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Synergistic control of engineered nanostructures
toward sensitivity and reliability of a flexible
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Flexible pressure sensors are among the most important flexible electronics used in various electronic
skin applications, including artificial intelligence, human—machine interfaces, health monitoring, and soft
robotics. To obtain piezoresistive pressure sensors with improved sensitivity and reliability in sensing per-
formance, we investigated the correlation between the pressure-sensing performance of the sensors
and the nanostructures of the sensing media with controlled nanopatterned templates. To compare the
effects of nanostructures on the pressure sensor performances, two nanorod-patterned sensing media
with different nanoscales were used: one was a finely nanopatterned sensing medium, while the other
was a relatively large nanopatterned medium using different anodized aluminum oxide (AAO) templates,
named shAAO and bhAAO, respectively. The piezoresistive pressure sensor using the shAAO-replicated
sensing medium exhibited better sensitivity, faster response/recovery rate, and better sensing reliability
than the bhAAO-pressure sensor. This result suggests that optimizing the nanopatterned structures
should be considered in terms of the interdigitated contact that proceeds between the two electrodes
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Introduction

Flexible pressure sensors are among the most important flexible
electronics for electronic skin (e-skin) applications. They can
follow the shape of an arbitrary curvilinear surface and generate
electrical signals under pressures generated through normal
human activities such as regular physiological processes and
physical contact in the body. Thus, the concept of e-skin, based
on a flexible pressure sensor with high sensitivity and a wide
sensing range capable of detecting the external pressures gener-
ated by ordinary touch or object manipulation, has received
considerable attention in various fields, including artificial intelli-
gence, human-machine interfaces, health monitoring, and soft
robotics.’™ The pressure sensory system, for example, hopes to
give robots the ability to feel the world through touch, skillfully
grasp and grip objects, and communicate or interact with humans
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through face-to-face assembly of the nanostructured substrate.

and other robots in a friendly manner. Flexible pressure sensors
have been built based on a variety of sensing mechanisms such
as piezoresistivity, piezocapacitance, piezoelectricity, and triboel-
ectricity.°* Among these, piezoresistive pressure sensors show great
potential for practical applications because of their simple device
structure, excellent sensitivity, affordability, and ease of application
in metal coatings or nanoparticles/nanowires.">™® Although the
pressure sensor driven by the piezoresistive mechanism often lacks
the reliability and stability of the sensing signal, the above-
mentioned advantages offset these problems.

Elastomeric polymers, such as polydimethylsiloxane
(PDMS), have been typically used as piezoresistive pressure-
sensing media for flexible pressure sensors, introduced with
various regular and irregular nanopatterned structures.'®>?
These nanopatterned structures are designed by casting or
coating onto pre-patterned templates, including designed sili-
con molds, laser-engraved molds, fabrics, self-assembled nano/
microparticles, or porous polymer templates. Various studies
have proven that elastomeric media with nano/micropatterned
structures fabricated using a precisely controlled template are
effective in manufacturing high-sensitivity pressure sensors,
such as pillar, pyramidal, dome, or conical structures. These
results indicate that an elastomeric medium-based piezoresis-
tive pressure sensor with such nanostructures exhibits superior

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sensing performance owing to its higher sensitivity to pressure
than a planar medium-based sensor.>*>® When considered as
an extension of these studies, however, we believe that the
complementary results on changes in pressure-sensing perfor-
mance according to the finely controlled nanostructures are
somewhat lacking.

Piezoelectric pressure sensors with regular nanopattern
structures improve their sensitivity and detection range of
loading pressure owing to the increased deformation sensitivity
of the sensing medium to external force. In particular,
piezoresistive sensors with an interdigitated nanostructured
medium, that is, face-to-face assemblies of nanostructured
substrates, can induce much greater changes in the contact
area and localized stress concentration than those using a
single nanostructured medium, resulting from the formation
of extra current paths through the unsimultaneous contact of
regular nanopatterns.”’>° The geometrical morphologies of the
nanopatterned media have a close relationship with the contact
behavior under local pressure for the sensing performance
associated with piezoresistive performance. For example, a
pressure sensor with a very small nano/microstructure has high
sensitivity in a low-pressure range; however, the reliability of its
signal detection is lowered. In contrast, a pressure sensor with a
relatively large size microstructure has excellent detection and
sensing reliability; however, its sensitivity is often lower in the
low-pressure range.*'*® Therefore, the design and optimization
of flexible pressure sensors or sensing medium nano/micro-
structures with high sensitivity and reliability in both low- and
high-pressure ranges is one of the challenges that must be
overcome for the practical applications of pressure sensors and
electronic skins.

