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Porous polymeric foams as dielectric layer for highly sensitive capacitive based pressure
sensors have been extensively explored owing to their excellent flexibility and elasticity.
Despite intensive efforts, most of the previously reported porous polymer foams still suffer
from the difficulty in further lowering the attainable density limit of ~0.1 g/cm? while
retaining high sensitivity and compressibility due to the limitations on existing fabrication
techniques and materials. Herein, utilizing three-dimensional interconnected networks of few-
layer hexagonal boron nitride foams (h-BNFs) as supporting frameworks, lightweight and
highly porous BN/polydimethylsiloxane composite foams (BNF@PDMS) with densities
reaching as low as 15 mg/cm? and permittivity close to that of air were fabricated. To the best
of our knowledge, this is the lightest PDMS-based foams to date. Owing to the synergistic

effects between BN and PDMS, these lightweight composite foams possess excellent
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mechanical resilience, extremely high compressibility (up to 95% strain), good cyclic
performance and superelasticity. Being electrically non-conductive, the potential application
of BNF@PDMS as a dielectric layer for capacitive sensor was further demonstrated.
Remarkably, the as-fabricated device could perform multiple sensing functions such as non-
contact touch sensor, environmental monitoring sensor and high sensitivity pressure sensor

that could detect extremely low pressures of below 1 Pa.
1. Introduction

Over the last decades, there is an unprecedented growth in demand for pressure sensors as
compelled by necessity for their application in many of today’s technologies. They provide
real-time information that are conceived by changing their properties in response to external
mechanical stimuli. Ranging from our familiar smart devices with touch-screen capabilities to
more sophisticated systems such as electronic skins for robotics, smart prosthesis, biomedical
and healthcare monitoring devices,!!! incorporation of pressure sensors is integral. In general,
the working principle for sensors can be classified into capacitive,[?! piezoresistive,l’!
piezoelectric!?l, triboelectricl®! and optical.l% Particularly, capacitive sensors exhibit several
advantages such as simplicity and ease of fabrication, low power consumption, stable with
good repeatability, high sensitivity and fast response time.!”! A parallel-plate capacitive sensor

is composed of a dielectric layer sandwiched in between two conducting electrode plates and

detects changes to its capacitance as defined by C = eoer, where € and & is the permittivity

of vacuum and dielectric layer, respectively, A is the overlapped area and d is the distance
between the two electrodes plates. Although increasing the contact area of the electrodes by
means of micro-patterning and using nanostructured materials can improve the overall
sensitivity of the device,l®! the more important component of the sensor lies within the
variability of the dielectric layer where substantial changes can be conceived through varying
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both its permittivity and compressibility.l7% 7% Moreover, it could also potentially respond to

a variety of stimuli thus enabling multi-functionality.

Although various polymeric foams such as acrylates,[% polyolefin!!'! and polyurethane!!'?!
have been used as dielectric layers for capacitive sensors, polydimethylsiloxane (PDMS)
based foams are by far the most prevalent owing to their commercial availability, excellent
flexibility and elasticity, mechanical toughness and bio-compatibility.[’> 7b. 8 9, 13]
Specifically, controlling the porosity or air gaps within these polymeric foams is key to
achieve high compressibility and sensitivity of the capacitive pressure sensor device. To date,
several strategies have been utilized to accomplish this purpose. For instance, micro-
structured or porous PDMS can be fabricated by casting onto pre-patterned moulds,7# 809 14]
using sacrificial hard templates (e.g., sugar cubes,!3] salt crystals,'®! citric acid
monohydrate,l!7 polystyrene beads, 3@ and metal foams,!!8)), gas foaming,['3 191 and
emulsion templating.[?”) Among them, PDMS foams prepared by choosing highly porous Ni
foams as templates were demonstrated to exhibit the lowest density of ~0.1 g/cm? (~10 times
lighter than solid PDMS) because of the relatively large pore size (few hundreds of microns)
and interconnected structure of Ni foams which allow coating of diluted PDMS.[182. 18¢. 21]
Despite these efforts, it is still difficult to further lower the attainable density limit of porous

PDMS foams due to the techniques available and the physical properties of PDMS.

