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Smart Core-Shell Nanostructures for Force, Humidity,
and Temperature Multi-Stimuli Responsiveness

Taher Abu Ali, Philipp Schdffner, Maria Belegratis, Gerburg Schider, Barbara Stadlober,

and Anna Maria Coclite*

A force, humidity, and temperature-responsive electronic skin is presented
by combining piezoelectric zinc oxide (ZnO) and poly-N-vinylcaprolactam-
co-di(ethylene glycol) divinyl ether hydrogel into core-shell nanostructures
using state-of-the-art dry vapor-based techniques. The proposed concept

is realized with biocompatible materials in a simplified design that delivers
multi-stimuli sensitivity with high spatial resolution, all of which are pre-
requisites for an efficient electronic skin. While the piezoelectricity of ZnO
provides sensitivity to external force, the thermoresponsiveness of the
hydrogel core provides sensitivity to surrounding temperature and humidity
changes. The hydrogel core exerts mechanical stress onto the ZnO shell,
which is translated to a measurable piezoelectric signal. A localized force
sensitivity of 364 + 66 pC N~ is achieved with very low cross talk between
0.25 mm? pixels. Additionally, the sensor’s sensitivity to humidity is dem-
onstrated at 25 and 40 °C, i.e., above and below the hydrogel’s lower critical
solution temperature (LCST) of 34 °C. The largest response to temperature
is obtained at high humidity and below the hydrogel’s LCST. The sensor
response to force, humidity, and temperature is significantly faster than

the system’s intrinsic or excitation-induced time scale. Finally, the sensor
response to touch and breath demonstrates its applicability as e-skin in real-
life environment.

stimuli and transmits the information to
the brain.l In the last decade, a substan-
tial understanding of how this complex
system behaves has been gained.> Nev-
ertheless, its replication to form artificial
skins is still a relatively new field with
massive potential. Relying on advance-
ments in functional materials, structural
design, and state-of-art production/deposi-
tion techniques, a wide variety of single/
multi-stimuli responsive sensory sys-
tems, suitable for electronic skin (e-skin)
applications, have been reported.P8 An
efficient e-skin design requires a combina-
tion of functional materials with suitable
mechanical and electrical properties,” in
addition to the micro/nanoscale control
of the layer’s thickness and dimensions,
which is optimized by the choice of suit-
able fabrication techniques.

For pressure and force detection, the most
common methods exploit piezoelectric, pie-
zoresistive, or capacitive sensing.'*13 Bao’s
group investigated an e-skin design based
on flexible pressure-sensitive organic thin-
film transistors deploying a force-sensitive
gate dielectric capacitance. The sensor has

1. Introduction

The human skin is composed of a complex and specialized
sensory system, which detects surrounding environmental
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a maximum sensitivity of 8.4 kPa™! and a fast response time of
10 ms. This was realized with a combination of microstructured
polydimethylsiloxane (PDMS) gate dielectric and a high-mobility
semiconducting polymer in a transistor design. The sensor relies
on capacitance change due to mechanical excitations.! Another
pressure-sensitive e-skin design, investigated by Bao’s group, is
realized by a composite piezoresistive material consisting of an
organic polymer and nickel nanostructured microparticles.!!
Park and Jang investigated hybrid piezoelectric/piezoresistive
pressure sensors based on a nanohybrid material from graphene
with free-standing nanofibers of PEDOT/P(VDF-HFP). Their
e-skin device impresses with a gauge factor as high as 320 under
tensile strain thus showing high sensitivity to pressure with a low
limit of detection of 0.5 Pa only./"®!

Humidity sensors for e-skin applications have also been
investigated.18] Guo et al. demonstrated that a tungsten sulfite
(WS,) film combined with graphene electrodes and PDMS sub-
strate exhibits a high humidity response (up to 90% relative
humidity or RH) due to the change in the WS, conductivity."”!
Similarly, e-skin sensitivity to changes in surrounding tem-
perature is desired and has been investigated.?*-?2l Chen et al.
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presented a flexible temperature sensor for e-skin applica-
tion based on a semipermeable polyurethane active layer,
where its resistivity changes noticeably with the surrounding
temperature.l’!

The above-discussed concepts rely on sensors for a single
physical stimulus. However, multi-stimuli responsiveness is a
prerequisite for an efficient e-skin. Several examples of multi-
stimuli responsive e-skins are present in the literature.?*?’
Ho et al. developed a transparent and stretchable all-graphene
multifunctional e-skin sensor matrix sensitive to humidity,
temperature, and pressure.3% Another concept of multi-stimuli
responsive sensors is presented by Han et al., in which an
organic aerogel with mixed ion—electron conductivity is devel-
oped to be sensitive to pressure, temperature, and humidity
with minimal cross-talk.’"! However, of the above-mentioned
sensor solutions, none can demonstrate multi-stimuli respon-
siveness and location-specific stimuli-response all at once and
they also lack a simplified architecture as well as biocompatible
materials.

