ﬁ Sensors

Article

Paintable Silicone-Based Corrugated Soft Elastomeric Capacitor
for Area Strain Sensing

Han Liu L*

check for
updates

Citation: Liu, H.; Laflamme, S.;
Kollosche, M. Paintable
Silicone-Based Corrugated Soft
Elastomeric Capacitor for Area Strain
Sensing. Sensors 2023, 23, 6146.
https://doi.org/10.3390/

523136146

Academic Editor: Grigoris Kaltsas

Received: 30 May 2023
Revised: 28 June 2023
Accepted: 1 July 2023
Published: 4 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Simon Laflamme 2(® and Matthias Kollosche 13

Department of Civil, Construction, and Environmental Engineering, lowa State University,
Ames, IA 50011, USA; laflamme@jastate.edu (S.L.); matthias.kollosche@gmail.com (M.K.)
Department of Electrical and Computer Engineering, Iowa State University, Ames, IA 50011, USA
Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University,
Cambridge, MA 02138, USA

*  Correspondence: livhan@iastate.edu; Tel.: +1-515-294-2140

Abstract: Recent advances in soft polymer materials have enabled the design of soft machines and
devices at multiple scales. Their intrinsic compliance and robust mechanical properties and the
potential for a rapid scaling of the production process make them ideal candidates for flexible and
stretchable electronics and sensors. Large-area electronics (LAE) made from soft polymer materials
that are capable of sustaining large deformations and covering large surfaces and are applicable
to complex and irregular surfaces and transducing deformations into readable signals have been
explored for structural health monitoring (SHM) applications. The authors have previously proposed
and developed an LAE consisting of a corrugated soft elastomeric capacitor (cSEC). The corrugation is
used to engineer the directional strain sensitivity by using a thermoplastic styrene-ethylene-butadiene-
styrene (SEBS). A key limitation of the SEBS-cSEC technology is the need of an epoxy for reliable
bonding of the sensor onto the monitored surface, mainly attributable to the sensor’s fabrication
process that comprises a solvent that limits its direct deployment through a painting process. Here,
with the objective to produce a paintable cSEC, we study an improved solvent-free fabrication
method by using a commercial room-temperature-vulcanizing silicone as the host matrix. The matrix
is filled with titania particles to form the dielectric layer, yielding a permittivity of 4.05. Carbon black
powder is brushed onto the dielectric and encapsulated with the same silicone to form the conductive
stretchable electrodes. The sensor is deployed by directly painting a layer of the silicone onto the
monitored surface and then depositing the parallel plate capacitor. The electromechanical behavior
of the painted silicone-cSEC was characterized and exhibited good linearity, with an R? value of
0.9901, a gauge factor of 1.58, and a resolution of 70 pe. This resolution compared well with that of
the epoxied SEBS-cSEC reported in previous work (25 pe). Its performance was compared against
that of its more mature version, the SEBS-cSEC, in a network configuration on a cantilever plate
subjected to a step-deformation and to free vibrations. Results showed that the performance of the
painted silicone-sCEC compared well with that of the SEBS-cSEC, but that the use of a silicone paint
instead of an epoxy could be responsible for larger noise and the under-estimation of the dominating
frequency by 6.7%, likely attributable to slippage.

Keywords: structural health monitoring; large area electronics; soft elastomeric capacitor; stretchable
sensor; composite; flexible sensor; silicone; polymer; strain

1. Introduction

Recent advances in soft polymer materials have enabled the design of soft machines
and devices at multiple scales. Stretchable and/or flexible sensors that mimic the sen-
sory capabilities of human skin have gained significant attention in the structural health
monitoring (SHM) research community [1] because of their significantly improved surface
compliance compared to conventional sensors [2—4]. These large area electronics (LAE) [5,6]
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are particularly promising for covering large surfaces and complying with complex and
irregular surfaces when deployed as dense sensor networks, thus enabling area sensing.
Examples of applications to SHM include conductive polymers [7,8], flexible circuit boards
and sheets [9-11], and flexible piezoelectric sensor networks [12,13].

The authors have recently proposed a large-area stretchable strain gauge based on a
surface-corrugated soft elastomeric capacitor (cSEC) that transduces strain into a measur-
able change in capacitance, with a reported minimum resolution of 25 e [14]. The cSEC
technology has demonstrated success in many applications, including fatigue crack moni-
toring [15], concrete crack detection [16], angular motion sensing [17], and biomechanical
sensing [18]. The ¢SEC is fabricated from a styrene-ethylene-butylene-styrene (SEBS) block
copolymer matrix doped with 15% vol titania (TiO;) to form the dielectric layer with a
permittivity of 5.56 [14], thus improving its strain sensitivity, and doped with 15% vol
conductive carbon black particles to form the electrodes. Details on the fabrication process
are reported in the literature [19]. Importantly, the sensor fabrication requires toluene to
dissolve the SEBS particles prior to mixing the titania particles. The presence of toluene in
the solution has known negative environmental effects [20], and hinders direct deposition
of the solution onto a surface of interest because of possible swelling and dissolution of the
SEBS-based electrodes. Instead, the sensors are fabricated in a laboratory environment and
adhered onto surfaces using an epoxy resin, which is commonly associated with sensors’
deployment, where cyanoacrylate [21], acrylic adhesive [22], hot melt adhesive [23], and
fibroin adhesive [24] have been applied as the bonding agent.

The objective of this paper is to study a paintable version of the cSEC. An im-
proved solvent-free fabrication process is attained using a commercial room-temperature-
vulcanizing silicone. In comparison to the thermoplastic elastomers (e.g., SEBS), silicone
is chemical cross-linked and is constituted from siloxane that confers the typical rubbery
property with excellent stretchability, bio-compatibility, heat and chemical resistance, phys-
iological inertia, and hydrophobicity [25,26]. The degradation of silicone materials under
different environmental and storage conditions was studied in numerous works that vali-
dated its durability [27-29]. Therefore, silicone is frequently employed as a host matrix to
integrate micro- and nano- particles to produce coating materials and stretchable substrates
that are used to fabricate sensors. Specific examples of silicone-based sensors include a
3D-printed surface-doped porous wearable sensor fabricated by embedding graphene
onto the silicone surface [30], a soft force sensor fabricated by blending magnetic powder
with silicone [31], a highly sensitive piezoresistive sensor produced by mixing chopped
carbon fibers and silicone elastomers into an auxetic structure shape [32], an ultra-robust
wide-range pressure sensor constructed by coating polyurethane foam with a silicone sheet
and carbon nanotube-dispersed thermoplastic polyurethane ink [33], and an implantable
strain sensor fabricated by intertwining organogel fiber and a silicone fiber in a double
helix structure [34].

