Figure 2e)913:29-33,50-53,55,56.6164-70] * Notably, this improve-
ment is most impressive in the large pressure regime, with
a maximum of 423% within 10-30 kPa. Such enhancement
is explained through detailed comparisons of the HRPS with
other types of capacitive pressure sensor and circuit models
in the follows. The reversibility and durability of the HRPS
are tested with 5000 repetitions of compression up to 5 kPa as
shown in Figure 2f. The relative capacitance change increases
by 12% after 1000 cycles and increases by an additional 3%
after 5000 cycles. Loading-unloading and cyclic tests are also
carried out with pressures reaching 50 kPa, and the results are
offered in Figure S8 (Supporting Information). The hysteresis
observed in Figure S8a (Supporting Information) is due to the
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instability of the micropores, which has been widely observed
in other reported PNCs.">7%8% The slight drift of the baseline
in Figure S8b (Supporting Information) is attributed to the irre-
versible pore structure changes induced by large pressure.”’]

2.3. Comparison of HRPS with other Conventional Capacitive
Pressure Sensors

To demonstrate the superiority of the HRPS, four capacitive
pressure sensors made with conventional dielectric materials
(undoped solid Ecoflex, undoped porous Ecoflex, doped but
nonconductive solid composite, and doped nonconductive
PNC) were fabricated as shown in Figure 3a. All porous mate-
rials were fabricated using the same nickel foam template.

The 0.2 wt% CNT doping, which is just below the electrical
percolation threshold, improves the dielectric constant of Ecoflex
from 1.8 to 6.4 (Figure S9, Supporting Information). The four
chosen dielectric layers well represent recent research advances
in capacitive pressure sensors, which are adding air gaps (solid
Ecoflex vs porous Ecoflex) and improving dielectric constant
(solid Ecoflex vs nonconductive solid composite, porous Eco-
flex vs nonconductive PNC). We compare the performance of
these four conventional capacitive pressure sensors with our
HRPS, which utilizes the conductive PNC with an insulating
nanomembrane. 2D schematics of the conventional capacitive
pressure sensors and HRPS are depicted in Figure 3b.

© 2021 Wiley-VCH GmbH
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Figure 3. Comparison of HRPS and other capacitive pressure sensor counterparts. Red and pink represent solid layers, greens represent nonconductive
porous layers, and blues represent conductive PNC. a) Photograph of four different dielectric materials with and without porosity and CNT-doping in
Ecoflex. b) Schematic illustration of the four conventional capacitive pressure sensors and HRPS. c) Pressure-strain curves of all five capacitive pressure
sensors. d) Relative capacitance changes of all five capacitive pressure sensors. €) Normalized tangential sensitivity vs pressure of all five capacitive
pressure sensors. Arrow @ indicates enhancement due to porosity and Arrow @ due to the hybrid response of conductive PNC.

Figure 3c displays the pressure—strain curves of the five
pressure sensors. Solids are clearly stiffer than porous mate-
rials, but the low CNT concentrations do not induce significant
changes to the mechanical properties for either the solid or the
porous materials.

The normalized capacitance versus pressure curves of the five
different capacitive pressure sensors are shown in Figure 3d,
and the sensitivities within the pressure ranges of 0-1, 1-5, 5-10,
10-30, and 30-50 kPa are plotted in Figure S10 (Supporting Infor-
mation). As expected, adding air gaps improves the sensitivity
of the capacitive pressure sensor (pink vs pale green curves in
Figure 3d). Improving the dielectric constant of the ligaments in
the porous dielectrics provide an additional significant enhance-
ment to the sensitivity (pale green vs green curves in Figure 3d).
However, increasing the dielectric constant of the solid dielec-
trics is not as effective in elevating sensitivity (pink vs red curves
in Figure 3d). In fact, the dielectric constant of a solid should
not affect sensitivity if it remains constant during compression.
In reality, however, the dielectric constant does increase slightly
with compression, as evident in Figure S9 (Supporting Informa-
tion), due to the densification of the CNT network.”! Among
the four conventional capacitive pressure sensors, the one with
nonconductive PNC (green curve) demonstrates the largest sen-
sitivity due to the synergistic effects of air gaps and high dielec-
tric constant ligaments. This sensitivity can be considered an
upper limit for capacitive pressure sensors using dielectric mate-
rials because the porosity (86%) and the CNT loading (0.2 wt%)
are both close to their thresholds. The sensitivity of the HRPS
(blue curve) drastically surpasses all four conventional capaci-
tive pressure sensors over all pressure ranges as evident in both
Figure 3d; and Figure S10 (Supporting Information).
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To investigate the decay in sensitivity with increased pres-
sure, the tangential sensitivities of every kPa of all five capaci-
tive pressure sensors are plotted against the applied pressure
in Figure S11 (Supporting Information), and the normalized
sensitivity (S/S,) versus pressure is displayed in Figure 3e.
Two major mechanisms for sensitivity enhancement, air gaps
and the hybrid response, are indicated by the two arrows in
the figure. First, when the dielectric material is solid (red and
pink curves), with or without CNT doping, a sharp decrease of
the normalized sensitivity occurs below 5 kPa. Therefore, these
types of capacitive pressure sensors produce bilinear capaci-
tance curves (Figure S12, Supporting Information), which
are also widely observed with other early published capaci-
tive pressure sensors.>337! The drastic drop of relative sensi-
tivity is alleviated when the dielectric has a porous structure
as demonstrated by Arrow @ in Figure 3e. This improvement
is achieved through the enhanced effective compliance of the
porous dielectric material caused by the bending and buckling
of the ligaments.” Similar to the capacitive pressure sensor
with solid dielectrics, the sensors with porous dielectrics exhibit
the same tendency of relative sensitivity change with pressure
independent of the CNT doping ratio, although their absolute
sensitivities are very different. The second mechanism for
the reduced declination of normalized sensitivity is attained
through the hybrid response of the HRPS. For the HRPS with
PNC doped with 0.25 wt% CNT (barely conductive), the nor-
malized sensitivity curve is very similar to those of the capaci-
tive pressure sensor made out of porous Ecoflex or noncon-
ductive PNC. This is due to the piezocapacitive response still
dominating the impedance of this barely conductive PNC. As
the amount of CNT increases and the PNC resistance lowers,