In this publication, we demonstrate a flexible skin-like
sensor that is responsive to multiple stimuli (force, humidity,
and temperature, abbreviated as F-H-T) and, since con-
structed as an array of vertical nanorod pixels, reacts in a
location-specific manner to said stimuli. The active layer
is made of an array of core-shell nanorods consisting of a
Poly-N-vinylcaprolactam-co-di(ethylene glycol) divinyl ether
(p(NVCL-co-DEGDVE)) hydrogel core and a zinc oxide (ZnO)
piezoelectric shell. The choice of p(NVCL) hydrogel is due to
its thermoresponsive nature. p(NVCL), which is non-toxic and
biocompatible,3? possesses hydrophilic functional groups (cap-
rolactam ring) that bond with water molecules. This bonding
mechanism is dependent on a specific temperature defined as
the lower critical solution temperature (LCST): the hydrogel
undergoes a phase transition from a swollen hydrated state
below to a shrunken dehydrated state above the LCST, resulting
in desired sensitivity to temperature and humidity. In a pre-
vious contribution, we showed that the LCST can be tailored
by copolymerization of the NVCL with DEGDVE. This, beyond
being a cross-linker, adds hydrophobic functional groups to the
polymer chains reducing the LCST of p(NVCL).1*3]

In our design, temperature and humidity changes in the sur-
rounding environment are sensed by the p(NVCL-co-DEGDVE)
core, which swells as a result (Figure 1a). The hydrogel swelling
mechanically strains the ZnO shell and a measurable current/
charge is in turn generated due to its piezoelectric nature.}l
Apart from this indirectly induced mechanical stress, an applied
force can be directly sensed by the ZnO shell. The choice of
ZnO for the shell is based on several advantages related to
this material. First, it exhibits both semiconducting and piezo-
electric properties that can be used to transform mechanical
stresses into electric current for electromechanically coupled
sensors and transducers.*’ Second, ZnO is relatively biosafe
and biocompatible, and it can be used for biomedical applica-
tions with little toxicity.

Arrays of core-shell structures, like the one schematized in
Figure 1a, can be obtained by subsequent deposition in porous
templates. The template-deposition of polymers or of inorganic
materials requires the coating of high-aspect-ratio nanopores
with high conformality. Liquid phase-based or line-of-sight
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deposition methods (sputtering, plasma-assisted chemical
vapor deposition, evaporation) may not uniformly fill the pores,
resulting in low-quality nanorods. Therefore, we used initi-
ated chemical vapor deposition (iCVD) for the hydrogel core
and plasma-enhanced atomic layer deposition (PEALD) for the
ZnO shell. Both these techniques are driven by surface-limited
reactions, which ensure highly conformal coating and/or filling
of the template pores. We previously demonstrated that the
piezoelectric properties of ZnO deposited by PEALD depend
on the deposition temperature, where a film of ZnO as thin as
50 nm deposited on a glass/ITO substrate at 25 °C exhibits an
apparent ds; coefficient of 3 pC N7, which increases to 20 pC
N~ when deposited at 225 °C.536l

Skin-like sensors usually consist of an array of touch-sensi-
tive sites, called tactile pixels or taxels, which may be capable
of measuring more than one property." In nature, tactile rec-
ognition, that is, the detection of object features, such as sur-
face texture and fine form discrimination, is carried out by a
large number of corpuscles and free nerve endings sensitive
to mechanical stimuli (mechanoreceptors). Psychophysical
studies have shown that the limiting spatial resolution of
human fingertips is of the order of 1 mm.!" Skin normally expe-
riences multi-axial forces and undergoes a range of angular and
linear motions at different body locations. This heterogeneity
in movements and strains of skin suggests the need for loca-
tion-specific optimization of sensors in artificial skins and pros-
thetics.l’”) Kim et al.l?®! have achieved such location-specificity
in a prosthetic skin equipped with a series of different sensors
for strain, pressure, and temperature in a multi-layered device.
Different sensors for each stimulus were used (e.g., a sensor
for strain, another for temperature, another for pressure) and
dislocated into the matrix with a quite laborious architecture.
To achieve high resolution and multi-sensitivity at the same
time we used a completely different device architecture, based
on vertical sensing nanorods with a lateral dimension of only
500 nm, instead of horizontal layers. Each pixel of our device
contains thousands of sensing nanorods and the signal is read
out electronically at every individual pixel.

2. Results and Discussion

The core-shell nanorods are embedded in a polyurethane
acrylate (PUA) polymeric template that is nanopatterned
by UV-nanoimprint lithography (UV-NIL). The nanostruc-
tured layer is then sandwiched between two electrodes. The
detailed fabrication steps of the core-shell nanorod array are
shown in Figure 1b (thickness of layers not shown to scale).
Starting with a polyethylene terephthalate (PET) substrate, a
bottom electrode (BE) of chromium/silver (Cr/Ag) with thick-
ness of 2.5/50 nm is first deposited by thermal evaporation
through a shadow mask. Then, UV-NIL is utilized to imprint
nanoholes into a layer of PUA deposited on top with a stamp
(Figure Sla, Supporting Information) featuring nanorods,
as shown in Figure S1b, Supporting Information. During the
imprint process, a force F = 30 N is applied onto the stamp
for 30 min, which reduces the thickness of the PUA layer to
=6 um (Figure Slc, Supporting Information). The resulting
nanoholes (diameter d = 500 nm and height H = 500 nm)
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Figure 1. a) Cross-sectional view of the core-shell nanorod sensing concept, where force is directly sensed by a ZnO piezoelectric shell. The hydrogel
core, which swells, senses humidity and temperature changes, and a resultant stress is applied onto the ZnO piezoelectric shell. b) F-H-T responsive
sensor fabrication routine (dimensions are not shown to scale). Starting with a PET substrate, a BE is deposited using e-beam evaporation. A PUA tem-
plate layer is then applied and nanostructured using UV-NIL. The ZnO piezoelectric shell is deposited using PEALD. Next, the hydrogel core consisting
of p(NVCL-co-DEGDVE) is deposited using iCVD and finally, two TE designs are deposited with e-beam evaporation (indicated as single electrode
field and six electrode fields). c) Scanning electron microscopy (SEM) image of a patterned PUA template prior to filling with core-shell structures.
d) Photograph of the complete sensor design with a 1 cm? TE active area under bending. e) Colorized SEM image featuring three core-shell nanorod
structures: a conformal ZnO shell (yellow) deposited on the nanopatterned PUA (dark blue) and the hydrogel core (navy blue) completely filling the
nanoholes. f) Corresponding geometry model used for finite element method (FEM) simulations.