The sensing performance of a silicone-based sensor is strongly dependent upon its stiff-
ness and consequently upon the cross-link density of the silicone and its permittivity [35].
Thus, the elastomers forming the dielectric are preferably doped with high permittivity
nanoparticles. Particularly, fillers such as titania [36,37], lead magnesium niobate [38],
montmorillonite [39], ZnO nanoparticles [40], and BaTiO;3 particles [41] have been used
to enhance the relative permittivity and thermal stability of silicone. Here, the silicone
matrix is filled with 3 wt% PDMS-coated titania particles to form the dielectric, yielding a
permittivity of 4.05.

The electrodes of the silicone-based SEC, here termed silicone-cSEC to distinguish
from the SEBS-cSEC, is fabricated by brushing carbon black powder onto both sides of the
dielectric to form electrodes, and the carbon black powder is encapsulated. A thin layer of
silicone is directly painted onto the monitored surface to bond the pre-fabricated silicone-
¢SEC. This configuration enables a polymer-on-polymer contact that can use interfacial
chain entanglements to provide sufficient bonding strength for direct deployment [42].
The sensing properties of the silicone-cSEC are characterized through a compression—
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tension bending test conducted on a fiberglass cantilever beam. The performance of
the bonding effects is compared against that of the SEBS-cSEC using a traditional epoxy
bonding method through both a quasi-static and a dynamic test.

The rest of the paper is organized as follows. Section 2 provides the background
on silicone-cSEC technology, including its fabrication process and the derivation of the
electromechanical model. Section 3 presents and describes experimental configurations
and procedures. Section 4 presents and discusses results, starting with the study of its
electromechanical behavior, followed by an analysis of its performance in a network
configuration. Section 5 concludes the paper.

2. Background

This section provides the necessary background on the silicone-cSEC technology,
which includes its fabrication process and the derivation of the electromechanical model
for in-plane strain sensing.

2.1. Fabrication Process

The silicone-cSEC is a highly flexible, stretchable, and scalable thin-film strain sensor
composed of a dielectric layer sandwiched between two conductive electrodes. The fabrica-
tion process is illustrated in Figure 1.
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Figure 1. Fabrication process of a silicone-cSEC.

The commercially available liquid silicone Wacker 7670 A and B components are used
as the host matrix. Both the A and B components contain siloxane and silica particles in the
range of 30 to 40 wt% [43]. The silicone has a relative permittivity of 2.9 [44], is elastically
stretchable beyond 200% [45], and has a stiffness of approximately 220 kPa [45] in its pure
form. The relative permittivity is boosted using high permittivity titania particles dispersed
in the pre-polymer before the A and B components are mixed and cured. Detail of the
fabrication process (Figure 1) is as follows.

1. PDMS-coated titania TiO2(—OSI(CHjz),—) (TPL, Inc., Albuquerque, NM) particles
with an average diameter of 100 nm are added in 3 wt% to 5 mL of the liquid silicone
WACKER Elastosil P 7670 A (Polydimethyl siloxane (63148 -62 -9), Polydimethylsilox-
ane vinyl terminated (68083 -19 -2), (TSRN 38673700 -5112 P)) for a concentration
of 30 g/L.

2. Rutile titania particles are uniformly dispersed in the silicone matrix using a low-speed
homogenizer for 600 s at 650 RPM while the solution is cooled in an iced water bath.

3. Avolume of 5 mL of the liquid silicone WACKER Elastosil P 7670 B (Polydimethyl
siloxane (63148 -62 -9), (TSRN 38673700 -5101P), Polydimethylsiloxane vinyl termi-
nated (68083 -19 -2), Silazanetreated Silica (68909 -20 -6), Polydimethyl hydrogen-
methyl siloxane (69013 -23 -6)) is added into the stock solution and mixed using a shear
mixer for 180 s at 2000 RPM, yielding a dynamic viscosity of
approximately 2000 cP.

4. The resulting silicone-titania solution is drop-cast onto an 80 mm x 80 mm non-stick
square steel mold. The steel mold contains grooves to create a corrugated pattern.
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The use of surface corrugation is known to improve strain sensing performance by
adding the in-plane stiffness and decreasing the transverse Poisson’s ratio [19].

5. The drop-casted solution is cured under room temperature over 6 h, and the film is
subsequently peeled from the mold. The resulting film has a mean thickness of 0.4
mm over the non-corrugated area and a corrugation height of 0.35 mm. Remark that
the thickness of the dielectric layer can be tuned by controlling the volume of the
silicone-titania solution drop-casted into the steel mold.

6.  Carbon black particles are stored in an oven at 50 °C for 24 h to remove moisture,
and an anti-static gun (Milty 5036694022153 Zerostat 3) is used to remove the static
charge on the surface of the cured dielectric film before brushing electrodes. A dry
stacking process through stamping that has no solvent—elastomer interactions [45]
can be employed for future studies.

7. The dry carbon black particles are brushed onto both sides of the dielectric layer to
form conductive soft stretchable electrodes. The painting process is stopped once
the electrode has reached a sheet resistance of approximately 3.6 k()/Sq (Botron
digital surface resistivity meter, SKU: B8563). In prior work on the SEBS version
of the sensor, we conducted accelerating ageing tests and found that the use of
carbon black conferred the polymer with long-term durability both mechanically and
electromechanically [46]. While a similar study on silicone-cSECs is left to future
work, it is hypothesized that the use of carbon black would yield similar conclusions.

8.  Adhesive copper tapes are glued on the brushed conductive electrodes to create
electrical connections to the data acquisition system (DAQ). A thin layer of PELCO
conductive carbon glue (TED Pella, USA) is added to the exposed parts of copper tapes
to enhance mechanical bonding strength and minimize signal noise. The resulting
silicone-cSEC has a permittivity of 4.05 at 100 Hz (Equation (1)) with an effective
thickness of 0.52 mm for the electrode section of the sensor, which corresponds to an
increase of approximately 40% compared to the pure silicone. The Young’s modulus
of the cured silicone composite was found to be 305 kPa using a tensile tester under a
strain rate of 2.5%/s.