© 2021 Wiley-VCH GmbH
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the relative sensitivity trend is improved as demonstrated by
Arrow @ in Figure 3e. In conclusion, these two mechanisms,
air gaps, and hybrid responses, have distinctive effects in sus-
taining the sensitivity over a wide pressure range. On the other
hand, increasing CNT doping can affect the absolute sensitivi-
ties but not necessarily the relative sensitivity.

3. Modeling the Hybrid Responses of HRPS

To offer a quantitative understanding of this new sensing
mechanism, we model and compare the HRPS and a conven-
tional pressure sensor using simplified equivalent circuits. The
simplification process is described in Section 1A (Supporting
Information), and a single inclined ligament with the open
space as air is used to represent the PNC in Figure 4a—c. The
equivalent circuit of a capacitive pressure sensor depends on
the electrical property of the PNC. When the PNC ligaments
are nonconductive and there is no added insulating layer, the
electric field simply forms between the two parallel electrodes
separated by a dielectric layer (Figure 4a). For the HRPS with
a barely conductive PNC and an added insulating layer, there
is a significant potential drop along the ligament, hence there
is still a potential drop between the top electrode and the liga-
ment (Figure 4b). For a HRPS with a more conductive PNC,
the potential drop in the ligament becomes negligible such that
there is no longer a potential drop between the top electrode
and the ligament. In other words, the electric field only exists
between the ligament and the bottom electrode, as illustrated in
Figure 4c. In this case, since some of the air gaps are no longer
within (and thus affecting) the electric field, the pressure sensi-
tivity is expected to be compromised.

Based on these electric field models, equivalent circuits of
capacitive pressure sensors with nonconductive PNC and high-
resistivity conductive PNC were built such that the global capac-
itance change could be analyzed. The equivalent circuit for the
capacitive pressure sensor with nonconductive PNC consists
of some capacitance from the nonconductive composite liga-
ments (Ceomposite) iN series with some capacitance from air gaps
(Cuir)- These capacitances are in series because the electric field
passes through one after another as depicted in Figure 4d. C,;,
and Ceomposite are defined in the following expressions

C,, = M )
t(go —¢)
k mposite A
Ccomposile = M (2)

tH(1-@o)

where k is the dielectric constant (k,;, = 1), & is the permit-
tivity of vacuum (g, = 8.85 x 102 F m™), A is the area of the
capacitive pressure sensor (e.g., A =1 x 1 cm?), ¢t is the initial
thickness of the PNC (t = 650 um), ¢, is the initial porosity of
the nanocomposite (¢, = 0.86), and ¢ is the nominal compres-
sive strain. Assuming compression only affects the volume
of air, only C,;, is strain dependent. Using the equivalent cir-
cuit, global capacitance versus compressive strain for various
keomposite Can be computed and is plotted in Figure 4e. As
keomposite increases from 2.5 (corresponding to kgcofiey) to 10 with
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increased CNT doping, the capacitance becomes more sensitive
to strain, but the effect of k appears to saturate. The effect of
keomposite ON the relative capacitance change is similar as shown
in Figure 4f. This result verifies our previous observation that
higher sensitivity is achieved with greater CNT doping in the
nonconductive PNC.