prior to deposition of the core-shell layers are shown in
Figure 1c. Subsequently, deposition of the ZnO shell with a
thickness of 50 nm is carried out at 35 °C using PEALD, followed
by deposition of the p(NVCL-co-DEGDVE) core with a
thickness of 200 nm via iCVD. As a last fabrication step,
two designs of an Ag top electrode (TE) with a thickness of
50 nm are deposited by evaporation through respective shadow
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masks. The first design is composed of a single TE field with
an active area of 1 cm? (Figure 1d). The second design is com-
posed of six TE fields, each with an active area of 0.25 mm?
and spaced 5 mm apart. The fabrication of the sensor consists
exclusively of process steps that can be carried out sequentially
in a pilot line, such as vacuum evaporation for the electrodes,
nanoimprint lithography, and chemical vapor deposition (for
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Figure 2. a) Real part of dielectric constant €’ measured as a function of frequency f in the range of 42 Hz - 5 MHz for a sensor with and without a
hydrogel core. b) Current-Voltage (I-V) characterization performed at V =20 V for a sensor with and without a hydrogel core.

the hydrogel core and the piezoelectric shell). The areal density
of the nanorods and their individual diameter, as well as aspect
ratio, were optimized by means of simulation to result in a max-
imized response per unit area within the constraints given by
the fabrication method. This resulted in an areal density of 10
nanorods per 1 cm? of electrode area while the diameter and
aspect ratio were large enough to form sufficiently thick ZnO
and hydrogel layers giving a high individual response. COMSOL
simulations have shown that the optimal pitch is 1000 nm, with
nanorods of 500 nm in diameter spaced over 500 nm.

Figure 1c corresponds to the cross-sectional SEM image of a
patterned PUA template prior to filling, whereby Figure 1le is an
SEM close-up of three nanoholes after filling with a thin ZnO
layer (50 nm) and hydrogel (200 nm). It can be observed that the
techniques used to deposit the core-shell nanorods deliver the
desired uniform profiles: conformal ZnO deposition by PEALD
and complete filling of nanoholes with the iCVD-deposited
hydrogel core. The iCVD deposition conditions were optimized
to achieve a fractional saturation pressure for the monomer and
cross-linker at 0.15 and 0.04, respectively, which is recommended
for conformal layer coating.’® During cross-sectional cuts of
samples for SEM imaging, slight delamination was observed
within some nanoholes due to the difference in Young’s modulus
E of the PUA template and ZnO.3%3]

The working principle of the as-fabricated device is based
on the deformation of the piezoelectric shell induced by the
swelling of the hydrogel. Previous work published by our group
extensively characterized the swelling behavior of p(NVCL-
co-DEGDVE) films on Si (100) substrate, deposited using the
same iCVD reactor/conditions used in this work.?*l It is indi-
cated that films with 10% nominal cross-linking experienced
the highest swelling response in water (represented by the ratio
of thickness upon swelling to dry thickness, d/dq4,) but delami-
nated from the substrate during prolonged water-exposure and
therefore were unstable.®l Stable films were obtained with
20% nominal cross-linking. In the present work, p(NVCL-co-
DEGDVE) films with 25% nominal cross-linking have been
deposited for improved stability. The cross-linker fraction influ-
ences the LCST of the hydrogel (increasing cross-linker frac-
tion decreases the LCST). For p(NVCL-co-DEGDVE) with a
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25% nominal cross-linker fraction, the LCST is measured at
34+2 °C.33]

The swelling behavior of the hydrogel core is of high impor-
tance to simulate the sensor performance with respect to
humidity and temperature. Within the finite element method
(FEM) simulation, the symmetrical geometry allows to model
one half of a nanorod. Figure 1f shows the geometry used
for the simulations: a section of the patterned PUA template
(colored in blue), bare, with 50 nm of conformal ZnO layer
(colored in yellow) and with complete filling of the nanohole by
the hydrogel core (colored in navy blue). The hydrogel swelling
behavior is modeled following Equation (1):