9.  As an optional step for deployment, a small amount of WACKER Elastosil P 7670
A and B components are mixed with a weight ratio of 1:1 and applied as a protecting
layer onto the surface of the electrodes to improve resilience with respect to weath-
ering. The resulting silicone-cSEC has an initial capacitance of approximately 170 to
200 pF under 1 kHz measuring frequency.

2.2. Electromechanical Model

Figure 2A presents a silicone-cSEC with a reinforced diagrid pattern. The strain
sensing principle that relates a change in area (i.e., strain) of the sensor (i.e., provoked by
strain in the monitored surface) to a measurable change in capacitance can be derived as
follows. Take the initial capacitance (Cp) of a non-lossy parallel plate capacitor:

A
Co = eoer M

where ey = 8.854 pF/m is the vacuum permittivity, e, is the polymer’s relative permittivity,
A = |- wis the electrode area of length | and width w, and # is the thickness of the dielectric
(as annotated in Figure 2B). Assuming small strains along the x-direction, the relative
change in capacitance AC/Cy can be obtained by differentiating Equation (1)

AC Al Aw Al
Ci(): Ft— | =&t ¢ 2)

Ip wo  ho
Under plane-stress condition and applying Hooke’s Law, e, = —v/(1 —v) - (ex +¢y),
the change in capacitance as a function of surface strain can be written as:

AC 1

Cio - 1_7]/0(83( + Sy) - /\O(Sx + Ey) (3)
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where vy is the Poisson’s ratio of the silicone and Ay is the gauge factor. Adding surface
corrugation to the dielectric layer alters the in-plane stiffness and produces an orthotropic

transverse Poission’s ratio vy, = —é&;/¢ex. Thus, Equation (3) becomes:

AC 1-—-v

o 1_§ysx:/\sx 4)
A B

dielectric

copper
contacts

electrode

Figure 2. (A) Picture of a 76 mm X 76 mm (I x w) silicone-cSEC with a reinforced diagrid pattern;
and (B) schematic showing the parallel plate capacitor structure with key components and reference
axes annotated.

Equation (4) can be specialized for a composite configuration where the transverse
Poisson’s ratio is modified due to the composite effect with the monitored materials the
sensor is adhered onto:

AVyy + buy,

Ty T om (5)
a+b

where vy, is the Poisson’s ratio of the monitored material and a and b are weight coefficients

representing the composite effect in which a + b = 1, depending on the level of adhesion
and material stiffnesses. The resulting gauge factor under composite effect is given by:

Vxy,e =

o 1 - ny,c

P )

1—v

3. Experiments

This section describes the experimental procedures applied in this research. First,
the sensing properties of the silicone-cSEC bonded with a silicone layer are characterized.
Second, the sensing performance of the silicone-cSEC is compared with that of the SEBS-
¢SEC in a network configuration.

3.1. Cantilever Plate

The sensing properties of silicone-cSEC in terms of the strain sensitivity, signal linearity,
and resolution were characterized on a fiberglass cantilever plate subjected to bending.
The overall experimental setup is presented in Figure 3A. One end of the fiberglass plate
(Garolite G-10/FR4) with geometry of I x w x h = 83 x 142 x 2.6 mm3 was restrained in the
vertical direction by using two clamps. The surface of the fiberglass plate was sanded by
subsequently using 400 and 1000 grit sandpaper and cleaned with a fiberglass solvent wash
(Interlux solvent 202) to create a bonding area for the sensor. A portion of uncured Wacker
7670 in a 1:1 ratio was painted as a thin layer over the bonding area, and a single silicone-
¢SEC was deposited over the uncured silicone layer before letting it cure for 6 h, forming
the painted silicone-cSEC. As shown in Figure 3B, a resistive strain gauge (RSG) (TML
FLA-10-350-11-1LJCT, SGC-28, nominal resistance of 350 £ 1.0 ), gauge length of 10 mm)
was installed 2 mm away from the right-hand side of the sensor using a non-conductive
strain gauge adhesive (CN Cyanoacrylate) to benchmark results.
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Figure 3. (A) Overall experimental setup to characterize a single painted silicone-cSEC; (B) closeup
view of the painted silicone-cSEC; (C) overall experimental setup of the sensor network configuration;
(D) schematic showing the configuration of the sensor network and the closeup views of the deployed
sensors; (E) schematic showing the elevation view of the cantilever plate; (F) setup of the DAQs used
for ¢SECs and RSGs.

A quasi-static test was conducted by slowly pushing up and down the free end of the
cantilever plate to generate tensile and compressive bending strains. Custom-built DAQ
systems (annotated cSEC DAQ in Figure 3A) fabricated with a 24-bit capacitance-to-digital
converter multiplexed over 4 channels were used to collect data measured from the ¢SECs
sampled at 40 samples/second (S/s). Actively shielded coaxial cables were used to connect
cSECs to the DAQs to remove parasitic capacitance caused by cable connection. Data
from the RSG were recorded using a National Instrument 24-bit 350 (2 3/4 bridge analog
input module (NI-9236) sampled at 1000 S/s. Both DAQs were simultaneously operated in
LabVIEW. No filtering was applied to the signals.

