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Structural health monitoring of civil infrastructure requires low-cost, scalable, long-term, and robust
sensing technologies due to the size and complexity of the geometries under consideration. This paper
investigates the durability and weatherability of a large area sensing skin engineered for civil infrastruc-
ture applications. This sensing skin is based on a soft elastomeric capacitor made of three thin layers
based on an SEBS block co-polymer matrix. The inner layer is filled with titania and acts as the dielectric,
while the external layers are doped with carbon black and work as the conductive plates. In this work,
. . a variety of specimens, including the dielectric layer without the conductive plates, were fabricated and

Soft elastomeric capacitor . . . . .. .
Structural health monitoring tested within an accelerated weatherlr.lg chamber by simulating thermal: hurTudlty, and QV radiation
SEBS cycles. Beyond the accelerated weathering tests, a sensor deployed on a bridge in lowa for six and a half
years was removed from the field and analyzed in the laboratory. A variety of other tests were performed
Titania in order to characterize the specimens’ mechanical, thermal, optical, and electrical performance. Addi-
Titanium dioxide tionally, strain sensitivity analyses were performed on specimens of interest. Results showed that titania
TiO, inclusions improved the sensor dielectric’s durability against weathering, while the carbon black doped
Weatherability . conductive layers provided the skin sensor with a high level of durability and weatherability protection.
Environmental degradation The results in this work contribute to a better understanding of the degradation of SEBS-based matrices

as well as the behavior of these skin sensors when deployed for the monitoring of civil infrastructure.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Structural health monitoring (SHM) is the automation of dam-
age detection, localization, and characterization tasks in structures
[1]. Effective SHM of civil infrastructure typically requires long-
term monitoring strategies, because of the long life cycles coupled
with harsh environmental conditions. One method to address
the durability of sensors is embedment within structural com-
ponents, as demonstrated in [2-4]|. Another method to address
sensor durability is to develop multifunctional structural mate-
rials that are capable of sensing their own condition, such as
self-sensing concretes [5], pavements [6], and bricks [7]. While
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both of these methods can provide long-term sensing capabilities
for SHM systems, they are difficult to deploy and maintain com-
pared with surface sensing techniques. Of interest to this paper
are sensing skins, which have been recently proposed for monitor-
ing large structural areas [8-10]. The authors have developed and
demonstrated a low-cost, large-area, strain-sensitive parallel plate
capacitor [11], termed soft elastomeric capacitor (SEC).

The vast majority of research efforts on sensing skin technolo-
gies have been focused on signals and scalability towards civil
infrastructure applications, and there exists little information in the
literature on the long term durability of these technologies. Never-
theless, some work has investigated the resilience of piezoelectric
transducers to thermal cycles [12] and the long-term durability of
fiber optic sensors in an aggressive marine environment [13]. In
particular, the monitoring of civil infrastructure requires that the
thin-film sensors are able to withstand harsh environmental condi-
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Fig. 1. The soft elastomeric capacitor (SEC): (a) picture of a sensor used in this study with key components annotated with the inset showing a scanning electron microscope
image of the dielectric; (b) an exploded view of the sensor geometry with key components annotated.

tions from changes in temperature, moisture, and ultraviolet (UV)
radiation while providing reliable measurements throughout the
life of the structure. For the validation of any civil infrastructure
measurement technology exposed to the elements, it is imperative
to investigate its weatherability, because a monitoring campaign
could last anywhere between one year (required to capture the
thermal and humidity cycles) and the lifetime of the structure. The
objective of this paper is to experimentally investigate the weather-
ability and durability of the SEC for long-term sensing applications.