€= fxCio (1)
Where, ¢ is the hygroscopic strain exerted by the hydrogel core
on the ZnO shell. fis the hydrogel swelling coefficient (m? kg™
and C,,, is the moisture concentration in air (kg m~3; equiva-
lent to RH %). Table S1, Supporting Information, shows f and
Cino values calculated for p(NVCL-co-DEGDVE) 25% nominally
cross-linked grown on ZnO (50 nm) on a Si substrate. 3 is cal-
culated at 10, 25, 35, 40, and 50 °C (below and above LCST) at
different RH% (C,,,). In addition to simulating the response
to humidity and temperature, the simulated sensor response
to force is performed by applying a boundary load condition,
where the input force is given per unit area (N m2).
Characterization of the sensor dielectric properties, as well as
-V response, is performed in order to assess the current flow
from bottom to TE across the template, which acts as a dielec-
tric layer. Figure 2a shows the real part of the dielectric constant
&, which is measured in the frequency range f= 42 Hz up to
5 MHz for a sensor with a hydrogel core in comparison to a
reference sensor without a hydrogel core. The measurements
were performed on a sensor with an active TE area of 1 cm?. At
42 Hz, the dielectric constant amounts to 6.3 for the sensor with
a hydrogel core and 5.3 for the sensor without the hydrogel core.
&’ drops to 5.3 and 4.7 at f= 10 kHz, respectively. The sharp drop
in & between 10 kHz and 1 MHz is related to dipolar relaxa-
tion, which typically occurs between 1 Hz and 100 MHz for poly-
mers.*! The dielectric properties of the hydrogel are influenced
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Figure 3. a) Schematics of a sensor with a TE active area of 1 cm? (dimensions are not shown to scale). b) Current | response over time t to a 10 N
step force stimulus. ¢) Zoom-in of Figure 3b showing the sensor response time to 10 N step force stimulus. d) Charge Q (integrated current signal)
as a function of excitation force (10, 12, 15, and 20 N) for a sensor with ZnO, a reference sensor without ZnO as well as the simulated response using
FEM simulations. The variation in the charge response for a given force level (error bars) is calculated from three measurements each performed on
two sensors (sample size, n = 6). The sensor sensitivity to force, S, is also reported in the Figure 3D polarization distribution spatial maps (cf. color
bar) obtained from FEM simulation on piezoelectric ZnO with (e) (100) preferential orientation and f) with (002) preferential orientation.

by the moisture content inside its polymeric mesh, where the
dielectric constant of water is = 80.] However, in its dry state,
a thermoresponsive hydrogel typically shows & values of 3 to
4.1 Moreover, due to the measurements being performed in
ambient humidity conditions (40% RH) and the much thinner
hydrogel core layer in comparison to the PUA template layer
(200 nm << 6 pm), the sensor overall £ is mainly dependent on
the thickness and dielectric properties of the PUA layer (see sup-
porting note 1 for calculation of theoretical dielectric constant).
I-V characterization curves were measured for both sensors
(with and without the hydrogel core) in the voltage range V =+
20 V (Figure 2b). For the sensor with a hydrogel core, the
measured current density ] is 1.7 x 10° A cm™ at 20 V and
1.3 x 10 A cm™ at +20 V. For the sensor without a hydrogel
core (reference), J = 1.7 x 107 A cm™ and 1.8 x 107 A cm™
at =20 V and +20 V, respectively. The results indicate that the
hydrogel core increases the leakage current of the sensor. The
current density asymmetry is related to charging effects, which
are enhanced with the presence of a sensor with a hydrogel core.

Adv. Mater. Technol. 2022, 7, 2200246 2200246 (5 of 11)

2.1. Full-Area Force Response

Figure 3a—d shows the sensor scheme (single TE with an active
area of 1 cm?) and response to external force stimuli, where dif-
ferent force intensities of F = 10, 12, 15, and 20 N were applied
using a piezoelectric test setup, as schematized in Figure S2a,
Supporting Information. Figure 3b shows the generated current
as a function of time for a step excitation force signal of 10 N
for 4 cycles, with a maximum current I of 0.21 + 0.02 nA meas-
ured upon pressing with a rounded pneumatic stamp (diameter
d =5 mm). A zoomed-in graph shows a sensor response time of
~ 28 ms (Figure 3c). The charge Q is calculated from integrating
I over time t and is plotted as a function of the force (Figure 3d).

As observed from Figure 3¢, upon a force excitation of F=10 N,
a charge response of 81.0 + 1.7 pC is measured, increasing to
364 £ 66 pC at F = 20 N. The charge response corresponds
in good approximation linearly to the force, with an apparent
offset. This offset can be related to a high deformation/com-
pression of the hydrogel layer at low forces, thus lowering the

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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stress exerted onto the ZnO layer. The sensor sensitivity to
force excitations, S, is calculated following Equation (2).

S; =AQ/AF 2)

It amounts to 22-36 pC N~L. The upper sensitivity limit
of the experimental data matches the sensitivity Sgmo0 =
36 pC N calculated from the FEM model, where ZnO (002)
is considered. A reference sensor response (without ZnO shell
and hydrogel core) was measured at F = 10, 12, 15, and 20 N
with a maximum Q = 28 + 12 pC. Given that the response is
significantly lower than what is measured with a fully fabri-
cated sensor containing the core-shell nanostructures, we can
conclude that the sensor response to force is due to piezo-
electric ZnO. The FEM model delivered different charge values
compared to the ones measured experimentally. Such difference
is attributed to two factors: first, ZnO deposited at 35 °C crystal-
izes mainly into (100) crystallographic orientation (piezoelectric
polar axis is parallel to substrate surface),****8 but also (002)
crystallographic orientation (piezoelectric polar axis perpen-
dicular to substrate surface). The presence of (002) orientated
crystallites in ZnO enhances the piezoelectric response to force
excitation parallel to the z-axis.3®**=1 In the FEM model, ZnO
is single crystalline, therefore the piezoelectric axis is oriented
either completely along the (100) direction, or completely along
the (002) one. As shown in Figure 3d, the piezoelectric charge
obtained from the simulation with a (002) oriented ZnO single
crystal is higher than the piezoelectric charge obtained from the
simulation with (100) orientation.