3.2. Sensor Network Configuration

To test the performance, the painted silicone-cSECs were assessed in a network
configuration. To evaluate the effect of direct deposition via painting, results were
compared against those of an SEBS-cSEC adhered using an epoxy (“epoxied SEBS-
¢SEC”) and of an silicone-cSEC adhered using the same painted silicone layer (“epoxied
silicone-cSEC”). The SEBS-cSECs used in this test were fabricated by following the
procedure reported in [19], and their initial capacitance was kept between 220 and
260 pF under 1 kHz measuring frequency. Tests were performed on another cantilever
fiberglass plate (I x w xh = 813 x 406 x 2.6 mm?) with geometry identical to the one
used in the previous test. The sensor network comprised 6 sensors of each type, for
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a total of 18 ¢cSECs. A total of 14 RSGs were deployed onto the surface of the plate
to verify results. The layout of the sensor network showing each sensor type along
with their associated bonding method is illustrated in Figure 3D. Each type of cSEC
is deployed in-line perpendicular to the fixed support (along the y-direction of the
fiberglass plate). A bi-component epoxy (JB Weld) is used to adhere the epoxied SEBS-
¢SEC. Six RSGs were evenly deployed in-line between lines 1 and 2 to measure strain
along the y-axis, another six RSGs were deployed 5 mm above each ¢SEC along line 2
to measure strain along the x-direction, and two additional RSGs were deployed near
the fixed support to map strain deformations around the fixed boundary condition.
Experiments consisted of subjecting the plate to a quasi-static load and free vibrations.
As illustrated in Figure 3E, a steel block was place 50.8 mm (2 inches) below the free end of
the plate to serve as a fixed stop point and permit repeatability of the tests. A quasi-static
test was conducted by manually bending the free end until the deformation reached the
steel block, maintaining the deformation for 5 s, and bringing the plate back to its original
position. The free vibrations were generated by pushing the plate down to the steel block
and releasing it. Both tests were conducted over three times, for a total of six tests, to
investigate the repeatability of results. Data were collected using the same setup as for the
single silicone-cSEC, but with five custom-built DAQs to record data from the ¢SECs and
two National Instruments modules (NI-9236) to record data from the RSGs (Figure 3F).

4. Results and Discussion

This section presents and discusses the experimental results. First, the electro-
mechanical behavior of a single painted silicone-cSEC is characterized. Second, the sens-
ing performance of the painted silicone-cSEC in a network configuration is compared
against that of a mature epoxied SEBS-SEC, and the effect of direct adhesion is assessed
by comparing performance against a silicone-cSEC epoxied onto the surface (“epoxied
silicone-cSEC”).

4.1. Electro-Mechanical Behavior

Figure 4A presents a time series plot of the raw data measured from a single silicone-
¢SEC, showing the relative change in capacitance AC/Cy and the applied strain measured
from the RSG. A close match between the painted silicone-cSEC and RSG signals can be
observed. The resulting root mean square error (RMSE) and mean absolute percentage
error (MAPE) of the fit are 5.98% and 6.08%, respectively.

' ' i : . 1800
1t |—painted silicone-cSEC - RSG|

1600
1400
1200

strain (pe)

© capacitance data
linear Fit
----- 95% confidence interval

0 10 20 30 40 50 60 -400 -200 0 200 400 600
time (s) strain (pe)
Figure 4. (A) Bending test results; and (B) relative change in capacitance versus strain along with the
95% confidence interval bound on the fit.

Figure 4B plots the relative change in capacitance AC/Cy versus the applied strain
using data presented in Figure 4A. A linear fit (red solid line) along with the resulting
95% confidence interval bound (dashed green lines) are also shown. The sensor exhibits
good linearity within the studied range (—472 ne to 580 pe), with a goodness-of-fit R? of
0.9901. The gauge factor under the composite effect is A = 1.58, obtained from the slope
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of the linear fit. The 95% confidence interval shows an accuracy of 70 pe. This accuracy
compares well with the reported 25 pe resolution for the more mature version of the ¢SEC
(epoxied SEBS-cSEC, [19]). While the environmental effects, such as changes in humidity
and temperature, are left to future work, prior work on signal processing algorithms has
shown that these effects can be filtered out either through proper algorithmic formulation
or through implementation in a Wheatstone bridge configuration [47].

4.2. Network Configuration

Figure 5 plots the sensors’ time series signals transformed into strain measurements
using the gauge factor A of 1.58 for both the painted and epoxied silicone-cSECs, and
the gauge factor A = 1.46 for the epoxied SEBS-cSEC computed using Equation (6)
with vy, . = 0.27, in response to a step deformation. There is a general good agreement
between all the cSEC’s signals and the RSG’s. The three RSGs transversely deployed in
row 1 confirmed that the additive strain among a given row does not vary significantly.
The recovery of each signal after the step deformation is difficult to quantify because of
the level of the noise, but they generally appear to temporally follow the strain of the
RSG. However, the signal of the painted silicone-sSEC is more noisy, with fluctuations
remaining approximately within the 70 ue bound established above, as is clearly observ-
able under lower strain values (e.g., row 6). Remark that, compared with the individual
configuration, additional noise can be attributable to the network configuration that may
cause electro-magnetic noise.

I ---painted silicone-cSEC === epoxied SEBS-cSEC epoxied silicone-cSEC —strain gauge (¢,) |
1000 600 T e 600
row 1 row 2 TSI, row 3 A gy
500 400 400 1

200

05 0 e

-500 -200 2200
0 0

200

=

strain (ue)

S
o
N
S
N
=]
S
&)
N
N
oo
1S

strain (pe)

- \
!!i!!e- 14
sslmsE | | o

0 2 4 6 10 6 10 !
time (s) time (s) time (s)

0

Figure 5. Comparison of the time series measurements under a step deformation.

Figure 6 is a bar chart of the averaged peak strain amplitudes measured by each sensor
deployed from row 1 to row 6 for the step-deformation test. Results compare across sensor
types, and error bars indicate the range of the minimum and maximum values measured
over the three independent tests. Results show a general agreement between each type of
¢SEC and the RSG, with the epoxied SEBS-cSEC outperforming other types of cSECs.

800 T T T T T
Il painted silicone-cSEC
600 Il cpoxied SEBS-cSEC | |
[l cpoxied silicone-cSEC
= ElRSG
é . _error bar
=400 -
£
2
200 -

row 1 row 2 row 3 row 4 row 5 row 6

Figure 6. Bar chart comparing the averaged measured peak strain amplitudes for the step-
deformation tests.
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Figure 7 shows plots similar to Figure 5, but for the plate subjected to free vibrations.
Results are similar to those obtained from the step deformation, whereas there is a general
good agreement between signals, but the painted silicone-cSEC exhibits more noise and
lower resolution. One can note that the measured strain at rows 5 and 6 are close to the
70 pe resolution shown by the orange dashed line. A lag of approximately 0.1 s to 0.2
s was consistently observed for the painted silicone-cSEC (black line), which could be
attributed to slippage at the bonding interface caused by the insufficient adhesion of the
hydrosilylation silicone to the thermoplastic substrate [48].