To investigate the correlation between the sensitivity or
signal reliability of the pressure-sensing performance and the
nano/microstructure of the sensing medium in flexible piezo-
electric pressure sensors, we introduced nano/microstructures
into an elastomeric sensing medium using an anodized alumi-
num oxide (AAO) template. Although PDMS is biocompatible
and deformable, its application is limited to wearable e-skin
devices that require extreme deformability because of their
tearing properties beyond the limit of deformation. Polyur-
ethane acrylate (PUA) is a representative elastomeric polymer
with superior mechanical strength and deformation stability
compared to PMDS?**° and was used as an elastomeric sensing
medium in this study. In addition, to understand the effect of
nanostructures more systematically on the pressure-sensing
performance, two kinds of nanostructured PUA sensing media
were prepared using AAO templates with hole diameters of
438.2 + 12.8 nm and 291.5 £+ 30.3 nm, which were named big-
hole AAO (bhAAO) and small-hole AAO (shAAO), respectively.
Along with the nanostructured diameters of the pressure-
sensing medium, height is also one of the main factors affect-
ing the sensing performance of the pressure sensor. Thus, the
hole depth in the AAO template was set to 550 = 50 nm to
simplify the variables that affect the sensing performance.
Although our results demonstrate adequate performance of
pressure sensors, they can still provide essential basic
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information for the development of high-sensitivity pressure
sensors in the future by analyzing the influence of the nanos-
tructures of the sensing medium on the sensor performance.

Experimental section
Preparation of the AAO nanotemplates

The AAO templates were prepared by performing electropolish-
ing and two-step anodization of pure aluminum sheets
(99.999%, Goodfellow). The specimens were electropolished
in a mixture of perchloric acid and ethanol (1:4 volume ratio
of HClO, : C,H5;OH) at 7 °C for 5 min at a fixed voltage of 20 V to
remove surface irregularities. Anodization was then performed
with 0.1 M phosphoric acid (85%, Aldrich) at 0 °C for 16 h ata
voltage of 195 V. Following first anodization, the porous
alumina layer was etched away with an alumina etchant
(1.8 wt% chromic acid and 6 wt% phosphoric acid at 65 °C
for 2 h), and the second anodization was performed under
conditions identical to those of the first. The anodizing time
was used to control the pore length. After the second anodiza-
tion, the pores in each AAO template were widened by immer-
sing the specimen in a 0.1 M phosphoric acid solution at 30 °C.
The widening time was used to control the pore diameter.

Surface modification of AAO nanotemplates

Prior to fabrication of AAO-replicated polyurethane acrylate
(PUA, Minuta Tech.) sensing medium, the AAO nanotemplate
was modified with octadecyltrichlorosilane (ODTS) to facilitate
the peel-off process of the elastomeric PUA film. First, the AAO
nanotemplates were treated with an ozone generator for 10 min
to clean the AAO surfaces before the deposition of the ODTS
layers. The ODTS material was purchased from Sigma-Aldrich
and was used as received. After injecting 20 mL of anhydrous
toluene into the prepared vacuum-dried reaction flask, argon
gas (99.97%) was added, the cleaned AAO nanotemplates were
put in, and the ODTS was added to the flask (10 mM). The flask
was left for 3 h under argon gas to self-assemble and modify the
nanotemplate surface. The resulting nanotemplate was
removed from the flask, rinsed several times with toluene,
and heated in an oven at 120 °C for 20 min. Subsequently,
the nanotemplate was cleaned by ultrasonication in toluene,
rinsed several times with toluene and ethanol, and dried under
vacuum.