The SECis based on a styrene-ethylene-butylene-styrene (SEBS)
block copolymer matrix. The SEBS matrix is selected due to its
ease of manufacturing, elasticity, and strength [14]. However, a
pure SEBS matrix has been shown to degrade when exposed to
temperature, moisture, and ultraviolet light [15,16]. To increase
the durability of the sensor [17,18] and the permittivity of the
dielectric layer [19], the dielectric is doped with TiO, (titania or
titanium dioxide). The addition of TiO, has been shown to increase
UV stability in carboxylated styrene-butadiene rubber latex film
by retarding surface photo-oxidation [20]. The electrodes of the
parallel plate capacitor are also constructed from an SEBS matrix
but doped with carbon black to provide conductivity in the SEBS
matrix while providing mechanical compliance [21,22]. The doping
of carbon black into the SEBS matrix provides enhanced mechanical
properties and thermal stability over pure SEBS [23] and improves
the stability of SEBS against UV degradation [24].

In this paper, the long-term performance of the SEC technol-
ogy is investigated, and provides the field with the following
contributions: 1) a quantification of the increased durability and
weatherability provided by the filling of the SEBS matrix with TiO5;
2) the demonstration that the conductive plates doped with car-
bon black provide a protective layer for the inner dielectric that
increases the durability of the SEC sensor; and 3) the assessment
of the sensor’s capability to retain its strain sensitivity throughout
the considered lifespan. The rest of the paper is organized as fol-
lows. First, the SEC sensing technology is introduced, including the
fabrication process and electromechanical model. After, the exper-
imental methodology is described, followed by a presentation of
results and discussion.

2. Soft elastomeric capacitor technology
2.1. Sensing skin fabrication
The SEC, shown in Fig. 1, is a highly scalable thin-film strain

sensor engineered for structural health monitoring of large-scale
structural components. The sensor is a parallel plate capacitor and

as such is composed of three layers, where two electrically con-
ductive electrodes are separated by a dielectric as illustrated in
the expanded view of the SEC in Fig. 1(b). The scalability of the
SEC arises from its simple and low-cost fabrication process. First,
SEBS is dissolved using a reagent grade toluene, after which TiO,
is dispersed using an ultrasonic tip (D100 Sonic Dismembrator
manufactured by Fisher Scientific). The solution is drop-casted to
create the dielectric onto a 75 x 75 mm? glass slide covered with a
non-porous Polytetrafluoroethylene (PTFE) coated fiberglass fabric
(Release Ease 234 TFNP by Airtech International) and the toluene
let evaporate. Next, a conductive paint is fabricated by mixing car-
bon black (Printex XE 2-B) into another dissolved SEBS solution,
forming a conductive paint. This paint is applied to either side of
the dielectric to create the electrodes of the parallel plate capac-
itor. Lastly, copper contacts with conductive adhesives are added
to each electrode and a thin layer of the conductive paint is added
onto the copper contact to ensure a good connection between the
copper and the conductive plates, as shown in Fig. 1(a). A more
detailed description regarding the fabrication processes of the SEC
sensors can be found in references [11] and [25].

The sensor’s strain sensing principle is based on a measurable
change in its capacitance provoked by a change in its geometry. By
deploying the SEC along its plane, this change in geometry arises
from a strain in the monitored surface. Its deployment is typically
conducted using a commercial two-part epoxy and pretensioning
the sensor during installation enabling the measurement of both
compressive and tensile strain. The capacitance, C, of an SEC can be
approximated using

AC = Eoer% (1)
where ey = 8.854 pF/m and e, are the vacuum permittivity and
the polymer relative permittivity, respectively, A is the overlap-
ping area of the conductive electrodes (d -l in Fig. 1(a)), and h is the
thickness of the dielectric (Fig. 1(b)). The static [11] and dynamic
[25] sensing capabilities of the SEC have been investigated. In brief,
assuming small strains, Eq. (1) can be written as a change in capac-
itance (AC):

AC Ad Al Ah
TcT T 2

where it can be noted that Ad/d, Al/l, and Ah/h, can be expressed
as strain components &y, &y, and &, respectively. Assuming a plane
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stress condition, &; =— v(&x + &y)/(1 — v), a relative change in capac-
itance AC can be related to a change in the sensor’s geometry as

Ac
C

where v is the sensor material’s Poisson’s ratio taken as v~ 0.49
[26]. In Eq. (3), A=1/(1 —v)~2 represents the gauge factor of the
sensor. A key advantage of the SEC is its capability to measure addi-
tive strain, as shown in Eq. (3). In addition to these material-based
studies, the SEC has been experimentally investigated for structural
health monitoring specific applications, including: fatigue crack
detection [27]; full field strain map reconstruction [28]; and dam-
age detection and localization in a model wind turbine blade under
aerodynamic loading [29].