-------- painted silicone-cSEC -==-gpoxied SEBS-cSEC -epoxied silicone-cSEC — strain gauge (¢,)
1000 1000 = 500 a1
500 row 1 row 2 BH : row 3 g
s 5004 | | O 250 R ERA A, 18
0 /1|
-500 -250
-1000 -500 ' -500
2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
400 — 200
: 200 row 5 HH row 6
200 100 ) - 100 .
0 o VUV * ;
- A -70 pe
200 100 e 100
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
time (s) time (s) time (s)
Figure 7. Comparison of the time series measurements under free vibration.
Figure 8 compares the peak strain amplitudes along with their exponential fits for
rows 1 (Figure 8A) and 4 (Figure 8B) to investigate the measured damping. Rows 5 and 6
were not investigated because of the high level of noise. Once can observe similar trends
among all sensors and no decay in performance between rows 1 (higher signal-to-noise
ratio) and 4 (lower signal-to-noise ratio).
A 1000 : : : B . : : :
........ painted silicone-cSEC 400 -
800¢. | mmm |- epoxied SEBS-cSEC |1
e @poXied silicone-cSEC
600 —RSG 300

strain (ug)
N
(=]
(=)

100

time (s) time (s)

Figure 8. Comparison of measured peak strain amplitudes: (A) row 1; and (B) row 4.

Figure 9 compares the frequency spectra of the sensors’ signals obtained through a
fast Fourier transform (FFT) conducted on the raw time series measurements presented in
Figure 7. The dominating frequencies of the painted silicone-cSEC, epoxied SEBS-cSEC,
epoxied silicone-cSEC, and RSG are respectively listed in the upper right corner from
top to bottom. A dominating frequency of 2.54 Hz corresponding to that of the plate is
clearly observed from the RSG. The epoxied versions of the cSEC closely measure the same
dominating frequency, with the epoxied SEBS-cSEC being the only cSEC type capable of
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measuring the dominating frequency in row 6. The signals of the silicone SECs do not
raise above noise. Another notable feature is that the painted silicone-cSEC measures a
frequency consistently 6.7% lower than that of the RSG. This can be attributed to slippage
of the sensor and its hysteresis behavior.

-------- painted silicone-cSEC ----epoxied SEBS-cSEC epoxied silicone-cSEC — strain gauge (¢,) |
100 100 60
o 80 80 O] 2.38 Hz 2.37 Hz
9 2.51 Hz 40 2.51 Hz
£ 60 60 2.52 Hz 2.51 Hz
a W 2.54 Hz 2.54 Hz
£ 40 40 20
201 20
0 o 01
1.
40

ampllitude
3% w
S 3

—
(=)

. . 5 2 25 3 35
frequency (Hz) frequency (Hz) frequency (Hz)

3 35 15 2 25 3 3.5

Figure 9. Comparison of the frequency spectra under free vibration.

The SNR for both the step-deformation (Figure 10A) and free vibration (Figure 10B)
tests are evaluated in Figure 10. The figure presents the SNR values averaged over the
three tests, with the error bars showing the range of the minimum and maximum values.
It can be observed that the RSG exhibits significantly better SNR values, as expected given
the technology’s maturity, followed by the epoxied SEBS-cSEC, the epoxied silicone-cSEC,
and the painted silicone-cSEC, except for row 6 under the step-load test. From these
results, it appears that the use of an epoxy versus direct deposition results in a higher
SNR, attributable to the better sensor-monitored material interface bonding. It can be also
observed that the SNR values consistently decrease as the sensors become closer to the
plate’s tip and experience smaller strain. This is consistent with the previous observations.

Al . . . . . ‘
Il painted silicone-cSEC
Ml cpoxied SEBS-cSEC
[l cpoxied silicone-cSEC

~10F IERSG 7

@ | error bar

-4

Z

(7]
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Figure 10. Bar chart comparing the SNR of each sensor across row 1 to row 6 measured under:
(A) step-deformation test; and (B) free vibration test.
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5. Conclusions

This paper presented a silicone-based corrugated soft elastomeric capacitor (silicone-
cSEC) that can be directly deposited onto a monitored surface. The paintable sensor
was achieved by formulating a solvent-free fabrication method using a commercial room-
temperature-vulcanizing silicone. The silicone-cSEC was presented as an alternative to a
more mature type of cSEC based on a thermoplastic styrene-ethylene-butadiene-styrene
(SEBS) block co-polymer that required epoxied SEBS-cSEC on the monitored surface be-
cause of the use of solvents in its fabrication process.

The silicone-cSEC was fabricated by dispersing TiO; in the silicone matrix to increase
the permittivity to 4.05 and improve its strain sensitivity. Its sensing properties in terms of
the linearity, gauge factor, and resolution were characterized through a quasi-static bending
test. The painted silicone-cSEC exhibited good linearity with an R? value of 0.9901, a gauge
factor of 1.58, and a resolution of 70 pe. This resolution compared well with that of the
epoxied SEBS-cSEC reported in previous work.

A sensor network was constructed by deploying a 3 columns x 6 rows grid array
of ¢SECs onto a cantilever fiberglass plate subjected to a step deformation and to free
vibrations. Each column of sensors corresponded to a different type of ¢SEC. In this
experiment, the performance of silicone-cSECs was compared against that of epoxied SEBS-
¢SECs and painted SEBS-cSEC. The plate was also equipped with off-the-shelf resistive
strain gauges (RSGs) to benchmark results.

Results from the experiments showed that the painted silicone-cSECs (1) exhibited
good agreement with other sensors in measuring the step-deformation; (2) similar to
other cSECs, had a noisy signal under low strain (row 6) that could be attributed to
electromagnetic noise caused by the network configuration; (3) were capable of tracking
strain under free vibrations, but also exhibited a noisy signal at low strains, (4) had a signal-
to-noise ratio lower than the other ¢SECs, even compared with the epoxied silicone-cSEC;
and (5) were the only sensor exhibiting a shift in the measured dominating frequency (6.7%).
It can be concluded from these results that the silicone-cSEC technology compares well with
the SEBS-cSEC given its relatively early stage of development and that the direct deposition
process can be responsible for lower strain sensing performance. These results can be used
to develop hybrid flexible electronics with painted silicone serving as the backbone.