The equivalent circuit for the HRPS with high-resistivity
PNC is offered in Figure 4g. We model the piezocapacitive
response due to the reduction of air gap as C,;, and the piezore-
sistive response due to the contacts and collapses of tubular
ligaments as Reomposite- Since the nanocomposite is conductive,
we no longer have Ceomposite: Cair ad Reomposite are in parallel,
and their combined impedance is in series to a fixed C; repre-
senting the insulating PMMA nanomembrane. The capacitance
of air and insulating layer can be expressed as

C, = KarfoA 3)
t(po —e¢)
C = Kemma€oA (4)
tPMMA

where ki, = 1, kpyma = 4 and tpyma = 500 nm. The piezore-
sistive response of the conductive PNC can be fitted from our
experimental measurements given in Figure 2b

Ro 2 Ro
Rcom osite — 5 (€ + 5
posit pe (e=¢o0) 1000 (5)

where R, is the initial resistance of the conductive PNC before
compression. Based on the circuit model, we calculate the
capacitance versus strain response of the HRPS with various
Ry, which is plotted in Figure 4h. The detailed derivations are
provided in Section 1B (Supporting Information). The values
of Ry are hypothetical, but the range of R, is chosen to repre-
sent CNT concentrations from 0.25 wt% (R, = 100 GQ) to 1 wt%
(Ro = 10 MQ). As the initial resistance of the conductive PNC
decreases, the initial capacitance of the HRPS increases. Notably,
the initial capacitance of the sensor soars when R, is lower than
100 MQ. The jump of initial capacitance would significantly
reduce the relative capacitance change, thus explaining the non-
monotonic effect of Ry in Figure 4i. Among the HRPSs with R,
from 10 MQ to 100 GQ, the one with R, = 100 MQ appears to
have the highest sensitivity. This result agrees with our experi-
mental finding that the optimal CNT loading with highest sensi-
tivity is 0.5 wit% (Figure 2d). Comparing Figure 4i with Figure 4f,
it is also obvious that the HRPS has a much higher sensitivity
than the capacitive pressure sensor with nonconductive PNC.
Despite the fact that our theoretical results are obtained
based on highly simplified equivalent circuit models, we are
able to verify those results with experimental measurements.
The analytical and experimental results for HRPSs with CNT
doping ratios of 0.25, 0.5, 0.75, and 1 wt% are compared
in Figure 4j-m. The strong agreement between the two in
Figure 4j,k indicates that the equivalent circuit represents the
hybrid sensing mechanism of the HRPS well. The analytical
and experimental results start to deviate when the CNT doping
ratio is 0.75 wit% (Figure 4]) and eventually become unre-
lated when the CNT doping ratio reaches 1 wt% (Figure 4m).

© 2021 Wiley-VCH GmbH
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Figure 4. Analytical modeling of the HRPS and conventional capacitive pressure sensor with nonconductive PNC. a—c) Schematic illustrations of the
electric fields of capacitive pressure sensors with nonconductive PNC (a), high-resistivity conductive PNC (b), and low-resistivity conductive PNC (c).
d) Simplified equivalent circuit of capacitive pressure sensor with nonconductive PNC. e) Theoretical capacitance and f) relative capacitance changes for
capacitive pressure sensor with nonconductive PNC of different dielectric constants. g) Simplified equivalent circuit of the HRPS with high-resistivity con-
ductive PNC. h) Theoretical capacitance and i) relative capacitance of the HRPS with conductive PNC of different resistance. j-m) Theoretical (solid curves)
and experimental (dashed curves) capacitance change of the HRPS with the CNT doping ratio of 0.25 wt% (j), 0.5 wt% (k), 0.75 wt% (l), and 1 wt% (m).
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This could be explained by the schematic in Figure 4c—if the
high conductivity of the nanocomposite ligaments completely
changes the electric field, the equivalent circuit in Figure 4g is
no longer applicable.

From both analytical calculation and experimental result,
we conclude that there is an optimum resistance of conductive
PNC. It should be low enough to warrant a large overall capaci-
tance change of the HRPS but not so small that the initial
capacitance becomes outrageous. As described in Section 1C
(Supporting Information), the normalized capacitance change
of HRPS can be analytically expressed according to the circuit
model of Figure 4g. With the premise of C; >> C,;, and taking
a derivative with respect to Ry, we arrive to the following ana-
lytical expression of the optimal R,

3 1

Ry optimum = 7-78390 7' Cy *Cy * (6)

which indicates that the optimal Ry is dictated by C,;,, C;, and the
frequency at which the capacitance is measured (o). Plugging in
our experimental values of @ = 27 - 1000 rad s7}, C,;,o = 1.58 pF,
and C; =708 nF, we estimated Ry optimum = 96 M€, which agrees
with our observation that Ry gptimum = 100 MQ in Figure 4i. This
optimized resistance is confirmed again in Figure S13 (Sup-
porting Information), which displays R, with higher resolu-
tion than in Figure 4i. Consequently, as long as the geometry,
porosity, insulating material, and measurement frequency of
the HRPS are specified, the optimal resistance of the PNC can
be easily identified using Equation (6). The detailed derivation is
available in Section 1C (Supporting Information).

Although our theoretical analysis based on the highly sim-
plified circuit model is able to offer a basic explanation for the
hybrid effects and to predict the optimal CNT doping concen-
tration, it still has room to improve. For example, the geometry
of the pores was not considered in this model. Under the same
porosity, the size and number of pores could vary greatly from
sample to sample. In the case of very small pores and dense lig-
aments of the PNC, the Regmposite and Cy;; cannot be modeled as
simply connected in parallel. Our model also omitted electrical
contact resistance (ECR). With irregular contact between the
PNC and the Au electrodes, the ECR is significant and cannot
be neglected.® Although there is notable modeling work on
electrically conductive solid nanocomposites, such as CNT
doped in a silicone-based polymer,®? there is no rigorous elec-
tromechanical models developed for conductive PNC so far. In
order to fully understand the theoretical behavior of the HRPS,
more accurate models that account for both ECR and conduc-
tive PNC need to be developed.