= Aex +&y) (3)

3. Experimental methodology

Various specimens were fabricated using varying concentra-
tions of TiO, in the sensors’ dielectric layer (0%, 5%, 10%, and 15%
by volume). This work studies both the dielectric and the SEC
sensor itself under a variety of induced environmental conditions
simulated within an accelerated weathering chamber (QUV tests)
where the focus of this research is the development of a mechani-
cally robust sensor that is able to withstand the thermal, humidity,
and UV radiation cycles that the SEC sensor could experience in
an infrastructure monitoring application. Due to the small thick-
ness of the conductive layer (0.02-0.6 mm) and the fact that it is
painted onto the SEC during manufacturing, the conductive layers
were not tested individually. Rather, the conductive layer’s capabil-
ity to provide a protective layer for the dielectric was investigated
through testing of the SEC sensors. In order to provide consistent
strain transducing capabilities, it is important to verify that the
capacitance of the sensor does not vary significantly with age. The
accelerated weathering tests utilized in this study include simu-
lated thermal, humidity, and UV radiation cycles. Once completed,
a series of tests were performed in order to characterize the sen-
sors capacitance, mechanical, and thermal performance in addition
to their solar reflectance at 0, 1, 7, 15, and 30 days. Additionally,
strain sensitivity and linearity tests were performed on the sensors
with 0 days and 30 days of accelerated aging. In addition to the
accelerated aging tests, an SEC sensor that was deployed on a 2-
lane highway bridge in lowa in 2011 was retrieved and its dynamic
sensing capabilities were inspected.

3.1. Investigated specimens

This study utilized 25 SEC sensors and 20 dielectric specimens.
Of the SEC sensors, 24 were fabricated for this study and 1 was
removed from a 2-lane highway bridge located in lowa, USA, after
being deployed for six and a half years. Except for the sensor
removed from the South Skunk River Bridge, the specimens sat fora
total 12 months between their initial fabrication process and final
strain sensitivity investigation, with the accelerated aging taking
place approximately six months after fabrication. During this 12-
month period, the specimens were left in a laboratory environment
at room temperature. All SEC sensors and the dielectric specimens
measured 75 x 75 mm?2 while the SEC sensors had a sensing area of
65 x 65 mm?Z. This reduction in the sensor’s sensing area is due to
the dielectric that extends past the edges of the conductive plates,
as shown in Fig. 1(a). When measured as sitting flat on a table in a
relaxed state, the SEC sensors exhibited an average capacitance of
535 pF with a standard deviation of 30 pF. Eight SECs were used for
control and 16 were used as specimens for the accelerated aging
tests. For the dielectric layers (including those of the SEC sensors),
four different concentrations of TiO, were investigated: 0% (pure
SEBS), 5%, 10%, and 15% TiO, by volume. During fabrication, it was

dynamic testing
machine grips
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ceramic
capacitor

fiberglass
backing

.

Fig. 2. Experimental test setup of an SEC specimen attached to a fiberglass plate

mounted in the dynamic testing machine. The inset shows the two-element RSG
attached to the back of the fiberglass plate behind the SEC.

found that the dielectric with 0% TiO, was unable to withstand the
application of the conductive paint, because the conductive paint
would dissolve through the pure SEBS matrix of the dielectric creat-
ing a conductive pathway from one electrode to another, therefore
disabling the sensors. It follows that the 0% TiO, sample is not con-
sidered for the SEC specimens. Material specimens were cut from
both the SEC and dielectric specimens for the mechanical testing,
as needed, therefore, the final forms of the specimen were half of
the SECs original size, as presented in the experimental setup of the
strain sensitivity analysis shown in Fig. 2.