Overall, this study demonstrated that an SEC can be successfully fabricated using a
solvent-free process and can be used for strain monitoring through direct deposition. Future
work is to include the study of the bonding strength between silicone and thermoplastic
substrate by using an adhesion promoter or adding a polyurathane-modified layer for the
development of test methods to allow the tuning and testing of the adhesion strength.
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Abbreviations

The following abbreviations are used in this manuscript:

LAE Large Area Electronics

SHM Structural Health Monitoring

SEBS Styrene-Ethylene-Butadiene-Styrene
cSEC Corrugated Soft Elastomeric Capacitor

DE Dielectric Elastomer

RTV Room-Temperature-Vulcanizing Silicone
RSG Resistive Strain Gauge

CI Confidence Interval

RMSE  Root Mean Square Error
MAPE Mean Absolute Percentage Error

FFT Fast Fourier Transform

References

1. Sony, S.; Laventure, S.; Sadhu, A. A literature review of next-generation smart sensing technology in structural health monitoring.
Struct. Control Health Monit. 2019, 26, €2321. [CrossRef]

2. Liu, Y.;; Nayak, S. Structural Health Monitoring: State of the Art and Perspectives. JOM 2012, 64, 789-792. [CrossRef]

3. Noel, A.B.; Abdaoui, A.; Elfouly, T.; Ahmed, M.H.; Badawy, A.; Shehata, M.S. Structural Health Monitoring Using Wireless Sensor
Networks: A Comprehensive Survey. IEEE Commun. Surv. Tutor. 2017, 19, 1403-1423. [CrossRef]

4. Costa, J.C.; Spina, F; Lugoda, P.; Garcia-Garcia, L.; Roggen, D.; Miinzenrieder, N. Flexible Sensors—From Materials to
Applications. Technologies 2019, 7, 35. [CrossRef]

5. Araromi, O.A.; Graule, M.A.; Dorsey, K.L.; Castellanos, S.; Foster, ]J.R.; Hsu, W.H.; Passy, A.E.; Vlassak, J.J.; Weaver, J.C,;
Walsh, CJ.; et al. Ultra-sensitive and resilient compliant strain gauges for soft machines. = Nature 2020, 587, 219-224.
[CrossRef] [PubMed]

6. Wang, Y,; Hu, S.; Xiong, T.; Huang, Y.; Qiu, L. Recent progress in aircraft smart skin for structural health monitoring. Struct.
Health Monit. 2021, 21, 2453-2480. [CrossRef]

7. Wang, Y.,; Zhu, C,; Pfattner, R.; Yan, H,; Jin, L.; Chen, S.; Molina-Lopez, F; Lissel, F; Liu, J.; Rabiah, N.L; et al. A highly stretchable,
transparent, and conductive polymer. Sci. Adv. 2017, 3, €1602076. [CrossRef]

8.  Cheng, X,; Bao, C.; Wang, X.; Dong, W. Stretchable strain sensor based on conductive polymer for structural health monitoring of
high-speed train head. Proc. Inst. Mech. Eng. Part |. Mater. Des. Appl. 2019, 234, 496-503. [CrossRef]

9. Jiang, X.W.; Wang, Z; Lu, SW.; Zhang, L.; Wang, X.Q.; Zhang, H.; Lu, J.; Li, B. Vibration monitoring for composite structures
using buckypaper sensors arrayed by flexible printed circuit. Int. J. Smart Nano Mater. 2021, 12, 198-217. [CrossRef]

10. Hu, S; Wang, Y;; Xiong, T.; Wang, C.; Huang, Y.; Qiu, L. Simulation analysis method of expandable and flexible sensor networks based
on the flexible printed circuit process. Struct. Health Monit. 2022, 21, 2670-2687. [CrossRef]

11.  Aygun, L.E.; Kumar, V.; Weaver, C.; Gerber, M.; Wagner, S.; Verma, N.; Glisic, B.; Sturm, J.C. Large-Area Resistive Strain Sensing
Sheet for Structural Health Monitoring. Sensors 2020, 20, 1386. [CrossRef]

12.  Zhang, X,; Wang, Y.; Gao, X,; Ji, Y; Qian, E; Fan, J.; Wang, H.; Qiu, L.; Li, W.; Yang, H. High-Temperature and Flexible Piezoelectric
Sensors for Lamb-Wave-Based Structural Health Monitoring. ACS Appl. Mater. Interfaces 2021, 13, 47764-47772. [CrossRef]
[PubMed]

13.  Gao, K,; Zhang, Z.; Weng, S.; Zhu, H.; Yu, H; Peng, T. Review of Flexible Piezoresistive Strain Sensors in Civil Structural Health
Monitoring. Appl. Sci. 2022, 12, 9750. [CrossRef]

14. Liu, H.; Yan, J.; Kollosche, M.; Bentil, S.A.; Laflamme, S. Surface Textures for Stretchable Capacitive Strain Sensors. Smart Mater.
Struct. 2020, 29, 105037. [CrossRef]

15. Liu, H,; Laflamme, S.; Li, J.; Bennett, C.; Collins, W.N.; Eisenmann, D.J.; Downey, A.R].; Ziehl, P; Jo, H. Investigation of textured
sensing skin for monitoring fatigue cracks on fillet welds. Meas. Sci. Technol. 2022, 33,084001. [CrossRef]

16. Yan, ].; Downey, A.; Cancelli, A.; Laflamme, S.; Chen, A.; Li, ].; Ubertini, F. Concrete Crack Detection and Monitoring Using a
Capacitive Dense Sensor Array. Sensors 2019, 19, 1843. [CrossRef]

17.  Liu, H,; Laflamme, S.; Li, J.; Bennett, C.; Collins, W.N.; Downey, A.; Ziehl, P.; Jo, H. Soft Elastomeric Capacitor for Angular
Rotation Sensing in Steel Components. Sensors 2021, 21, 7017. [CrossRef]

18. Liu, H,; Laflamme, S.; Zellner, E.M.; Aertsens, A.; Bentil, S.A.; Rivero, I.V.; Secord, T.W. Soft Elastomeric Capacitor for Strain and
Stress Monitoring on Sutured Skin Tissues. ACS Sens. 2021, 6, 3706-3714. [CrossRef] [PubMed]