4. Demonstrations for HRPS

We designed several experiments to demonstrate the high
sensitivity of the HRPS over a wide pressure range. Subtle
pressures were applied on the HRPS in three different ways:
without preload, with 1.5 kPa preload, and with 8 kPa preload.
First, tiny pressures that our skin experiences in daily life,
such as the landing of a fly, a breeze, and water drops, were
applied to the HRPS without preload. In Figure 5a, a 1 X 1 cm?
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HRPS detected the pressure applied by a 0.7 mg of drosophila,
which corresponded to an effective average pressure of 0.07 Pa.
In Figure Sb, the HRPS was able to sense breezes of air from
an air blower 3 cm above the sensor. In Figure 5c, the HRPS
could differentiate the pressures induced by three water drop-
lets applied one after another. It demonstrated a response time
of 94 ms, which was the time resolution of our LCR meter
(Hioki 3532-50).

Second, we laminated a HRPS on human skin with preload
to measure pulse waveforms. The carotid artery and the frontal
temporal artery have well-known subtle pulsations®¥ that
require high sensitivity devices to detect. Figure 5d exhibits
the location of the carotid artery and the temporal artery with
benchmark arterial pulse waveforms obtained by medical gold
standards, such as invasive arterial lines.®*#8] For the carotid
arterial pulse (CAP), a HRPS was placed on the neck over the
carotid artery packaged between two medical tapes (3M Tega-
derm), which induced a preload of around 1.5 kPa over the
HRPS as shown in Figure 5e. While the human subject held
his breath, the CAP was clearly visible without any amplifica-
tion or signal processing (Figure 5f). When the subject was
breathing, respiration was visible as low-frequency undula-
tions superimposed on the CAP as shown in Figure 5g. After
applying a bandpass filter from 1 to 4 Hz, the CAP signal in
Figure 5h appears similar to that in Figure 5f.

To induce a larger preload to the HRPS, the subject put on
a virtual reality (VR) headset to cover a HRPS applied at the
frontal temporal artery as shown in Figure 5i. The VR headset
applied a preload of about 8 kPa over the HRPS. Even under
a large preload, the unprocessed signal in Figure 5j demon-
strates that heart rate measurements can be obtained from the
temporal arterial pulse (TAP). After filtering the data using the
same bandpass filter (1-4 Hz), a typical TAP waveform can be
clearly observed in Figure 5k. To the best of our knowledge, this
is the first capacitive pressure sensor able to detect the TAP. In
addition to the CAP and TAP, the more widely measured radial
arterial pulse (RAP) was also detectable by placing our pack-
aged HRPS on the wrist as shown in Figure S14 (Supporting
Information).

Finally, to demonstrate the HRPS’s capabilities for detecting
high pressure, we attached the HRPS to a 80 kg subject’s planta
and measured the pressure from footsteps on a soft yoga mat
(Video S2, Supporting Information). The maximum footstep
pressure recorded through the HRPS was 125 kPa and is com-
parable with other reported footstep pressures.[®’]

5. Conclusions

Although ultrahigh sensitivity in soft capacitive pressure sen-
sors has been achieved Dbefore, declining sensitivity with
increasing pressure is a well-known and long-standing chal-
lenge. In this research, we introduced a novel flexible capaci-
tive pressure sensor with high sensitivity over wide pressure
ranges. By sandwiching an electrically conductive and highly
porous nanocomposite and an ultrathin solid insulating layer
between two parallel electrodes, our capacitive pressure sensor
benefited from the combined piezoresistive and piezocapaci-
tive responses of the PNC. Our HRPS achieved a sensitivity of

© 2021 Wiley-VCH GmbH
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Figure 5. Demonstrations for HRPS. a) Detection of a 0.7 mg drosophila using a 1 x 1 cm? HRPS. The corresponding average effective pressure
is 0.07 Pa. b) Detection of air flow coming out of an air blower 3 cm above the sensor. c) Detection of three successive waterdrops on the HRPS.
d) Schematic illustration of carotid artery and temporal artery, and benchmarking waveforms of carotid arterial pulse (CAP) and temporal arterial
pulse (TAP). e) Photograph of the HRPS installed on the skin over the carotid artery. A 3M Tegaderm tape was used for lamination, which induced a
preload of 1.5 kPa. f) Capacitance response of CAP from a breath-holding subject. g) Capacitance response of CAP from a subject with normal breaths.
h) Filtered CAP to eliminate respiratory signals from CAP. i) Photographs of a subject with an HRPS on the frontal temporal artery wearing a virtual
reality (VR) headset over the HRPS. The VR headset applied 8 kPa preload on the HRPS. j) Unfiltered capacitance response of HRPS under the VR
headset. k) Filtered TAP showing characteristic TAP peaks.