To address these limitations, in this work, by utilizing three-dimensional (3D)
interconnected networks of few-layer hexagonal boron nitride foams (h2-BNFs) as supporting
frameworks, porous BN/PDMS composite foams (BNF@PDMS) with densities as low as 15
mg/cm® were achieved. Being well-known for many unique and impressive properties
including high thermal conductivity®? and mechanical strength,[>! chemically inert and
resistant to oxidation,* electrically non-conducting as well as bio-compatible,[>! BN is an

ideal material of choice to be integrated as a dielectric layer. Synergizing in perfect unison
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with PDMS, the as-prepared BNF@PDMS composites with ultralow density exhibit
exceptional mechanical resilience, extremely high compressibility (up to 95%) with
superelastic properties and stable cyclic performance. Because of their extremely high
porosity (> 98%), they also display ultralow permittivity almost comparable to that of air. As
such, the BNF@PDMS was further served as a dielectric layer for capacitive sensing
applications. Impressively, the as-fabricated sensor device showed multifunctional sensing
capabilities such as non-contact touch, environmental monitoring and high sensitivity pressure

Sensors.
2. Results and Discussion
2.1. Fabrication and Structural Characterization of BNF @PDMS

Figure 1a shows the schematic of the fabrication process of BNF@PDMS (details in the
experimental section). In brief, commercially available Ni foams with more than 95%
porosity were used as templates and few-layer 2-BN was grown on the surface of the Ni struts
using chemical vapor deposition (CVD) method.?®! The as-grown BN/Ni foam was then
soaked in diluted PDMS solution (3 — 10 wt%) for an hour to ensure conformal coating and
was left to dry overnight. Although the BN/Ni foam is significantly more hydrophobic than
bare Ni foam, both of the foams are superoleophilic and are easily wetted by n-hexane (Figure
S1, Supporting Information), suggesting that the PDMS in n-hexane solution is easily
penetrated and absorbed by the foam which enabled homogenous coating. Finally, the
sacrificial Ni foam template was removed by etching in diluted hydrochloric acid. The
resulting BNF@PDMS exhibit excellent mechanical resilience as shown in Figure 1b. No
detrimental damage to the foams was observed when common deformations such as bending,
twisting and rolling were performed and all the foams returned to their respective original

form upon load releasing.
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By varying the concentration of PDMS in the coating solution, BNF@PDMS with densities
reaching as low as ~15 mg/cm’® and having a corresponding porosity of > 98% can be
achieved (Table S1, Supporting Information). Remarkably, this value is the lightest among
previously reported PDMS foams and close to that of graphene and BN based aerogels (Table
S2, Supporting Information). It should be mentioned that some of the pores were covered with
PDMS when higher concentrations of PDMS solutions were used (Figure S2, Supporting
Information). To better understand the crucial role of the BN layer in order to achieving such
lightweight low-density foam, the morphology and microstructure of BNFs were further
characterized by scanning and transmission electron microscopies (SEM and TEM, Figure
1c—f). It is observed that the freestanding BN foam retains the macroporous structure of the Ni
foam template (Figure 1c) and possesses a very low density of ~0.9 mg/cm?. It is also found
that the deposited BN is typically composed of few-layer (< 10 layers) with an interlayer
spacing of ~0.34 nm, as identified by the TEM images taken at the edges of a BN sheet
(Figure 1d,e). Figure 1f shows the atomic resolution TEM image taken within the interior of
the BN sheet and its corresponding fast Fourier transform (FFT) revealed a distinct hexagonal

structure consistent with #-BN.