Fabrication of AAO-replicated PUA sensing medium and
pressure sensor

To allow PUA to penetrate the ODTS-modified AAO nanotem-
plate well, PUA was poured twice through a syringe onto the
template surface. After pouring 0.3 mL of PUA first, it was
stored in a vacuum for 1 h, waiting for the PUA to fill the
nanopores. Then, additional PUA was poured to adjust the
thickness of the sensing medium which was set to 0.7 mm.
Subsequently, the PUA was cured by UV irradiation for 1 h. After
the coated PUA was cured, the PUA film formed on the ODTS-
modified AAO nanotemplate was carefully peeled off in the
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vertical direction at a constant speed of approximately
2 mm s . The 30 nm-thick Au was thermally deposited on a
nanopatterned PUA surface peeled off from the AAO template
to impart conductive properties. Finally, the two AAO-replicated
PUA substrates were stacked together to complete the fabrica-
tion of the PUA sensing medium for the piezoresistive pressure
sensor.

Characterization of structures and sensor performance

The morphologies of the AAO nanotemplate and replicated PUA
sensing medium were characterized using a field-emission
scanning electron microscope (SEM, Hitachi S-4200). The sta-
tistical distributions of the diameter, number density, and
surface coverage of the PUA nanorods were analyzed using
the Image] program. The sensing performance of the piezo-
resistive pressure sensor was assessed by measuring the current
variations using an Agilent 4284A Precision LCR meter. The
pressure or flexion sensing capabilities of the sensor were
characterized using a home-built sensor probe station outfitted
with a programmable xy- and z-axis moving stage with a 50 nm
resolution and a force gauge (Mark-10, Electromatic Equip’t
Co., Inc.), all interfaced through a computer. The force gauge
measured the applied load and the corresponding pressure was
calculated by dividing the probe with the area.

Results and discussion

Fig. 1(a) schematically illustrates the fabrication steps for a flexible
piezoresistive pressure sensor using a well-nanopatterned AAO
template with a closely packed regular array of hexagonal columnar
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cells with parallel pores. To facilitate the peel-off process of
elastomeric PUA films, we first introduced ODTS to the AAO
template surface to reduce the adhesion energy between PUA and
AAO surfaces.’**! After pouring PUA on the AAO template surface,
it was stored in a vacuum for 1 h, waiting for the PUA to fill the
nanopores. After the coated PUA was cured using UV irradiation
and peeled off, a nanostructured PUA substrate was obtained. To
impart piezoresistive properties, Au was deposited on a nanopat-
terned PUA substrate with a thickness of 30 nm, and then the two
substrates were stacked together to complete the fabrication of the
PUA sensing medium. Fig. 1(b) schematically illustrates the prin-
ciple that the current level (or resistance) changes as the contact
area increases with the deformation of the fabricated PUA sensing
medium by external pressure. As aforementioned, we used AAO
templates with two different pore sizes to determine the effect of
the nanostructure of the sensing medium on the pressure-sensing
signal. Fig. 1(c) shows the SEM images of the top- and
cross-sectional views of the AAO templates having pore sizes of
438.2 + 12.8 nm (bhAAO) and 291.5 + 17.3 nm (shAAO) with
approximate pore depths of 686.7 + 18.2 nm and 647.7 £+ 16.3 nm,
respectively. The slight difference in the pore depths is owing to the
anodizing process conditions for fabricating the AAO templates,
which is negligible within the error range of only 5.7%. Fig. 1(d)
shows the SEM images of the nanopatterned PUA substrates onto
which the AAO templates were transferred, which confirmed that
the pore structures of the template were well replicated as PUA
sensing media.

The nanorod diameter distributions of the nanopatterned
PUA substrates peeled off from the bhAAO and shAAO
templates are shown in Fig. 2. The nanorod diameters of the
bhAAO- and shAAO-replicated PUAs show a Gaussian
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Fig. 1 Schematic illustrations of (a) the fabrication process and (b) the nanorod-interdigitated structure for a flexible piezoresistive pressure sensor.
(c) Top- and cross-sectional SEM images of (c-1) bhAAO and (c-2) shAAO templates. (d) SEM images of top- and side-views of nanopatterned rod
structures for the (d-1) bhAAO- and (d-1) shAAO-replicated PUA sensing media.
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distribution and the average diameters of them are 445.9 =+ 38.3 nm
and 292.2 + 26.4 nm, respectively. The average diameters of the
measured nanorods were slightly larger than the pore size of the
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Fig. 2 The diameter distributions of (a) bhAAO- and (b) shAAO-replicated PUA nanorods. (Insets show their top-view SEM images.)