3.13 kPa~! within 0-1 kPa, 1.65 kPa™ within 1-5 kPa, 1.16 kPa™!  we successfully differentiated the contribution of air gaps
within 5-10 kPa, 0.68 kPa™ within 10-30 kPa, and 0.43 kPa™'  from the hybrid responses. We established and experimentally
within 30-50 kPa pressure ranges. By comparing the HRPS  validated a theoretical model which successfully unveils the
with four conventional capacitive pressure sensor counterparts,  sensing mechanism of the HRPS and analytically determines
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the optimal PNC resistance controllable by tuning the CNT
doping. We demonstrated the sensitivity of the HRPS by
detecting subtle pressure changes with various preloads. Even
when the HRPS was covered by a VR headset, we were able
to obtain the first noninvasive measurement of the TAP with
a skin mounted pressure sensor. The wide sensing range was
manifested by plantar pressure sensing. In addition to pulse
waveform sensing, our soft HRPS is also promising for many
other potential uses in prosthesis, tactile sensing, and e-skin for
surgical or soft robots.

Because of the hybrid responses of HRPS, opportunities for
further improvement lie in the tuning of the piezoresistivity
and piezocapacitive of the PNC through material and structure
engineering. For instance, combining two or more types of
conductive fillers in the porous composite can result in larger
variations of resistance in response to pressure.” Applied to
the HRPS, the enhanced piezoresistivity may result in a higher
sensitivity of the sensors. Other types of porous structures
could also benefit the HRPS. For example, a hierarchical porous
structure can generate high piezoresistivity over a wide pres-
sure range by facilitating a balanced load transfer through the
structure.’!l Such structures may enhance both the sensitivity
and the cycleability of the HRPS over wide pressure ranges.

6. Experimental Section

PNC Fabrication: A mixture of hydroxyl functionalized multiwall carbon
nanotubes (Carbon Nanotubes Plus) and chloroform (Sigma-Aldrich)
was prepared with a ratio of T mg CNT: 2 chloroform. For 0.25 wt% CNT-
doped PNC, the ratio was 1:3 considering the dilution ratio of Ecoflex
in the chloroform. The solution was sonicated by a sonicator (Q500,
QSonica) with a power of 500 watts for 10 min. Uncured Ecoflex (Ecoflex
00-30, Smooth-on) base polymer was then added to the solution
according to the target doping ratio of CNT, and the new mixture was
sonicated for 10 min. After sonication, the solution was heated and
stirred at 100 °C and 400 rpm using a magnetic hotplate stirrer (Fisher
Scientific) to evaporate the chloroform. When the chloroform to Ecoflex
weight ratio reached 10:1, a nickel foam (Tmax) was dipped into the
solution for 5 s and then extracted and put in a 150 °C oven for 30 min
to fully evaporate the chloroform and cure the CNT-Ecoflex composite.
The whole specimen was immersed in a 3 m HCl (hydrochloric acid,
Sigma-Aldrich) at 80 °C for 12 h to etch the nickel foam template. Finally,
the PNC was washed with distilled water.

Dielectric Materials Fabrication: Nonporous Ecoflex: Ecoflex was molded
inalcm x1cm x 650 um CNC-machined poly(tetrafluoroethylene)
(PTFE) (McMaster-Carr) mold and cured in the oven at 150 °C for
30 min. Porous Ecoflex: a nickel foam was dipped into a 10:1 diluted
Ecoflex by chloroform for 5 s. After that, the process followed that of
PNC. Nonporous nanocomposite: the solution of CNT and chloroform
was sonicated twice before and after adding Ecoflex for 10 min, and the
chloroform was fully evaporated with stirring at 600 rpm. The leftover
composite of CNT and Ecoflex was molded in the PTFE mold and cured
in an oven at 150 °C for 30 min.

Fabrication of 500 nm Thick Insulating Layer: Poly(vinyl alcohol) (PVA)
solution, Flinn Scientific) was spin-coated on the silicon wafer at 1000 rpm
for 45 s and baked at 70 °C for 1 min as a releasing agent. PMMA (PMMA A4,
MicroChem) was spin-coated on the PVA at 300 rpm for 45 s and baked
at 180 °C for 2 min. When immersed in a deionized water bath, the PVA
layer was dissolved and the PMMA film floated to the surface of water. A
temporary tattoo paper (Silhouette temporary tattoo paper, Silhouette) was
used to pick up the PMMA film and the PMMA/tattoo paper was dried on
a hot plate at 50 °C for 30 min. The PMMA could be transferred to other
surfaces by smearing water to the tattoo paper.
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HRPS Fabrication: A 100 nm gold-on-13 um polyimide (Pl) bilayer
(Sheldahl) was tailored into the desired electrode design. The gold layer
was engraved by a width of 100 um from all edges through laser beam
machining (ProtoLaser U4, LPKF). The Au/PI electrode was attached
to a 3M Tegaderm tape and the insulating PMMA layer was transferred
onto the electrode. Finally, the conductive PNC was sandwiched between
a Au/Pl/Tegaderm film and a PMMA/Au/PI/Tegaderm film.