Hence, having a continuous structure and being able to be freestanding by its own, the few -
layer BN foam provides a structural frame which is rigid enough to provide support for the
PDMS coating. In contrast, when bare Ni foam was used as the template at a lower
concentration of PDMS coating solution, the resulting PDMS foam was observed to have
uneven struts and the entire structure collapsed after the removal of the Ni (Figure S3 and S4,
Supporting Information), which is attributed to the high value of the work of adhesion and the
low bending stiffness of the PDMS coating layer.[?”] On the other hand, the few-layer 7-BN
act as an interfacial barrier along the inner surface of the tubular hollow PDMS walls and

thereby reduces the work of adhesion and provides additional support which enhances the
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bending stiffness of the PDMS layer. These effectively prevents the sticking of PDMS within
the hollow walls and buckling which causes the PDMS foam to collapse. The typical SEM
image of BNF@PDMS and its corresponding elemental mappings are presented in Figure 1g.
It is observed that the BNF@PDMS also preserved the same macroporous morphology with
the BN/Ni foam (Figure S5, Supporting Information). In addition, all the elements (B and N
from BN foam and C, Si, O from PDMS) are observed to be homogenously distributed along
the cellular networks of the foam as identified by the energy dispersive X-ray (EDX)

mappings, further confirming the conformal coating of the diluted PDMS on the BNF.

The microstructure and thermal stability of the as-prepared BNF@PDMS were further
characterized using Raman spectroscopy and thermogravimetric analysis (TGA). Figure 2a
shows the comparison of the Raman spectra for pure BNF, pure PDMS foam and
BNF@PDMS. For pure BNF, a characteristic peak located at ~1367 cm! is attributed to Ezg
vibration mode of 4-BN.[?81 The PDMS foam exhibits four peaks centered at ~1261, ~1411,
~2906, ~2963 cm™!' which are assigned to the symmetric and asymmetric vibrations of CH3.12!
For the BNF@PDMS, all of these five characteristic peaks can be observed. Figure 2b shows
the deconvolution of 4#-BN peak at ~1367 cm™! and PDMS peaks at ~1262 and ~1410 cm!,
respectively, indicating the successful integration of PDMS coating on BN without changing
both of their microstructures. The thermal stability and BN content of the BNF@PDMS were
further evaluated by TGA under air as shown in Figure 2c. For pure BNF, negligible weight
loss was found when the temperature is below ~900 °C, while a slight gain in weight was
observed at ~900 °C, attributing to oxidation of BN into B203. For pure PDMS foam, thermal
decomposition begins at ~300 °C with a total weight loss of 30.3% at 800 °C. The thermal
decomposition of BNF@PDMS also begins at ~300 °C but has a lower weight loss of 24.2%

due to the presence of BN. From the difference in weight loss, the extracted BN content was
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6.1% which has an equivalent density of ~0.93 mg/cm?, in consistent with our measurements

on pure BNF.
2.2. Mechanical Characterization of BNF @ PDMS

To further evaluate the mechanical properties of the BNF@PDMS foams, uniaxial
compression tests were systematically conducted. Figure 3a displays the compressive stress
(o) — strain (¢) curves for the BNF@PDMS with different densities at a strain amplitude of
80%. It can be observed that all the foams displayed full recovery after compression with their
maximum stress (om) increases with increasing foam density. The foam with different density
is denoted as BNF@PDMS-x, where x is the density of the foam in mg/cm3. The superelastic
properties of the foam with the lowest density, BNF@PDMS-15, was further characterized to
determine the extent of its mechanical resilience to compression. Figure 3b shows the o—¢
curves of 6 compression cycles with strain amplitudes of 20, 40, 60, 80, 90 and 95% in
successive sequence. It is evident that each successive loading curve thread at the maximum
stress of the preceding curve, demonstrating a perfect strain memory effect with no residual

deformation over the entire range of our measurements.