The experimental results lie in between these two extreme
cases, which is expectable, considering that the ZnO deposited
by PEALD at 35 °C has both (100) and (002) oriented crystals.

Another contribution affecting the force response comes
from substrate bending, which has to be considered for the
flexible PET substrates used. Bending of the substrate generates
charges through the transverse piezoelectric effect (attributed to
the ds; coefficient of piezoelectric ZnO) in addition to the lon-
gitudinal piezoelectric effect (attributed to the ds; coefficient of
piezoelectric ZnO), which increases the measured piezoelectric
charge.?53 In the FEM simulation of a single nanorod the sub-
strate is not considered and the influence of substrate bending
is not taken into account. To validate the assumption of sub-
strate bending, a 2D FEM model is used to model the active
layer/thin-film/substrate bending due to the different contribu-
tions of the stress/strain components (Figure S3a, Supporting
Information). Figure S3b, Supporting Information, shows the
stress distribution within the thin film layer and the PET sub-
strate at F = 10 N. It can be clearly concluded that the highest
stress occurs close to the stamp edge, which results in strong
deformation. In this region, the deformation of the substrate
induces a large longitudinal tensile strain component and a
transverse compressive strain component within the thin film/
active layer as shown in Figure S3c,S3d, Supporting Informa-
tion. The results of the 2D FEM model clearly show that the
experimentally measured piezoelectric response is strongly
influenced by the transverse piezoelectric effect due to the
bending of the flexible substrate and thus the active layer. The
3D polarization distribution spatial map shown in Figure 3ef,
obtained for F = 10 N applied as force per unit area through a
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boundary load condition, indicates that the maximum charge is
generated at the edges of the nanostructure for both ZnO orien-
tations, and decays substantially along the lateral dimensions.

This is important for obtaining site-specific pressure sensing
with high lateral resolution and it is the advantage of using
the nanostructuring approach. Contrarily, if the generated
piezoelectric charge would be constant along the whole ZnO
layer, the resolution of force sensing would be lower: the force
response would be higher at the excitation location, where the
force is applied, and would gradually decrease in the lateral
direction.

2.2. Localized-Area Force Response

In order to demonstrate such site-specific sensing, a set of sen-
sors is fabricated with a structured TE depicted in Figure 4a.
The design relies on six electrode fields/pixels, each with an
active area of 0.5 mm x 0.5 mm and 5 mm spacing between
neighboring fields. In the experiment, pixel Bl was excited
with a step force signal of 10 N applied through a stamp
with d = 1 mm, using the same piezoelectric test setup sche-
matized in Figure S2a, Supporting Information. Minimum
cross-talk between electrode fields/pixels is observed as shown
in Figure 4b. Figure 4c shows the piezoelectric current time
response of pixel B1 when excited over 4 cycles. A peak current
I of 0.6 nA was measured, which translates to a piezoelectric
charge Q = 170 pC per step. Figure S4, Supporting Informa-
tion, shows the generated charge from different pixels for step
force excitations with magnitudes of 10 and 4 N. At F=10 N, a
maximum charge Q = 270 pC is measured for pixel Al and a
minimum charge Q =100 pC is measured for pixels B2 and C1,
while for F =4 N a maximum charge of 170 pC and a minimum
charge of 30 pC were measured for pixels Al and Cl, respec-
tively. Variations in the measured charge at different pixels are
attributed to thickness variations along the PUA imprint layer
as explained in the SI. The sensor response to 5 cycles of force
excitations from a finger touch is tested using the experimental
setup schematized in Figure S2b, Supporting Information,
where Q is calculated, showing a response of 216 to 252 pC
with a signal rise time t, = 0.75 s (Figure 4d).

2.3. Humidity and Temperature Response

The sensor response upon humidity and temperature changes
is measured in terms of piezoelectric charge in an environ-
mental chamber as depicted in Figure S2¢, Supporting Informa-
tion. The response is measured from 25% up to 96% RH, using
a sensor with a TE area of 1 cm? The charge response overtime
at 25 °C for varying humidity conditions is shown in Figure 5a,
while Figure 5b depicts the charge as a function of relative
humidity. At 25 °C, the hydrogel is below its LCST (34 £ 2 °C)
and as a result has a high tendency to absorb water molecules,
compared to the hydrogel at 40 °C, resulting in a maximum
response of 14.2 £ 1 nC at 96% RH. This is due to the polymer
chain configuration, where strong hydrogen bonds between the
hydrogel’s hydrophilic functional groups (carboxylic and cyclic
amide) and water molecules are present (Figure 5c,d).>* The

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. a) Schematics of six TE fields (A = 0.25 mm?) for localized response to force, where pixel B1 is excited with F =10 N, using a force stamp
with diameter d =1 mm (dimensions are not shown to scale). b) 3D plot of piezoelectric charge response of pixel B1 and its neighboring pixels when
excited with F =10 N. c) Current | response of B1 over time, t, to 10 N step force signal for 4 cycles. d) Sensor response to 5 cycles of force excitations

from a finger touch with a maximum response Q = 252 pC.