Compression Testing: A Dynamic Mechanical Analyzer (RSA-G2, TA
Instruments) was used to control and measure the applied pressure and
displacement. The resistance of the conductive PNC was measured by
a digital multimeter (DM3068, Rigol), and the impedance of the HRPS
was measured by an LCR meter (3532-50, Hioki) at 1 kHz frequency with
a 2 V AC signal, both in situ.

Calculation of PNC Porosity: After measurement of the weight and
volume of the PNC, porosity was calculated based on the density of
Ecoflex and CNT.

Definition of Electrical Percolation Threshold: The traditional definition
of electrical percolation threshold is the point at which the direct
current (DC) conductivity rises the most rapidly with increases in filler
concentrations. In the research, the material’s electrical impedance
under alternating current (AC) was measured to obtain both capacitance
and resistance. The electrical percolation threshold was defined by the
phase of the impedance. A nanocomposite containing resistive and
reactive components has a phase angle between 0° (purely resistive)
and —90° (purely capacitive). The porous composite was determined to
be conductive if its phase angle was measured to be between 0° and —3°
during compression up to 50 kPa.

Calculation of Sensitivity of Pressure Sensors Every kPa: After
calculating the normalized capacitance of pressure sensors, they were
1D interpolated by pressure to get enough data points for an accurate
sensitivity determination. Then, the sensitivity in every kPa was calculated
using linear regression and smoothing via moving average filter.

Measurement of Arterial Pulses: The arterial pulses were measured
while the subject lied supine on a bed. For the detection of carotid
arterial pulses, the subject rotated their neck by 45°.

Experiments on Human Subjects: All measurement on human subjects
were conducted under approval from the Institutional Review Board of
the University of Texas at Austin (protocol no.: 2015-05-0024). Informed
consent was obtained from all subjects involved in the study.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Section 1. Analytical calculation

A. Simplification of equivalent circuits of capacitive pressure sensors

- Capacitive pressure sensor with a nonconductive PNC

column

Ccomposxte

Ny : : _]_
______ - . : =L
Electrode B . : L \ Cair k1

Nonconductive PNC

_Ccomposite_kl
Cair_kz

_Ccomposite_kz

Calr 1 alr 2 ——Cair_3

composxte 1 | composxte 2 7 Ccomposite_3

-

Ccomposite_n
—
—

Cair_n

e

composite_k

a O

air_k

-

composxte

C
Cair

-

Figure SA1. Simplification of the equivalent circuit of a capacitive pressure sensor with a

nonconductive porous nanocomposite (PNC)
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The area of the sensor (A) is first divided by n. Therefore, the equivalent circuit of the capacitive

pressure sensor can be described by n columns in parallel.
1
Ay =-A (1)

In the k™ column of the equivalent circuit, all impedance (Z) of Cy;, and Ccomposite Which are

connected in series can merge, as described below.

Zk = Zair_kl + Zcomposite_kl + Zair_kz + Zcomposite_kz

1 1 1 1

JoCair x1 jwccomposite,kl JoCajir k2 jwccomposite,kz

tair k1 tcomposite,kl tair k2 tcomposite,kz

jwAnkajreo  jwAnkcomposite€o  JWAnKairéo  jwAnKcomposite€o

tair k1tlair k2 tcomposite_kl+tcomposite_k2
JjwAnkaireo ijnkcomposite80

tair k tcomposite_k

JjwAnkaireo ijnkcompositeSO

= Zairk + Zcomposite_k (2)

where w is the frequency of alternating current, k is the dielectric constant, &g is the permittivity

of vacuum, and t is the thickness.

With the assumption that the porosity is uniform over the whole PNC, the thickness of the air

and the composite in all columns are the same, respectively. (tair 1 = tair 2 = *** = tair n = tairs

Lcomposite.1 = Lcomposite.2 = *** = Lcomposite_n tcomposite)

Thus, for all k, Zy is the same.

1 1
=Yiag =, 3)

Zsensor
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The impedance of whole sensor can be described by two components, C,r and Ceomposite» @8 1N

the following:
Zn
Zsensor = 7

— i ( tair tcomposite )
n \jwAnkaireo ijnkcompositeSO

Lair tcomposite

jwAkajreo ijkcompositeSO

1 1

=t ©

JwCajr jwccomposite

- HRPS with a conductive PNC

'
'
A Cair

Electrode e

Rcomposite

'
'
|
'
'

1
'
'
'
'

Insulating layer

Conductive PNC —

| | R i C.:
Rcomposite_l% Cair1 Rcomposite_Z% Cair2 Rcomposite_m% Cairn COImBOSIRE ar

ci% CiT

Figure SA2. Simplification of the equivalent circuit of HRPS with a conductive PNC
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The high resistance of nanocomposite causes a significant voltage drop through ligaments of
conductive PNC. Thus, it is assumed that the electric field is only generated vertical to the

electrodes, and the resistance of the composite and the capacitance of air are arranged in parallel.