19. Liu, H,; Laflamme, S.; Li, ].; Bennett, C.; Collins, W.; Downey, A.; Ziehl, P.; Jo, H. Investigation of surface textured sensing skin for
fatigue crack localization and quantification. Smart Mater. Struct. 2021, 30, 105030. [CrossRef]

20. Davidson, C.J.; Hannigan, ].H.; Bowen, S.E. Effects of inhaled combined Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX): Toward

an environmental exposure model. Environ. Toxicol. Pharmacol. 2021, 81, 103518. [CrossRef]


http://doi.org/10.1002/stc.2321
http://dx.doi.org/10.1007/s11837-012-0370-9
http://dx.doi.org/10.1109/COMST.2017.2691551
http://dx.doi.org/10.3390/technologies7020035
http://dx.doi.org/10.1038/s41586-020-2892-6
http://www.ncbi.nlm.nih.gov/pubmed/33177670
http://dx.doi.org/10.1177/14759217211056831
http://dx.doi.org/10.1126/sciadv.1602076
http://dx.doi.org/10.1177/1464420719896599
http://dx.doi.org/10.1080/19475411.2021.1910874
http://dx.doi.org/10.1177/14759217211068893
http://dx.doi.org/10.3390/s20051386
http://dx.doi.org/10.1021/acsami.1c13704
http://www.ncbi.nlm.nih.gov/pubmed/34582188
http://dx.doi.org/10.3390/app12199750
http://dx.doi.org/10.1088/1361-665X/aba63c
http://dx.doi.org/10.1088/1361-6501/ac6935
http://dx.doi.org/10.3390/s19081843
http://dx.doi.org/10.3390/s21217017
http://dx.doi.org/10.1021/acssensors.1c01477
http://www.ncbi.nlm.nih.gov/pubmed/34582189
http://dx.doi.org/10.1088/1361-665X/ac221a
http://dx.doi.org/10.1016/j.etap.2020.103518

Sensors 2023, 23, 6146 13 of 14

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Isah, B.; Mohamad, H.; Ahmad, N. Rock stiffness measurements fibre Bragg grating sensor (FBGs) and the effect of cyanoacrylate
and epoxy resin as adhesive materials. Ain Shams Eng. J. 2021, 12, 1677-1691. [CrossRef]

Gong, H.P; Li, X.R; Jin, Y.X.; Dong, X.Y. Strain Performance of Fiber Bragg Grating Sensor Fixed by Different Adhesives.
Adv. Mater. Res. 2011, 301-303, 415-420. [CrossRef]

Raffler, S.; Bichlmair, S.; Kilian, R. Mounting of sensors on surfaces in historic buildings. Energy Build. 2015, 95, 92-97. [CrossRef]
Liu, X,; Liu, J.; Wang, J.; Wang, T,; Jiang, Y.; Hu, J.; Liu, Z.; Chen, X; Yu, J. Bioinspired, Microstructured Silk Fibroin Adhesives for
Flexible Skin Sensors. ACS Appl. Mater. Interfaces 2020, 12, 5601-5609. [CrossRef] [PubMed]

Wang, B.; Facchetti, A. Mechanically Flexible Conductors for Stretchable and Wearable E-Skin and E-Textile Devices. Adv. Mater.
2019, 31, 1901408. [CrossRef]

Chen, H.; Song, Y.; Cheng, X.; Zhang, H. Self-powered electronic skin based on the triboelectric generator. Nano Energy 2019,
56, 252-268. [CrossRef]

Patel, M.; Skinner, A. Thermal ageing studies on room-temperature vulcanised polysiloxane rubbers. Polym. Degrad. Stab. 2001,
73,399-402. [CrossRef]

Ghanbari-Siahkali, A.; Mitra, S.; Kingshott, P.; Almdal, K.; Bloch, C.; Rehmeier, HK. Investigation of the hydrothermal stability of
cross-linked liquid silicone rubber (LSR). Polym. Degrad. Stab. 2005, 90, 471-480. [CrossRef]

Tan, J.; Chao, Y.; Zee, ].V.; Lee, W. Degradation of elastomeric gasket materials in PEM fuel cells. Mater. Sci. Eng. 2007,
445, 669-675. [CrossRef]

Davoodi, E.; Montazerian, H.; Haghniaz, R.; Rashidi, A.; Ahadian, S.; Sheikhi, A.; Chen, J.; Khademhosseini, A.; Milani, A.S.;
Hoorfar, M.; et al. 3D-Printed Ultra-Robust Surface-Doped Porous Silicone Sensors for Wearable Biomonitoring. ACS Nano 2020,
14, 1520-1532. [CrossRef]

Mirzanejad, H.; Agheli, M. Soft force sensor made of magnetic powder blended with silicone rubber. Sens. Actuators Phys. 2019,
293,108-118. [CrossRef]

Taherkhani, B.; Azizkhani, M.B.; Kadkhodapour, J.; Anaraki, A.P; Rastgordani, S. Highly sensitive, piezoresistive, silicone/carbon
fiber-based auxetic sensor for low strain values. Sens. Actuators Phys. 2020, 305, 111939. [CrossRef]

Lee, J.; Kim, J.; Shin, Y.; Jung, I. Ultra-robust wide-range pressure sensor with fast response based on polyurethane foam doubly
coated with conformal silicone rubber and CNT/TPU nanocomposites islands. Compos. Part Eng. 2019, 177, 107364. [CrossRef]
Sheng, F.; Zhang, B.; Zhang, Y.; Li, Y.; Cheng, R.; Wei, C.; Ning, C.; Dong, K.; Wang, Z.L. Ultrastretchable Organogel/Silicone
Fiber-Helical Sensors for Self-Powered Implantable Ligament Strain Monitoring. ACS Nano 2022, 16, 10958-10967.
[CrossRef]

Schweitzer, J.; Merad, S.; Schrodj, G.; Gall, EB.L.; Vonna, L. Determination of the Crosslinking Density of a Silicone Elastomer.
J. Chem. Educ. 2019, 96, 1472-1478. [CrossRef]