Lastly, a sensor deployed on a bridge during a preliminary inves-
tigation into the use of the SEC for SHM, work published in reference
[30], was removed and tested in a laboratory setting. The sensor
was deployed onto the underside of a concrete deck on the South
Skunk River Bridge, located in Ames, lowa, USA. The bridge is shown
in Fig. 3(a) while the installed sensor is shown in Fig. 3(b). The sen-
sors were installed in December 2011 and retrieved in June 2018
for a total deployment time of 6.5 years. During this time, the sensor
experienced a maximum high temperature of 37.7 °C on July 23rd
and 25th 2012 and maximum low temperature of —30 °C on both
February 5th, 2015 and January 1st, 2018 [31]. Furthermore, dur-
ing the summer of 2016, the steel components on the South Skunk
River Bridge were painted and the SEC received a layer of paint
as a result of overspray. During this painting procedure, the main-
tenance crews ripped the wires to the SEC and removed the data
acquisition system shown in Fig. 3(b). Therefore, only the sensor
material (without any copper contacts) remained on the bridge. The
sensor after being removed from the bridge, with new copper con-
tacts attached to both sides of the sensors, is shown in Fig. 3(c). For
testing, the green paint was removed from the sensors by repeata-
bility applying and removing a cloth-backed tape (duct tape) from
the painted side of the SEC. Once the paint was removed, the SEC
was cut in half to remove a portion of the sensor with mechanical
damage and to match the geometry of the previously tested spec-
imens. A thin layer of conductive paint was applied to the top of
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Fig. 3. SEC sensor deployed under the deck of the South Skunk River Bridge, IA,
in 2011, showing the: (a) South Skunk River Bridge; (b) SEC adhered to the bridge
before the repaint; (c) SEC sensor as removed from the bridge (with new contacts
added); and (d) SEC sensor attached to a fiberglass substrate for testing.

the SEC sensor to ensure a good electrical connection between the
copper contact and the sensor. As before, a two-element RSG was
attached to the fiberglass plate behind the SEC. The experimental
setup is shown in Fig. 3(d).

3.2. Accelerated weathering

Controlled accelerated weathering was used to investigate the
durability of both the SEC sensor and dielectric specimens. This
controlled experimental investigation was intended to quantify the
sensors’ capability to withstand the combined effects of thermal
stress, high levels of humidity, and damaging UV solar radiation.
The different specimens were placed in a QUV machine (QUV Accel-
erated Weathering Testes, Q-Lab), and the aging test was carried
out following ASTM D 4329-99 [32], following the operative proce-
dure described in ASTM G 154-06 [33]. According to the standard
procedure, the specimens were alternately exposed to repeated
cycles of UVA radiation (340 nm, energy of 0.77 W/m?2) at 50 °C
for 8 hours followed by 2 hours in a humid condition (100 RH%)
at 40 °C then 2 more hours at 20 °C (100 RH%). After 1, 7, 15,
and 30 days of exposure, the effects of the accelerated weather-
ing tests on the different specimens were evaluated in terms of
visual observations, color variation, mechanical responses by ten-
sile test and degradation properties by thermogravimetric analysis.
Also, the control specimens and those that experienced 30 days of
accelerated weathering were experimentally tested to assess their
strain sensitivity and linearity. There is no standard on the equiv-
alence between QUV tests and real-world exposure times as one

year of exposure in an urban environment may be ten times more
damaging than a year of exposure in a rural setting [34].