AAO templates because the penetrating PUA polymer solidifies,
relieves the pressure inside the pores, and expands slightly.*> More
importantly, this is because of the uniformity of the nanopatterned
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Fig. 3 Pressure-sensing performances of flexible piezoresistive pressure sensors with (a) bhAAO- and (b) shAAO-replicated PUA sensing media based
on nanostructured PUA. The real-time Al/ly variations were measured using repeated loading and unloading under stepwise increasing pressures of 0.1,
0.25, 0.5, and 1.0 kPa at a fixed voltage of 0.1 V. (c) The Al/ly variations of bhAAO- and shAAO-pressure sensors as a function of pressure from O to
2.0 kPa. (d) The instantaneous sensitivity (S) variation calculated from (c) as a derivative at each pressure point for the bhAAO- and shAAO-pressure
sensors. (e) Enlarged Al/ly variations of the bhAAO- and shAAO-pressure sensors under constant pressures from 0.1 to 1.0 kPa. The photographs inserted
in (@) show the measurement device used in the experiment and actual pressure sensor.
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nanorod structures. For the bhAAO- and shAAO-replicated cases, the
error ranges of the PUA nanorod diameters were confirmed as 8.6
and 9.0%, respectively, compared to their average values. This result
indicates that the uniformity of the nanorod-patterned PUA with
AAO templates is excellent.

Piezoresistive pressure sensors were fabricated by super-
imposing two nanorod-patterned PUAs coated on the surface
with 30 nm-thick Au as an electrode. Fig. 3(a and b) show the
pressure-sensing performance of the piezoresistive pressure
sensors based on the bhAAO- and shAAO-replicated PUAs
according to various pressure degrees, which were evaluated
by applying a fixed voltage of 0.1 V between the two electrodes.
For simplicity of nomenclature, the bhAAO- and shAAO-
replicated PUA-based sensors are denoted as bhAAO- and
shAAO-pressure sensors, respectively. In the absence of external
pressure, the current value is low because of the small contact
area between the two Au-coated nanorod-patterned PUAs.
When an external pressure is applied, the PUA films are
compressed together, increasing the current between the elec-
trodes with increasing contact area. As shown in Fig. 3(a and b),
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the bhAAO- and shAAO-pressure sensors showed excellent
repeatability when loading and unloading were repeated
10 times at pressures of 0.1, 0.25, 0.5, and 1.0 kPa, respectively.
In particular, the shAAO case shows a more sensitive Al/I,
variation with pressure than the bhAAO case, which is sum-
marized in Fig. 3(c). Comparing the bhAAO- and shAAO-
pressure sensors, the shAAO shows a more sensitive change
in AI/l, values with applied pressure, and the saturation
phenomenon, a chronic problem of flexible pressure sensors,
is significantly improved. In addition, the shAAO-pressure
sensor presented a high linearity of 0.977 in the pressure range
from 0 to 0.6 kPa, which indicates that the pressure-sensing
signal reliability is relatively outstanding.

The slope of the AI/l, variation curve as a function of
pressure is defined as the sensitivity (S), which is derived by
the equation S = (dI/I,)/dP, where dI is the instantaneous
change in the current (I), I, is the initial 7, and dP is the
instantaneous change in the applied pressure. Fig. 3(d) shows
the variations in S derived from the pressure-sensing perfor-
mance of the bhAAO- and shAAO-pressure sensors. As shown,
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(a) The explanation of the definitions used in this study to calculate the response and recovery times. These are the enlarged results of the

pressure-sensing signal measured at a pressure of 1.0 kPa. (b) Summaries of response and recovery times of bhAAO- and shAAO-pressure sensors
obtained at different pressures from 0.1 to 1.0 kPa. Real-time Al/ly variations of (c) bhAAO- and (d) shAAO-pressure sensors under 100 loading and