Further cyclic compression tests were performed on the BNF@PDMS-15 as shown in
Figure 3c. From the loading curves in each cycle, three deformation regimes were observed
which are typical to those of open cell foams.['8¢ 261 An initial Hookean region at ¢ < 5%
attributed to bending of the tubular cells, followed by a plateau at 5% < ¢ < 60% arising from
postbuckling deformations of the branches and nodes of the interconnected structure and a
final densification at € > 60% with a rapidly increasing ¢ caused by the increase in frictional
contacts and collisions between tubular walls.[!8¢ 26. 301 The BNF@PDMS-15 exhibits full
recovery even after 10 compression cycles at 80% strain amplitude, as evidenced from its

unloading curves where the o decreases rapidly to about 70% strain but does not entirely



WILEY-VCH

vanish until € returns to zero. Figure 3d shows the summary plots of the derived energy loss
coefficients (AU/U), maximum compressive stress (om), and elastic modulus (E) extracted
from the 10 compression cycles. During the prime cycle at 80% strain amplitude, the AU/U
was ~0.7 and decreased considerably during the next two cycles to ~0.53 where it begins to
stabilize and was measured at 0.46 at the 10" cycle. A similar trend can be observed for both
the om and E where they diminish with increasing cycles. Remarkably, it possessed a very low
om of 1.86 kPa for the 1t cycle and 1.52 kPa for the 10™, and E of 4.12 kPa for the 1t cycle
and 1.64 kPa for the 10™, all of which are among the lowest as compared to other foam-like

materials (Table S2, Supporting Information).
2.3. Dielectric Properties of BNF @PDMS

Being mechanically resilient yet highly compressible and electrically non-conductive,
BNF@PDMS is expected to have great potential as a dielectric layer for capacitive sensing
applications. As such, its dielectric properties in response to varying strains were further
evaluated by using a variable parallel-plate capacitor controlled by a micromanipulator.
Figure 4a shows the plots of the dielectric constant relative to air (k/kair) and loss tangent (tan
0) as a function of frequency of the various BNF@PDMS with different densities under
unstrained condition. Due to the high porosity, all the BNF@PDMS exhibit ultralow
permittivity which was stable over the measured frequency range of 10 KHz — 2 MHz. Their
corresponding k/kair measured at 1 MHz was 1.018 for BNF@PDMS-15, 1.037 for
BNF@PDMS-30 and 1.057 for BNF@PDMS-50 with a low tan J not exceeding 0.005. The
increment in k/k.ir with increasing foam density is reasonable because the dielectric constants

for BN and PDMS are ~2 — 4831 and ~2.3 —2.8,32I respectively.

Figure 4b shows the change in capacitance (AC/Co) as a function of compressive strain at 1

MHz for BNF@PDMS in comparison to air and pure BNF. The measured capacitance vs.
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distance plot is given in Figure S6, Supporting Information. It is observed that the AC/Co of
all the foams behaved similar to air which increases almost proportionally to the reciprocal of
the distance. The corresponding extracted k/kair as a function of compressive strain in
presented in Figure 4c. As expected, k/kair increases with increasing compressive strain due to
the increase in volume density. For pure BNF, the measured k/k.ir under zero compressive
strain is 1.01 and increases to 1.03 when compressed at 90% strain. The slight deviation of
these values from a previous report[?® is possibly due to a lower foam density of ~0.9 mg/cm?
as compared to that of reported BNF. As for BNF@PDMS-15, the k/kair increases slightly
from 1.02 at zero strain to 1.04 at 60% strain and increases more steeply to 1.10 at 90% strain.
The steep increase which starts at ~60% strain is attributed to the densification of the foam
which is consistent with our uniaxial compression measurements in Figure 3. BNF@PDMS-
30 and 50 showed a similar trend but with a higher and slightly steeper increase in k/kair which

reaches saturation at 86.8% and 84.2% strain, respectively.