3.3. Sample characterization

Sample characterization was performed through a series of
mechanical, thermal, electrical, optical, and strain tests both before
and after the accelerated aging exposures where the mechanical
characteristics of the specimens were evaluated under tensile load-
ings. A material testing machine (Lloyd Instrument LR 30) with a
500 N load cell at room temperature was used to test five rect-
angular specimens (50 mm x 5 mm). A crosshead speed of 1.66
mmy/s along with an initial gauge length of 25 mm were used
during testing. The tensile strength (o) and strain at rupture (&)
were measured during testing while the Young’s modulus (E) was
obtained from the specimens’ stress-strain curves. The mechanical
characterization tests were each conducted from multiple samples
cut from the same specimen. Five samples were cut from each spec-
imen for the unaged samples and three samples for each of the aged
specimens.

Thermogravimetric analysis (TGA) was used to quantify the
specimens’ thermal degradation, before and after the UV weath-
ering. This was done using a TGA system (Seiko Exstar 6300). TGAs
were performed using the following test parameters: 10 mg weight
specimens, nitrogen flow rate of 250 ml/min, and temperatures
ranging from 30 °C to 800 °C with a heating rate of 10 °C/min. The
residual mass from thermogravimetric curves of different mixes
that experienced varying amounts of accelerated aging were eval-
uated in order to study the effect of weathering on the degradation
behavior of the studied materials.

Visual comparisons were recorded using digital photographs of
the different specimens before and after the exposure to the accel-
erated aging tests. Additionally, the color changes of the studied
materials were examined with a spectrophotometer (CM-2300d
Konica Minolta, Japan). Data was acquired using the SCI 10/D65
method with CIELAB color variables, as defined by the International
Commission on [llumination [35]. The AL*, Aa* and Ab* parame-
ters and gloss level were determined by placing the specimens on
a standard white plate.

Optical characterization was performed by means of a solar
spectrophotometer incorporating an integrating sphere. The tests
were performed according to the international test method
reported in ASTM E 903-96 [36]. This ASTM describes the procedure
to perform measurements of spectral near normal-hemispherical
reflectance over the spectral range of 300-2500 nm with a lab
instrument. In typical applications where the solar reflectance
values are of interest, these values are calculated by weighting
wavelength with respect to reference solar spectra (according
to reference values [37]). However, as this study focuses on the
material characterization of the specimens rather than its capabil-
ity to reflect solar radiation, a simple measurement technique is
implemented and the terrestrial solar irradiance distribution is not
evaluated. The spectrophotometer (SolidSpec-3700) was equipped
with a 60 mm-diameter integrating sphere with a wavelength accu-
racy of 0.1 nm. The spectrophotometer used a double beam scheme
with coated optics. During testing, the spectral 100% and the zero
lines were recorded at first to be kept as reference for the whole
characterization campaign. Thereafter, the materials were tested
and the reflectance values were obtained. This procedure is consis-
tent with literature [38].

The capacitive stability of the SEC sensors was investigated by
measuring the capacitance of the sensor both before and after
the accelerated aging processes. Capacitance was measured using
an LCR meter (875B manufactured by BK precision). Capacitance
tests were performed at room temperature using a frequency of 1
kHz and a parallel capacitance mode. The capacitance for the 15
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Fig. 4. Accelerate aging of SECs with dielectric with that consist of 5, 10, and 15% TiO, at 0, 1, 7, 15, and 30 days of QUV aging.

SEC specimens used for the durability investigation was measured.
These measurements were also taken after 1 year with sensors
being subjected to either 0, 1, 7, 15, and 30 days of QUV aging.
To accommodate for the fact that materials were cut from each of
these specimens for material testing, the capacitance of sections of
the sensors was measured (e.g. a 35 x 75 mm?) and adjusted using
Equation (1). Once these adjustments were made, a capacitance for
the sensors after aging could be estimated.