unloading cycles at a pressure of 0.5 kPa.
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the shAAO has an overall higher S value than bhAAO, and
clearly shows that the saturation problem appears later. For
example, for the bhAAO-pressure sensor, the saturation of the
sensing signal appears from 0.3 kPa, whereas the signal satura-
tion for the shAAO is observed at a high applied pressure level
of 1.5 kPa, despite continuous decrease in the S value. Along
with the differences in the signal saturation phenomenon and
the S variation, the shAAO-pressure sensor showed better
performance in terms of the stability of the detected signal.
As shown in Fig. 3(e), when the pressure is kept constant
for a certain period of time in the range of 0.1 to 1.0 kPa, the
shAAO-pressure sensor showed a constant Al/I, variation at all
pressures, whereas the bhAAO showed an increase in Al/l,
variation at relatively high pressures of 0.5 and 1.0 kPa. These
results indicate that the shAAO-based piezoresistive pressure
sensor with a finer nanopatterned sensing medium has a more
stable response to applied pressure than the bhAAO-pressure
sensor. This is a natural result because the amount and time of
deformation required increases as the level of applied pressure
increases.

To compare the sensing rates of the developed piezoresistive
bhAAO- and shAAO-pressure sensors, the response and recov-
ery times were analyzed. For a reliable comparison, the
response time is defined as the time from the initial AZ/I, value
without applied pressure to the point where the AI/I, reached
90% level relative to the signal saturation section, while the
recovery time is defined as the time to reach the point where
the AI/l, drops to 10% level relative to the saturated signal.
These definitions are shown in Fig. 4(a), using the sensing
signal when a pressure of 1.0 kPa is applied. Fig. 4(b) sum-
marizes the results of analyzing the response and recovery
times. As shown, the shAAO-pressure sensor exhibited that
the time required for AI/I, variations in both the processes of
deformation and recovery is faster than that of the bhAAO.
Moreover, a tendency for the response and recovery times to
increase with the applied pressure was observed for both
pressure sensors, which is consistent with the results shown
in Fig. 3(e). We believe that this is a natural result because the
deformation degree and time required increases as the applied
pressure level increases. Fig. 4(c and d) show the real-time AZ/I,
variation measured in loading and unloading cycles with a
fixed pressure of 0.5 kPa to evaluate the long-term operational
stability of the bhAAO- and shAAO-pressure sensors, respec-
tively. For the bhAAO case, because of the relatively low sensor
performance described above, the baseline in the unloaded
state of pressure does not return to zero and gradually increases
during 100 cycles of repeated operation, which could result in

Table 1
sensors
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the hysteresis problem of the sensing signal. In contrast,
the shAAO-pressure sensor exhibited high sensing stability
without noticeable changes under the process of periodic
pressure loading and unloading in cyclic operations for a long
time, during which the detected Al/I, fluctuation value was
maintained and reproduced almost as it originally was.
While previously reported piezoresistive pressure sensors**™*>
exhibited an upward or downward moving baseline like the
bhAAO pressure sensor, the shAAO pressure sensor showed
superior reliability with a constant baseline without hysteresis.

The morphological characteristics of the bhAAO- and
shAAO-replicated PUA sensing media and the sensing perfor-
mances of the piezoresistive pressure sensors are summarized
in Table 1. From the information shown in the table, we can
infer that the shAAO-pressure sensor performs better than the
bhAAO sensor. The nanorod density of the shAAO-replicated
PUA sensing medium is 4.01 pum~>, which is higher than
3.84 um 2 of the bhAAO case, resulting in improved current
change responsiveness and pressure sensitivity at low-pressure
level. A similar interpretation is supported by Kim et al., who
observed that the sensitivity of a piezoresistive pressure sensor
is proportional to the nanostructure density.**™*® In addition,
the nanorods of the shAAO-replicated PUA exhibited a smaller
diameter of 292.2 + 26.4 nm, resulting in a low surface cover-
age of 34.6%. Therefore, the contact area between the upper
and lower PUA nanorods can be changed sensitively because of
their easy engagement with the pressure applied to the sensing
medium, which improves the sensitivity and linearity of the
sensing signals in the shAAO-pressure sensor. Of course, these
results do not generalize that piezoresistive pressure sensors
perform better when using finer-patterned sensing media at
nanoscales. In designing a piezoresistive sensing medium that
has superior responsiveness depending on the applied pres-
sure, optimizing the nanopatterned structures is necessary,
considering not only the nanostructure density but also the
surface coverage in terms of the interdigitated contact between
the two electrodes. Based on this design, it is possible to secure
piezoresistive pressure sensors with improved sensitivity and
reliability for sensing performance.