To ensure the repeatable performance of the BNF@PDMS, further cyclic compression tests
were conducted. Figure 4d shows the evolution of k/kair during the first compression cycle for
BNF@PDMS-15 at 90% strain. It is observed that the change in k/k.ir remained consistent
over the course of the loading and unloading cycle. Repeated cyclic experiments of up to 10
compression cycles at 90% strain had also confirmed that the response of the dielectric
property of the BNF@PDMS remained highly reproducible (inset of Figure 4d) with an
identical trend in k/kair as a function of strain during the 1%t and 10" compression cycle (Figure

S7, Supporting Information).
2.4. Multifunctional Capacitive Sensor

To demonstrate the potential of the BNF@PDMS as a dielectric layer for capacitive sensors, a

parallel-plate capacitor was fabricated using indium tin oxide coated polyethylene
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terephthalate films (ITO/PETs) as the conducting electrodes and BNF@PDMS as the
dielectric layer, as shown in the photograph and schematic in Figure 5a. It is observed that the
capacitance of this device responded to several stimuli. In these sets of experiments, the
AC/Cy as a function of time was recorded with various stimulations performed to the device.
As observed in Figure 5b, the device operated as a non-contact touch sensor where the
capacitance decreases when an object approaches the device at close proximity. Interestingly,
when a finger and a tweezer were alternately hovered close to the capacitor, it is apparent that
the AC/Cy varies with the size of the object. When the finger is placed above the device, a
decrease in AC/Cois ~2% (in red), while a lower value of ~1.5% (in blue) is observed for the
tweezer with a smaller size. This reduction in capacitance is caused by the absorption of
fringing electric field that resides within the dielectric layer. Relative to the size and distance
of the approaching object, parts of the fringing electric field will be absorbed, resulting in the

variation of AC/Co.!'¢:33]

Owing to its extremely low density with a corresponding porosity of > 98%, the overall
dielectric constant of the as-fabricated BNF@PDMS is almost comparable to that of air. This
unique property makes it an ideal substitute for air dielectric which could also be used to
detect small changes in the environment. Figure 5c shows the AC/Co by gently blowing
through the device. As human breath contains higher amount of water vapor relative to the air
in the laboratory, the permittivity of the foam increases when the water vapor fills up the air
pockets in the foam (kwater ~80), leading to a ~2.5% increase in AC/Co for our device. Over
time, the water vapor diffuses out of the foam and its permittivity will be restored back close
to that of air. Hence, such porous foams are expected to be a feasible solid-state replacement

for air dielectric used in humidity!3*! and smoke detection®>! sensor applications.

The lightweight BNF@PDMS with high compressibility also holds great promise as a

dielectric layer for high sensitivity pressure sensing applications. Figure 5d shows the AC/Co
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in response to pressing the device with a tweezer. It is noted that the approaching tweezer
caused an initial dip to the capacitance (~-1.5%) and a sudden spike occurs when the tweezer
is pressed onto the device (inset of Figure 5d). The magnitude of the AC/Cy is determined by
the intensity of the “press” which compresses the BNF@PDMS and thereby narrows the
distance between the two electrodes thus increasing its capacitance. Upon load releasing, the
compressed BNF@PDMS recovers back to its original shape and the capacitance returned to
Co. Figure 5e shows the AC/Co values by loading a total of four flower petals (~13 — 14 mg
per petal) in successive sequence. It should be mentioned that the observable decrease in
AC/Cy is caused by the approaching tweezer. Remarkably, a AC/Co of ~0.21% was achieved
at a corresponding pressure load of 0.58 Pa, indicating that the as-fabricated sensor displayed
high sensitivity that could sense extremely low pressures of < 1 Pa. Figure 5f shows the
sensitivity plot of AC/Co as a function of pressure. Considering that only the BNF@PDMS
dielectric layer contributed to the AC/Cy relative to pressure, a remarkably high sensitivity of
0.854 kPa! at lower pressure range of up to ~0.5 kPa, and 0.29 kPa™! for pressures ranging
from ~0.55 to 2.1 kPa can be achieved for the BNF@PDMS based device. Further
enhancements can be incorporated to render higher sensitivity of the device such as by micro-
patterning the contact surface of the electrodes,®-8 or integration of high-k pores within the