sensor sensitivity, Sy, at 25 °C is calculated to be 0.1 nC %! for
the (relative) humidity range of 25 to 85% and Sy, =1.2 nC %7
for the RH range between 85 and 96%. The previously observed
non-linear increase in swelling® results in a high increase in
St above 85% RH. Figure 5b shows Q as a function of RH at
25 (below LCST) and 40 °C (above LCST) for the sensor with a
hydrogel layer compared to a reference sensor. Above the LCST,
a change in the hydrogel’s polymer chain configuration occurs,
which enhances inter- and intramolecular interactions between
the hydrogel's hydrophobic groups resulting in less water
absorption and incorporation into the hydrogel’s mesh (coil-
globule transition as depicted in Figure 5c).>¥l The hydrogel
experiences less swelling and thus lower stress is exerted onto
the ZnO shell compared to that measured at 25 °C. Accordingly,
above the LCST, the maximum response at 96% RH is 4.0 + 0.3 nC,
about one-third of the value at room temperature. At 40 °C, the
sensitivity Sy is calculated to be 0.01 nC %! between 25 and
85% RH and Sy, = 0.1 nC %! between 85 and 96% RH. The
reference sensor shows no response to humidity, confirming
that the sensor response is indeed due to the hydrogel core
swelling.

These observations with regard to humidity sensing are also
confirmed by FEM simulations, which according to Figure 5e,f
shows a maximum stress o of 174 MPa at 60% RH below the
LCST versus 13.4 MPa above LCST. The simulated charge
response obtained from the FEM model (Figure 5b, dashed
lines) is in very good agreement with the experimental data for
both temperature conditions up to an RH of 80%. In addition,
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in both cases, the maximum stress exerted on ZnO occurs at
the edge of the nanostructures.

In the same experimental setup, the sensor response to
temperature was investigated. Figure 6a displays the sensor
response to a temperature profile at 96% RH. The temperature
is gradually decreased from 50 to 10 °C, therefore ensuring that
the hydrogel transitions from a low to high swelling regime
(LCST = 34 + 2 °C). The experiment was repeated for two dif-
ferent humidity levels (96% and 40%) as well as for the refer-
ence sensor and the corresponding charge curves are plotted as
a function of temperature in Figure 6b. At 96% RH, the sensor
temperature sensitivity, Sy, was found to be —0.14 nC °C™
within a temperature range between 50 (Q = 0.03 nC) and
30 °C (Q = 2.1 nC). Below 30 °C, a signal is measured but it
does not change with temperature. This is a direct consequence
of the hydrogel swelling profile, where the thickness changes
around the LCST and stays constant for lower temperatures.
However, no response to temperature was observed at low RH
(40%), indicating that the hydrogel’s sensitivity to temperature
occurs around the LCST and at high RH.®® This trend is also
confirmed by FEM simulations, which indicate a saturation of
the generated charge generation below 30 °C at 95% and 70%
RH. Similar to the above-mentioned humidity characterization
measurements, a reference sensor without a hydrogel layer
measured at 96% RH in the temperature range of 50 to 10 °C
and it showed no significant response to temperature.

Finally, yet importantly, we could use the sensor to detect the
air blows from a human mouth from an approximate distance of

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Sensor charge response to changes in humidity (RH = 25%-96%-30%) as a function of time. b) Humidity response of the sensor at 25
(below LCST) and 40 °C (above LCST), respectively, and a reference sensor (without a hydrogel), where Sy, is indicated for four regions. The experimental
data are averaged over 2 measurements (n = 2) and the standard deviations are shown as error bars. Where the error bar is not visible, it is hidden by
the data symbol. c) Schematics of hydrogel swelling mechanism and LCST influence on hydrogel swelling. d) Molecular structure of the hydrogel core.
Stress distribution in the ZnO shell due to hydrogel swelling e) below and f) above LCST, obtained from FEM model.

10 cm using the experimental setup schematized in Figure S3b,
Supporting Information. For the consecutive blows, the charge
peaked with values between 0.65 to 0.78 nC (Figure 6¢) and
the signal rise time was about ¢, = 1.1 s (Figure 6d). The sensor
response is attributed to highly humid air blown from the
human mouth rather than to the induced temperature change
as such an air blow has a relatively low temperature (30 °C).

3. Conclusion

In conclusion, we have demonstrated a multi-stimuli force,
humidity, and temperature (F-H-T) responsive sensor fabri-
cated on a flexible PET substrate for electronic skin applica-
tions. The sensor relies on combining piezoelectric ZnO with
p(NVCL-co-DEGDVE) hydrogel into novel core-shell nanostruc-
tures. In a previous paper from our group, we demonstrated
that the transition temperature of p(NVCL-co-DEGDVE) can
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be tuned in a large range from ca. 40 to 15 °C.3¥l This allows
to tune its response to the desired temperature range. In this
design, the used deposition conditions were chosen to obtain
a transition at near-body temperature, which may be useful for
artificial skin applications.