Fig. 5(a) shows the reproducibility test results at various
applied pressures for a shAAO-pressure sensor with excellent
sensitivity, reliability, and response characteristics of the sensing
signal. The applied pressure was incremented from 0.25 to 2.0 kPa
in 5 repetition cycles. As shown, the sensing signals of Al/l,
variations for the pressure sensor operated in these processes
were confirmed to be constant and uniform indicating the
excellent sensing performance of the developed shAAO-pressure

Summaries of morphological characteristics of nanorod-patterned PUA sensing medium and sensing performances of piezoresistive pressure

Characteristics of nanorod-patterned PUA

Pressure-sensing performances

Nanorod dia- Nanorod density  Surface coverage of

Sensitivity (kPa~!, at Response time (ms, at Recovery time (ms, at

meter (nm) (um™?) nanorods (%) 0.2 kPa) 1.0 kPa) 1.0 kPa)
bhAAO 445.9 + 38.3 3.84 74.3 0.0275 352.3 177.2
shAAO 292.2 + 26.4 4.01 34.6 0.0653 199.8 159.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Five cycle reproducibility tests of the shAAO-pressure sensor in the pressure range of 0.25 to 2.0 kPa. (b) Sensing performance measured

repeatedly while dropping water droplets on the tilted ShAAO-pressure sensor. Inserted photographs in (b) show water droplet falling and rolling over the

sensor.

sensor. All measurements of the shAAO-pressure sensor were
performed at a low voltage of 0.1 V, and the initial current was
~4 mA, resulting in a static power consumption of 0.4 mW,
which is comparable to those of previously reported low power
piezoresistive pressure sensors.*>*® In addition, for determining
whether the shAAO-pressure sensor responds accurately to a
minute pressure signal, we repeatedly measured the sensing
signal by dropping small water droplets, as shown in Fig. 5(b).
The process of dropping a water droplet onto the shAAO-pressure
sensor in an inclined state was monitored and this process is
shown in the camera-captured images in the insert of Fig. 5(b).
When the droplet first falls and reaches the sensor surface, an
additional force is applied by the falling speed, and thus, the
sensing signal is actually detected. Subsequently, the detection
signal decreases with the droplet rolling off the surface. The
measured AJ/I, value at the midpoint of the sensing signal, which
could be predicted to be the point where the drop force of the
water droplet can be neglected, was 0.11 x 10~°. Considering the
weight (4.2 mg) of the water droplet measured on a sophisticated
scale and the area of the electrode, the calculated pressure was
1.45 Pa, which was confirmed to be almost consistent with the
measured Al/l, value. These results prove that the developed
shAAO-pressure sensor exhibited excellent performance that can
sensitively detect even minute pressure changes.

Conclusions

In summary, we investigated the correlation between the sensitivity
or signal reliability of the pressure-sensing performance and nanos-
tructures of the sensing medium in flexible piezoelectric pressure
sensors with controlled nanorod structures using AAO templates. To
compare the effects of nanostructures on the pressure sensor
performance, two nanorod-patterned PUA sensing media with
different diameters were applied: bhAAO- (4459 + 38.3 nm)
and shAAO-replicated (292.2 + 26.4 nm). In addition, the

1332 | Mater. Adv.,, 2023, 4,1326-1334

shAAO-replicated sensing medium had a relatively higher density
and lower surface coverage of nanorod-patterned structures. It was
confirmed that the pressure sensor using the shAAO-replicated
sensing medium exhibited better sensitivity, faster response/recovery
rate, and better sensing reliability than the bhAAO-pressure sensor.
Although the results demonstrated in this study cannot be general-
ized, piezoresistive pressure sensors performed better when using
finer-patterned sensing media at the nanoscale. Optimizing the
nanopatterned structures should be considered in terms of the
interdigitated contact proceeding between the two electrodes to
obtain high-performance piezoresistive pressure sensors, having a
superior responsiveness depending on the applied pressure, when
designing the nanopatterned sensing media with the face-to-face
assembled structures of the nanostructured substrate. Our results
provide essential information for the development of highly sensi-
tive and reliable piezoresistive pressure sensors in the future.
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