foam.[7b]
3. Conclusions

In summary, highly porous low-density BNF@PDMS were fabricated by coating diluted
PDMS onto CVD grown few-layer #-BN foams. Importantly, the 3D interconnected network
structure of 4-BN enabled the conformal coating of diluted PDMS and acted as a supporting
framework that prevented collapsing of the PDMS. Achieving densities as low as ~15 mg/cm?,
these BNF@PDMS are ~6 — 7 times lighter than lowest attainable PDMS foams to date.

Moreover, the as-fabricated BNF@PDMS displayed remarkable mechanical resilience,
11
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extremely high compressibility with good cyclic performance and superelastic properties.
Owing to their high porosity, these foams also exhibited ultralow permittivity, close to that of
air, and showed promising potential for multifunctional capacitive sensor applications. As
demonstrated by a parallel-plate capacitive sensor using BNF@PDMS as a dielectric layer,
various sensing capabilities were realized such as non-contact touch, environmental

monitoring and high sensitivity pressure sensors.
4. Experimental Section

Synthesis of h-BN: h-BN growth was done via low pressure chemical vapor deposition
(LPCVD) using Ni foams (2 mm thick, 100 PPI, Latech Scientific Supply Pte. Ltd.) as
catalytic substrates. The Ni foam was first loaded into a 2-inch quartz tube furnace under a
constant Ar/Hz flow of 150/10 sccm at a pressure of 0.35 torr. The temperature of the furnace
was ramped up to 1000 °C in 1 h and kept constant for another 2 h to anneal the Ni foam. To
initiate #-BN growth, ~1.2 g of ammonia borane (97%, Sigma-Aldrich), which was placed in
a ceramic boat outside the heating zone, was heated at ~120 — 150 °C using a heating belt.
The growth was carried out for 1.5 h. After growth, the lid of the furnace was lifted for quick

cooling and the sample was retrieved at room temperature.

Fabrication of BNF and BNF@PDMS: Diluted poly(methyl methacrylate) PMMA or
poly(dimethylsiloxane) PDMS was first coated onto the as-grown BN/Ni foam to fabricate
BNF and BNF@PDMS, respectively. For BNF, as-grown BN/Ni foam was first dip-coated in
PMMA (PMMA-950-A4, MicroChem) and dried at ~80 °C for 1 h. For BNF@PDMS, PDMS
(Sylgard 184 Silicone Elastomer, Dow Corning) solution of 3 — 10 wt% in n-hexane (99%,
Sigma Aldrich) was first mixed using base part A and curing agent part B at a ratio of 10:1,
followed by adding in a certain amount of n-hexane and ultrasonicated for 10 min. The as-

grown BN/Ni foam was then immersed into the solution for 1 h and cured at ~80 °C overnight.
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The PMMA or PDMS coated BN/Ni foam was then placed floating on diluted hydrochloric
acid for 2 days to etch away the Ni foam. After completely etching the Ni, the PMMA/BN or
PDMS/BN foam was then soaked in deionized (DI) water for a day to remove the acid residue.
Finally, the PMMA/BN and PDMS/BN foams were dried in an oven at ~80 °C for several
hours. To obtain free-standing BNF, PMMA/BN foam was further annealed under air at

700 °C for 3 h to remove the PMMA coating.

Fabrication of sensor: BNF@PDMS was used as the dielectric layer and indium tin oxide
coated polyethylene terephthalate films (ITO/PETs) were used as conducting electrodes. The
ITO/PETs were cut into 15 x 15 mm? and a Cu wire was attached onto the ITO surface using
sliver paint. Two pieces of the ITO/PETs were then used to extract the BNF@PDMS out of
the DI water with the ITO surfaces in contact to the BNF@PDMS. Finally, the entire stack

was left to dry for several hours in the oven at ~80 °C.