The core-shell nanorods are embedded into a nanopat-
terned PUA template. The sensor response to force is
successfully demonstrated with an in-house piezoelectric
measurement setup at different force magnitudes, applied
parallel to the sensor’s z-axis. The force-sensitivity is as high
as Sg = 22-26 pC N7\ As for the response to humidity and
temperature, measurements in an environmental chamber
revealed a maximum sensitivity to relative humidity of Sy, =
1.2 nC %71, obtainable below the LCST of the hydrogel and
at high relative humidity (>85% RH). Additionally, above the
hydrogel LCST and at saturated relative humidity levels still,
a sensitivity of Sys = 0.1 nC %! could be achieved, while a
maximum sensitivity to temperature Sy = —0.14 at 96% RH

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. a) Sensor response Q to temperature T (50-10 °C) at 96% RH as a function of time. b) Q as a function of temperature at RH= 96% and 40%
and a reference sensor without a hydrogel layer, with S indicated at 96% RH. The experimental data are averaged over 2 measurements (n = 2) and
the standard deviations are shown as error bars. Where the error bar is not visible, it is hidden by the data symbol. c) Sensor response to air blown
from a human mouth, with a maximum Q = 0.78 nC. d) zoomed-in Figure 6c showing signal rise time t, =1.1s.

is obtainable for a temperature range between 30 and 50 °C.
The enhanced sensor sensitivity to humidity and tempera-
ture (in comparison to force) is a result of the nanostruc-
turing approach,*>% which increases the contact surface area
between the hydrogel core and the piezoelectric shell. We
believe this difference in sensitivity for the different stimuli
can be used for stimuli recognition, mainly by signal analysis.
Alternatively, force and temperature can be distinguishable by
slightly modifying the template/electrode design, to achieve
pixels with nanorods filled with hydrogels and pixels filled
only by ZnO.

The maximum force that was exerted on these sensors was
20N and sensor response was constant over the tested number
of cycles. More detailed resilience and long-term stability tests
are currently under investigation. In this design, temperatures
in the range of 30-50 °C could be detected as shown in
Figure 6b. Nevertheless, since the LCST of the p(NVCL-co-
DEGDVE) can be tuned from 10 to 50 °CB3, the window of tem-
perature response can be expanded in future configurations.

Another advantage of this approach is that for force excita-
tions parallel to the sensor’s z-axis, the maximum charge is
generated at the edges of the nanostructures and decays sub-
stantially along the lateral dimensions. This enables achieving
site-specific force sensing with a very high spatial resolution,
in principle, down to the dimensions of a single nanostruc-
ture, if the sensor electrodes were to be miniaturized to such
dimensions. Using a design with adjacent square electrode
fields each having only 0.25 mm?, a force excitation could be
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spatially resolved with a negligible low cross-talk between
neighboring fields. The sensor response times to force
(28 ms), as well as humidity (25-50 s), are comparable to litera-
ture: reported response times to force are between 10 ms and
1's, while to humidity the response time oscillates in the range
5-148 14161819300 Moreover, the sensor response is signifi-
cantly faster than the system’s intrinsic or excitation induced
time scale and any delay comes from the specifics of excitation.
Finally, the sensor response to a finger touch and air blown
from a human mouth demonstrates the sensor applicability as
e-skin element in real-life environment.

4. Experimental Section

Fabrication: The multi-stimuli F-H-T responsive sensor was fabricated
according to the processing steps shown in Figure 1b. Starting with
a 125 um thick polyethylene terephthalate (PET) substrate with
dimensions of 90 x 60 mm? (Melinex STS 505, Dupont Teijen Films),
e-beam evaporation was used to deposit an ultra-thin (2.5 nm)
chromium adhesion layer, followed by a layer of silver (50 nm) serving
as a BE. An e-beam deposition rate between 0.10 and 0.25 nm s~
was applied. The BE had an active area of 75 x 40 mm?2. Then, a resin
based on PUA (NlLcure, Joanneum Research) was deposited manually
using a glass pipette (resin volume = 1 mL) and nanostructured by
UV nanoimprint lithography (UV-NIL) using a UV light source (USDT-
20ML-8R, Biostep) with a wavelength 4 = 365 nm and a curing time
t.,r of 60 s. For imprinting, a transparent polymeric stamp (NlLcure,
Joanneum Research) was first prepared from a cyclic olefin copolymer
master (COC, STRATEC Consumables GmbH and Fianostics GmbH)

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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following the same UV-NIL parameters/procedure described above.
The nanostructures, that is, nanoholes, on the master had a diameter
d =500 nm, height H=500 nm, aspect ratio AR =1, and a pitch =1000 nm
and were arranged in 16 square fields each 8 x 8 mm structured squares.
During imprinting, a force F = 30 N was maintained on the stamp for
30 min to reduce the imprint layer to the desired thickness t. Finally,
after stamp demolding, a UV-post curing step (395 nm, 120 s) (BLD-240-
C210-ERS, uPowerTek) was performed. To form the piezoelectric shell, a
thin ZnO layer (50 nm) was deposited at 35 °C into the nanostructured
PUA template by means of PEALD, with a custom-built direct plasma
ALD reactor used. The reactor has an asymmetrical plate configuration,
in which the radio frequency (RF) and the ground electrode were 18 and
20 cm in diameter, respectively. A distance of 11 cm was maintained
between both electrodes. Diethyl zinc (DEZn, Dock/Chemicals) flow into
the reactor was controlled by an ALD-valve (ALD3, Swagelok). An RF
plasma power generator (Cesar 13.56 MHz, Advanced Energy) was used
to deliver the required input power through a matching network (Navio,
Advanced Energy). Oxygen (O,) and argon (Ar) were flown into the
reactor using a mass flow controller (MFC-GE50A, MKS) with a flow rate
set to 20 sccm. O, was flown into the reactor during the plasma step,
while Ar was used as a purging gas. The pump system in use consisted
of a rotary vane pump (DUO 20, Pfeiffer Vacuum) and a turbomolecular
pump (TMHO71P, Pfeiffer Vacuum). Using a butterfly valve (MKS 253B),
the pressure was set to 200 ubar during the plasma step. At 35 °C,
250 cycles were needed to deposit 50 nm of ZnO. A single cycle consists
of 1) an O, plasma step, 2) an Ar purging step, 3) a DEZ step, and 4) an
Ar purging step.