Stoyanov, H.; Kollosche, M.; Risse, S.; McCarthy, D.N.; Kofod, G. Elastic block copolymer nanocomposites with controlled
interfacial interactions for artificial muscles with direct voltage control. Soft Matter 2011, 7, 194-202. [CrossRef]

Cazacu, M.; Ignat, M.; Racles, C.; Cristea, M.; Musteata, V.; Ovezea, D.; Lipcinski, D. Well-defined silicone-titania composites
with good performances in actuation and energy harvesting. J. Compos. Mater. 2013, 48, 1533-1545. [CrossRef]

Yang, D.; Zhang, L.; Liu, H.; Dong, Y.; Yu, Y.; Tian, M. Lead magnesium niobate-filled silicone dielectric elastomer with large
actuated strain. J. Appl. Polym. Sci. 2012, 125, 2196-2201. [CrossRef]

Razzaghi-Kashani, M.; Gharavi, N.; Javadi, S. The effect of organo-clay on the dielectric properties of silicone rubber. Smart Mater.
Struct. 2008, 17, 065035. [CrossRef]

Wadéhlander, M.; Nilsson, E.; Andersson, R.L.; Sanchez, C.C.; Taylor, N.; Carlmark, A.; Hillborg, H.; Malmstréom, E. Tailoring
dielectric properties using designed polymer-grafted ZnO nanoparticles in silicone rubber. |. Mater. Chem. 2017, 5, 14241-14258.
[CrossRef]

Guan, S.; Tang, Y,; Song, S.; Liu, H.; Zhao, S. Influence of inter structure of BaTiO3-carbon nanotube hybrid particles on the
dielectric properties of PDMS nanocomposites. Mater. Sci. Eng. 2021, 271, 115280. [CrossRef]

Brown, H.R. The Adhesion of Polymers: Relations Between Properties of Polymer Chains and Interface Toughness. J. Adhes.
2006, 82, 1013-1032. [CrossRef]

Skov, A.L.; Yu, L. Optimization Techniques for Improving the Performance of Silicone-Based Dielectric Elastomers. Adv. Eng.
Mater. 2017, 20, 1700762. [CrossRef]

Matysek, M.; Lotz, P; Flittner, K.; Schlaak, H.F. High-Precision Characterization of Dielectric Elastomer Stack Actuators and Their
Material Parameters. In Proceedings of the Electroactive Polymer Actuators and Devices (EAPAD), San Diego, CA, USA, 10 April
2008; Bar-Cohen, Y., Ed.; SPIE: Washington, DC, USA, 2008. [CrossRef]

Cohen, A.J.; Kollosche, M.; Yuen, M.C.; Lee, D.Y.; Clarke, D.R.; Wood, R.J. Batch-Sprayed and Stamp-Transferred Electrodes:
A New Paradigm for Scalable Fabrication of Multilayer Dielectric Elastomer Actuators. Adv. Funct. Mater. 2022, 32, 2205394.

[CrossRef]

Downey, A ; Pisello, A.L.; Fortunati, E.; Fabiani, C.; Luzi, F,; Torre, L.; Ubertini, F; Laflamme, S. Durability and weatherability of a
styrene-ethylene-butylene-styrene (SEBS) block copolymer-based sensing skin for civil infrastructure applications. Sens. Actuators
Phys. 2019, 293, 269-280. [CrossRef]


http://dx.doi.org/10.1016/j.asej.2020.09.007
http://dx.doi.org/10.4028/www.scientific.net/AMR.301-303.415
http://dx.doi.org/10.1016/j.enbuild.2014.11.054
http://dx.doi.org/10.1021/acsami.9b21197
http://www.ncbi.nlm.nih.gov/pubmed/31927972
http://dx.doi.org/10.1002/adma.201901408
http://dx.doi.org/10.1016/j.nanoen.2018.11.061
http://dx.doi.org/10.1016/S0141-3910(01)00118-5
http://dx.doi.org/10.1016/j.polymdegradstab.2005.04.016
http://dx.doi.org/10.1016/j.msea.2006.09.098
http://dx.doi.org/10.1021/acsnano.9b06283
http://dx.doi.org/10.1016/j.sna.2019.04.021
http://dx.doi.org/10.1016/j.sna.2020.111939
http://dx.doi.org/10.1016/j.compositesb.2019.107364
http://dx.doi.org/10.1021/acsnano.2c03365
http://dx.doi.org/10.1021/acs.jchemed.8b00911
http://dx.doi.org/10.1039/C0SM00715C
http://dx.doi.org/10.1177/0021998313488148
http://dx.doi.org/10.1002/app.36428
http://dx.doi.org/10.1088/0964-1726/17/6/065035
http://dx.doi.org/10.1039/C6TA11237D
http://dx.doi.org/10.1016/j.mseb.2021.115280
http://dx.doi.org/10.1080/00218460600998060
http://dx.doi.org/10.1002/adem.201700762
http://dx.doi.org/10.1117/12.776177
http://xxx.lanl.gov/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adfm.202205394
http://xxx.lanl.gov/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adfm.202205394
http://dx.doi.org/10.1002/adfm.202205394
http://dx.doi.org/10.1016/j.sna.2019.04.022

Sensors 2023, 23, 6146 14 of 14

47. Kong, X,; Li, J.; Collins, W.; Bennett, C.; Laflamme, S.; Jo, H. Sensing distortion-induced fatigue cracks in steel bridges with
capacitive skin sensor arrays. Smart Mater. Struct. 2018, 27, 115008. [CrossRef]

48. Seitz, V,; Arzt, K.; Mahnel, S.; Rapp, C.; Schwaminger, S.; Hoffstetter, M.; Wintermantel, E. Improvement of adhesion strength
of self-adhesive silicone rubber on thermoplastic substrates Comparison of an atmospheric pressure plasma jet (APPJ) and a
Pyrosil® flame. Int. J. Adhes. Adhes. 2016, 66, 65-72. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1088/1361-665X/aadbfb
http://dx.doi.org/10.1016/j.ijadhadh.2015.12.009

	Introduction
	Background
	Fabrication Process
	Electromechanical Model

	Experiments
	Cantilever Plate
	Sensor Network Configuration

	Results and Discussion
	Electro-Mechanical Behavior
	Network Configuration

	Conclusions
	References