Characterization: Scanning electron microscopy (SEM, JEOL JSM-IT100) was used to
characterize the structural morphologies and SEM equipped with energy dispersive X-ray
(EDX) analyzer (JEOL-7600F) was used to study the elemental composition of the various
foams. Goniometer (Dataphysics OCA 25) was used to measure the contact angles of water
and n-hexane on the surfaces of Ni and BN/Ni foams. High-resolution transmission electron
microscopy (TEM, JEOL 2100F) was used to characterize the microstructure of BNF. Raman
spectroscopy (WITEC CRM200 Raman system) was performed at room temperature using a
532 nm laser. Thermogravimetric analysis (TGA, Shimadzu DTG-60H thermal analyzer) was
carried out on the various foams under a constant flow of air (100 mL/min) from 30 to
1000 °C at a heating rate of 10 °C/min. Uniaxial compression tests were performed using
mechanical tester (Instron 5567) under ambient environment. The capacitance and dielectric
properties of the various foams and sensors were measured using Keysight E4980 precision

LCR meter. Varying compressive strains of the foams were tested using Keysight 16451B
13
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dielectric test fixture controlled by a micromanipulator with an accuracy of 10 um. A highly

configurable force tester (ESM 303, Mark-10 Corporation) with a force gauge (Mark-10,

Series 5) was used to apply external pressure for compression measurements on the sensor.
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Figure 1. (a) Schematic of the fabrication process of BNF@PDMS. (b) Photographs of the
recovery sequence of BNF@PDMS undergoing various deformations such as bending,
twisting and rolling. (¢) SEM image of a free-standing BNF. Atomic resolution TEM images
taken at the (d,e) folded edges and (f) within the interior of few-layer 2-BN sheets. The inset
in (f) shows its corresponding fast Fourier transform (FFT). (g) SEM image and its

corresponding EDX elemental mappings of the BNF@PDMS.
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Figure 2. (a,b) Raman and (c) TGA spectra of pure BNF, pure PDMS foam and

BNF@PDMS.
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Figure 3. (a) o0—¢ curves of BNF@PDMS with various densities of 15 (black trace), 30 (red
trace) and 50 mg/cm? (blue trace) at 80% strain amplitude. (b) Sequential loading-unloading
cycles of BNF@PDMS-15 from 20% to 95% strain amplitudes. The inset shows a magnified
plot of (b) up to 80% strain. The red circles indicate the intersection points between the
preceding and successive o—¢ curves. (c) Cyclic compression tests of BNF@PDMS-15 at 80%
strain amplitude. The inset shows the sequential photographs of BNF@PDMS-15 undergoing
a load-unloading cycle. (d) Summary plots of the energy loss coefficients (AU/U), maximum

compressive stress (om), and elastic modulus (E) extracted from the 10 compression cycles.
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Figure 4. (a) Plots of the dielectric constant relative to air (k/kair) and loss tangent (tan J) as a

function of frequency and (b) change in capacitance (AC/Co) and (c) k/kair as a function of

strain for BNF@PMDS-15 (red trace)) BNF@PDMS-30 (blue trace)) BNF@PDMS-50

(magenta trace), BNF (green trace) and air (black trace). (d) Evolution of k/kair as a function of

strain during the first compression cycle at 90% strain for BNF@PDMS-15. The inset shows

the change in k/kair at O and 90% strains for 10 consecutive compression cycles.
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Figure 5. (a) Photograph (top) and schematic (bottom) of a parallel-plate capacitive sensor
using ITO/PETs as the conducting electrodes and BNF@PDMS as the dielectric layer. Plots
of AC/Co as a function of applied (b) non-contact touch by hovering a finger (red) and a
tweezer (blue) at close proximity to the device, and (c) environmental change by gently
blowing through the device. The insets in (b) shows the photographs of a hovering finger
(boxed in red) and tweezer (boxed in blue) on top of the device. Plots of AC/Co as a function
of applied pressure by (d) pressing onto the device with a tweezer for three times with
increasing intensity, and (e) loading a total of four flower petals in successive sequence. The
inset in (d) shows the initial dip in AC/Co prior to the spike which was activated by the
pressing motion. The inset in (e) shows a photograph of a flower petal placed on top of the