1 —Zm

z : k=1z4
conductive PNC composite_k

——+ 2

©)

l_
Zall' i

1 1 ) .
i 7 — = — (Rcomposite 18 €xtracted from experimental measurement)  (6)
composite_k composite

With the assumption that the porosity is uniform over the whole PNC, for all 1, the t,;, ; are the

same. (tair_l = tair2 = = tairn = tair)
Thus, Cair_l = Cair_z == Cair_n
1 n JwAnkaire JwAkgire .
n _ _ ntairco | __ airc0 __
air_1 airn air air

Finally, we can sufficiently describe the mechanism of the HRPS using three components,

Rcomposites Cair and Cj as seen below:

1 1

—+jwCaiy  JWCi
composite

(8)

Zyrps = Zconductive PNC T Zinsulating layer —
R

B. Components in equivalent circuits

- Capacitive pressure sensor with a nonconductive PNC

The capacitance of composite and air can be defined as

kcomposite'€0'4
Ccomposite - (9)

tcomposite

kair' A
Cajp = —2=02 (10)

tair
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Considering the porosity of the PNC (¢), the initial thickness of the composite and air can be

determined as
tcomposite, — t(1— o) (11)
tair, = U Po (12)

where t is the initial thickness of the PNC. The thickness of composite is constant as the

nanocomposite is an incompressible material. (tcomposite = tcomposite,) Additionally,

compression only affects the thickness of the air. The nominal compressive strain (€) is

(tair*+tcomposite)
e=1- il (13)
(tair0+tcomposite0)

Using the Equation (11) and (12), the strain can be expressed as

tair
€=¢o— (14)

and the thickness of air can be expressed as
tair = t(@o — €) (15)

Substituting Equations (11) and (15) into (9) and (10), respectively, the capacitance of

nanocomposite and air are described as below.

__ kcomposite'€0'4
C‘composite - t(1-90) (16)
kair-€9-A
= Sairfo'd 17
alr t((po_ 6) ( )

- HRPS with a conductive PNC
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From the previous derivation for nonconductive PNC, the capacitance of air is

__ kairgg'A

T t(po—e€) (118)

air
The capacitance of insulating layer can be expressed as

kpMma'€o A
C;=—"— 1
! tpMMA ( 9)

The resistance of the conductive PNC was extracted through experimental measurement and is

R R
Rcomposite = (p_% (e — (po)z + 1080 (20)

C. Optimal R of conductive PNC for the highest sensitivity of HRPS

For brevity, Rcomposite 18 denoted as R from here on.

The impedances due to the resistance of PNC, capacitance of PNC, and capacitance of insulating

layer are
Zp =R (21)
1
ZC N jo air (22)
Zi=— 23
i = Tac (23)

With the simplified equivalent circuit of the HRPS described in Figure 4g, the impedance of the

whole HRPS can be described as

20 .
Zirps = o 4 2y = ——t— — (S ) ] (24)

Zr+2Zc 1L 14w2R2C,;, 2 1+w2R2C,5 2 wC;j

The reactance of the HRPS is
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XHrps = — (ﬂ + L) (25)

14w2R2Chi2  wCj
The whole capacitance and normalized capacitance change of HRPS can be expressed as below:

1 Ci(1+w?2R2C,4;.%)
WXHRPS 1+w2R2Cqir(Cair+Ci)

Chrps = — (26)

2
. CHRPS—CHRPS (1+60?Ro*Cairg (Cairg +Ci)) (1+w?R*Cair”)

Normalized ACygps = 0 = —— e -1 (27)
CHRPS( (1+w2R?Cair (Cair+C))(1+w?Ry Cairg”)

To get the optimal R, for the maximum normalized ACygrps at 94.7% compression of the PNC

(corresponding to the maximum pressure of 50 kPa applied in our experiments),

€ = @o * 0.947 (28)

d(Normalized ACyrps) __
dRo B

0 (29)

Kair-€o-A

As a sidenote, Cyip = Cairn —2 was used instead of Cyyp = p—
-

1rp Qo—€
Among the five solutions for R, ptimum® ONE Positive real solution is

Ooptimum —
1

1
1 = 2
53000(148108050507E(Cair0(279449151900 air0+2808231050507ci))2+191177519000 airo)

(30)

3809(13436851900  4ir,®w2+1481080505  {Cair,°w?)

As C; >> Cyjy, the terms 2794491519000C,;1,, 191177519000C};,, in numerator, and

134368519000C,;, 03w2 in denominator are neglected. Then, the R, can be simply described as

3 1
=7.7839 @™ Cop, * C7 (31)

Ro optimum
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Section 2. Supporting figures

Figure S1. SEM images of CNTs on silicon wafer a) before and b) after sonication in a
chloroform solution.
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a Directly spin-coated PMMA on Au/PI

C
<Side view>
Laser beam
Au
=PI
Paper |
<Top view> ___
!
Au/PI
electrode

Figure S2. Fabrication of HRPS electrode with insulating PMMA layer. a) SEM images of
directly spin-coated PMMA on Au/P1. PMMA does not fully cover the gold electrode all the way
to the edges. To make a perfectly insulated electrode, the gold was engraved 100 pm from the
edges using a laser cutter. b) Illustration of laser machining Au/PI film supported by a paper
tape. c) Optical micrograph of a corner of the engraved Au/PI electrode.
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Stress [kPa]

00 03 06 09 12 15
Tensile strain

Figure S3. Uniaxial tensile test of a conductive PNC until fracture. To estimate the minimum
bending radius of the PNC, maximum tensile strain was measured. The tensile strain € generated

under bending is € = %, where ¢ is the thickness of PNC and R is the bending radius. As the

maximum strain was 1.2 and the thickness was 650 um, the maximum bending radius was
estimated to be 271 um.