Subsequently, the p(NVCL-co-DEGDVE) hydrogel core was deposited
using iCVD in an in-house built reactor. Deposition of 200 nm p(NVCL-
co-DEGDVE) was carried out by in-flowing NVCL (98% stabilized,
Sigma Aldrich) at a constant flow rate of 0.275 sccm, DEGDVE cross-
linker (99%, Sigma Aldrich) at a flow rate of 0.25 sccm, and tert-butyl
peroxide (TBPO) initiator (98%, Sigma Aldrich) at a flow rate of 2 sccm
into the reactor. The filament temperature was set to 200 °C and the
stage/substrate temperature to 35 °C. More details on the reactor can
be found elsewhere.[’]

As a last fabrication step, the TE was formed by depositing a 50 nm Ag
layer on top using e-beam evaporation. The TE has an active area of 1 cm?
for one set of samples. Another set of samples was fabricated with six
neighboring TE fields/pixels (electrode active area of 0.25 mm?) spaced
5 mm apart. This design was utilized to test the sensor response to
localized force excitations as well as the cross-talk between neighboring
TE fields/pixels.

Characterization: Images of the imprint stamp, template layer,
nanostructures, ZnO shell, and p(NVCL-co-DEGDVE) hydrogel core
were obtained with a scanning electron microscope (SEM, part of an
e-line system, RAITH GmbH). Cuts for cross-sectional SEM imaging
were performed using an ultra-knife (MC 13858, DiIATOME) with a knife
angle of 45° and cut speed of 1 mm s7'. The sensor dielectric properties
were measured using an LCR meter (Hioki 3532-50 LCR HiTESTER,
Hioki E.E Corporation), in a frequency range of f = 42 Hz to 5 MHz.
|-V measurements were performed in the voltage range V = +20 V
using a parameter analyzer (PA1004, MB technology). Sensor response
measurements to external force were carried out using an in-house built
setup at F =4, 10, 12, 15, and 20 N. More details on the setup can be
found elsewhere.’®l Sensor response measurements to humidity were
performed in a commercial environmental chamber (SH-222, ESPEC) at
relative humidity RH = 25-96% and temperature T = 25 and 40 °C. Due
to condensation inside the humidity chamber, a relative humidity below
25% was not obtainable. The generated current was converted into a
voltage signal using a transimpedance amplifier (TIA) and recorded with
a data acquisition system (SIRIUS Multi, Dewesoft). The charge Q was
then calculated from the calibrated V-I signal via numerical integration.
The sensor response to temperature was measured using the same
setup as used for humidity measurements with a temperature range
of T =50-10 °C, at RH = 40 and 96%. Finally, the sensor response to
real-life stimuli, namely excitation by finger touch and air blown from
a human mouth was measured using the Dewesoft data acquisition
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system, similarly to humidity and temperature response measurements.
The data were displayed as mean values with standard deviations. The
sample size n was indicated in each figure, where applicable.

FEM Simulations: COMSOL Multiphysics V5.6 in combination
with the Structural Mechanics module was used to model the sensor
response to external stimuli, namely, force, humidity, and temperature.
A multiphysics coupling was applied to account for the piezoelectric
effect. A 3D geometry model of only half a single nanorod was used and
proper symmetry boundary conditions were applied on the xz-plane of
the geometry. Additionally, a periodic boundary condition was applied on
the yz-plane to obtain the response over a periodic number of nanorods.
The top and BEs were represented by floating potential and ground
boundary conditions, respectively. The hydrogel swelling behavior was
modeled following Equation (1) using the hygroscopic swelling node
in COMSOL Multiphysics. Laser interferometry was used to obtain the
thickness change due to swelling and dependently the data shown in
Table S1, Supporting Information. The PUA template was modeled as
a linear elastic material and the ZnO shell as piezoelectric material
(piezoelectric coupling matrix imported from COMSOL material library,
dz3 = 11.7 pC N7"). Force excitations were applied as force per unit area
using a boundary load condition.

Additionally, substrate/active layer bending due to applied force in the
piezoelectric characterization setup was investigated using a simplified
2D model identical to the experimental setup. It consisted of a hard flat
stamp with radius r = 2.5 mm getting in contact with and deforming
a layer stack comprising the sensor element. In this model, the sensor
(active layer) consisted of a flat unstructured anisotropic thin film
layer with a thickness of 6 um, poisson’s ratio v of the active layer was
assumed isotropic (Table S2, Supporting Information), on top of a PET
substrate with a thickness of 125 pm and a sample support out of rubber
with thickness 5 mm, as depicted in Figure S3a, Supporting Information.
A symmetry line existed at x = 0 mm. All materials were assumed to
behave linearly elastic, except for the active layer, for which material’s
effective elastic properties were first derived from a representative
volume element (RVE) based on a unit cell containing a single nanorod.
The contact boundary condition was applied to the bottom boundary of
the stamp (source) and the top boundary of the thin film/active layer
(drain), while the top side of the stamp was successively displaced to
obtain a total stamp force F =0-20 N.
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Supporting Information is available from the Wiley Online Library or
from the author.
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