device. (f) Pressure-response curve of the sensor displaying its sensitivity from 0 — 2.1 kPa.
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Boron nitride (BN) foams were used as frameworks to produce the lightest
polydimethylsiloxane (PDMS)-based foams to date with densities reaching as low as 15
mg/cm®. The BN/PDMS composite foams (BNF@PDMS) displayed excellent mechanical
resilience, extremely high compressibility and superelastic properties. Owing to these unique
properties, the BNF@PMDS showed great potential as a dielectric layer for multifunctional
capacitive sensor applications.
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Table S1. List of the various foam densities obtained using different PDMS concentrations.

Foam Wt% of PDMS p (mg/cm?)
BNF 0% 0.90 £ 0.1
BNF@PDMS 3% 1525 +£2.1
BNF@PDMS 5% 30.86 +£2.5
BNF@PDMS 10% 49.96 £ 3.3
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Table S2. Properties of various foam-like materials.

Material p (mg/cm3)  em (%) oM E (kPa) Ref.
BN/PDMS ~15 95 1.86 kPa @ 80 %strain 4.12  This work
Polyolefin ~330 [1]
Polyurethane 100 — 400 [2]
PDMS 100 [3]
PDMS 120 — 420 (4]
PDMS 200 - 600 [5]
PDMS 180 — 750 [6]
PDMS 640 — 960 [7]
PDMS 816 60 ~16 MPa @ 60% strain [8]
Graphene/PDMS 869 70 ~37.44 MPa @ 80% strain [8]
Graphene/PDMS  27.2 -69.2 95 ~0.1 MPa @ 80% strain 0.15 9]
Graphene/PDMS 90 — 880 [10]
BN 53-8.2 50 ~1.25 kPa @ 50% strain 6 [11]
BN 1.6 70 70 Pa @ 70% strain 0.127 [12]
BN 1.4 [13]
Graphene ~5 [14]
Graphene 9.6-32 [15]
Graphene ~10 [16]
Graphene 0.18-50 12 1.1 kPa @ 12% strain 15 [17]
Graphene 5.1 80 18.55 kPa @ 80% strain 20 [18]
Graphene ~5.5 ~13 kPa @ 50% strain ~89 [19]
Graphene/PI 10 50 ~2.5 kPa @ 50% strain 3 [20]
Graphene/CNT 14 80 ~300 kPa @ 80% strain 750 [21]
CNT 5-10 80 50 kPa @ 80% strain 140 [22]
GO 4.8 50 ~5 kPa @ 50% strain 8.2 [23]
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Figure S1. Contact angle (CA) measurements using (a,b) water and (c,d) n-hexane on Ni and

BN/Ni foam, respectively.
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Figure S2. SEM images of BNF@PDMS foams using (a) 3, (b) 5 and (c¢) 10 wt% PDMS
coating solution. The red dashed circles indicate covered pores due to higher concentration of

PDMS used for coating solution.
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Figure S3. Photograph of a highly uneven collapsed PDMS foam (left) and a BNF@PDMS

foam with a well-preserved structure (right) using the same 3 wt% PDMS coating solution.

28



Figure S4. (a) SEM and (b) magnified SEM images of the collapsed PDMS foam with

uneven struts.
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Figure S5. SEM and magnified SEM images of (a,b) as-grown BN on Ni foam, (c,d)

freestanding BNF and (e,f) BNF@PDMS.
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Figure S7. Evolution of k/kair as a function of strain during the first and tenth compression

cycle at 90% strain for BNF@PDMS-15.
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