Acrylic plate
Au/PI

C_ )

Digital Multimeter Au/PI

Acrylic plate

Figure S4. Illustration of experimental setup for measuring the resistance of the conductive
PNC.
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Percolation zone

Electrical resistivity

Conductive filler concentration

Figure S5. Typical electrical resistivity change of nanocomposite depending on the
conductive filler concentration. The different slopes of the four resistance vs. compressive
strain curves in Figure 2b can be understood through percolation theory. For our PNC, the
percolation zone lies within 0.25 wt% to 1 wt%. The greatest piezoresistivity, i.e., the largest
slope, should appear at the percolation threshold, defined as the steepest point of the percolation
zone. Hence, nonmonotonic piezoresistivity (i.e. gauge factor of piezoresistive sensors) vs.
doping concentration is expected and has been reported in the literature.[!?!

- 1wt%
200+ = 0.75wt%
. 0.5Wt%
;:" ¥ « 0.25wWt%
o 27 . Owt%
5 1504 §; )
)
(&)
C
S 100
(&) .k
® pts
o e i
] . o ld
O 504 g
.,l'-"\-""...' ..'
0 T T T
0 10 20 30 40 50

Pressure [kPa]
Figure S6. Capacitance change of HRPS with different amount of CNT in PNCs. Three

samples were fabricated for each composition and only the middle curves of each group are
plotted in Figure 2c.
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Figure S7. Initial capacitance of HRPS depending on CNT doping ratio.
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Figure S8. Loading-unloading test and cyclic test of HRPS up to 50 kPa pressure. a) The
loading-unloading response of the HRPS is a typical curve for compressed porous materials with
hysteresis due to the instability of the porous structure. b) A cyclic test with 50 kPa resulted in a
slight increase of the baseline. This is due to irreversibly closed pores under repeated high
compression.
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® Nonconductive PNC (0.2 wt%)
- @® Nonconductive composite (0.2 wt%)

Porous Ecoflex Jpp—
Ecoflex il

Dielectric constant, k
D

0 [ 1 1 L 1 1 1 L 1

0 10 20 30 40 50
Pressure [kPa]

Figure S9. Measured pressure response of effective dielectric constant (k) of the four
different dielectric materials in this study. The enhancement to dielectric constant from
doping conductive fillers can be seen by comparing solid and porous Ecoflex against solid and
porous nonconductive nanocomposite under large pressure. Without pressure, the dielectric
constants of all four materials are similar due to the ultralow CNT doping ratio in the composites
(0.2 wt%), except that the porous structures have slightly lower dielectric constants than their
solid counterparts due to the air pores. However, under large pressure (e.g., 50 kPa) the dielectric
constant of the solid Ecoflex remains unchanged; the dielectric constant of the porous Ecoflex
approaches that of the solid Ecoflex (1.9); whereas the dielectric constants of the porous
nanocomposite (6.4) becomes significantly higher than that of the solid nanocomposite (3.5),
which is still higher than that of the solid Ecoflex (1.9). The different behaviors of solid vs.
porous nanocomposites under pressure can be attributed to the ultrahigh porosity (86%) and the
tubular morphology of the ligaments in the PNC, which ensures much denser packing of the
CNT, as reported in other research.*! Note that the dielectric constant of the solid composite
increases with compression while that of the Ecoflex remains consistent. This is due to the CNT
densification in the thickness direction, which is also the direction of the electrical field. This
phenomenon has been reported in other nanocomposites.
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Figure S10. Sensitivity of HRPS and conventional capacitive pressure sensors in the
pressure ranges of 0-1, 1-5, 5-10, 10-30, and 30-50 kPa.
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Figure S11. Absolute tangential sensitivity of HRPS with conductive PNC and conventional
capacitive pressure sensors as a function of pressure.

H
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R3] e Nonconductive composite (0.2 wt%) |
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Figure S12. Relative capacitance change of HRPS and conventional capacitive pressure
sensors in a y-scale smaller than Figure 3d. capacitive pressure sensor with solid materials
(Ecoflex and nonconductive nanocomposite) show a clear bilinear response and a sharp decay in

sensitivity with pressure.
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Figure S13. Analytical calculation of normalized capacitance change of HRPS depending
on different R, of conductive PNC from 10 MQ to 1 GQ. An optimal resistance for
sensitivity clearly exists.
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Figure S14. Demonstration of the HRPS measuring the radial arterial pulse (RAP). a)
Photograph of the HRPS installed over the radial artery and a benchmark waveform of RAP. b)
Raw RAP measured by the HRPS. c¢) Filtered RAP using a band pass filter from 1 to 4 Hz.
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