Strain sensitivity analysis was performed for both the aged SEC
sensors specimens that experienced 30 days of accelerated aging
and the control specimens. Due to materials specimens being taken
from the SEC specimens for the prior investigations, only half of
each aged sample remained. For consistency, the control speci-
mens were cut down to the same dimensions as the specimens that
underwent accelerated aging. These specimens were then mounted
onto a fiberglass plate for testing, as presented in Fig. 2. Capacitance
data from the SECs was acquired using a custom built capacitance-
to-digital converter connected to a laptop computer. A ceramic
capacitor was added to one contact of the SEC sensors to adjust
the measured capacitance value of the SEC sensor, this offset was
accounted for in post-processing. To validate the SEC sensors, a
two-element RSG (model #FCA-5-350-11-3L)BT, manufactured by
Tokyo Sokki Kenkyujo) was mounted unto the back of the fiber-
glass to measure the additive strain directly behind the sensor. The
SEC specimens were tested using a servo-hydraulic dynamic testing
machine. A displacement controlled load of 1.80 mm at 0.25 Hz was
used. The strain values for the SEC sensors were calculated using
the gauge factor of 2 as presented in Eq. (3) while the RSG strain
values were obtained by adding the outputs of two RSG sensors
(ex *+é&y).

Lastly, a strain sensitivity analysis was performed for the sensor
removed from the South Skunk River Bridge. In an effort to vali-
date the SEC against previously published data, an experimental
procedure was developed where the fiberglass plate was excited
at frequencies of 1.07 Hz, 2.91 Hz, and 4.20 Hz. These frequencies
were chosen to mimic the bridge’s dynamic response as presented
in [30], that the sensor was previously capable of capturing. During
testing, resistive strain gauges (RSGs) mounted on the back of the
fiberglass plate were used to validate the SEC’s strain transducing
capabilities.

4. Results and discussion
4.1. Visual analysis

Pictures of the various SEC specimens after undergoing acceler-
ated aging are presented in Fig. 4. These photographs were taken
after the specimens were removed from the environmental test
chamber and before material specimens were cut from the SEC sen-
sors for mechanical testing. For all three material formulations, the
SEC sensors were found to maintain both their general appearance
and structural integrity after the accelerated aging tests. In com-
parison, any unprotected portions of the dielectric layer around
the outside of the SEC sensor were found to greatly degrade. Care
had to be taken when removing the unprotected portion of the SECs
from their aluminum backing plates. However, once the dielectric
was detached from the test plate, the SEC could be easily removed.
After 30 days of accelerated aging, any unprotected portions of the
sensors dielectric greatly degraded and maintained very little struc-
tural integrity and some pieces fully separated from the dielectric
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Fig. 5. Optical images of the SEC cross sections after 30 days of accelerated aging.

Table 1
Mean and standard deviation values for the tensile strengths at rupture (o), strains
at rupture (o), and the calculated material modulus presented in Fig. 6.

Specimens o (MPa) oy (%) Material modulus (MPa)

No accelerated aging

Dielectric 5% TiO; 2.87+0.28 1120+100 0.35+0.04
Dielectric 10% TiO, 3.71+0.52 980+25 0.76 +0.08
Dielectric 15% TiO> 3.34+0.76 995+ 110 0.81+0.13
SEC 5% TiO; 2.334+0.17 890+ 65 2.224+0.20
SEC 10% TiO, 2.144+0.09 900+ 80 2.96+0.22
SEC 15% TiO> 2.17+0.13 830440 3314083
1 day of accelerated aging
Dielectric 5% TiO, 2.97+0.34 980+ 50 0.49+0.03
Dielectric 10% TiO, 2.79+0.12 930+45 0.43+0.06
Dielectric 15% TiO> 2.73+0.26 1031+45 0.61+0.16
SEC 5% TiO> 1.94+0.29 1005+ 80 1.93+0.14
SEC 10% TiO2 1.92+0.36 930+70 2.33+0.28
SEC 15% TiO, 1.88+0.24 850+75 3.36+0.61
7 days of accelerated aging
Dielectric 15% TiO, 0.93+0.02 871+25 0.86+0.20
SEC 5% TiO, 1.88+0.30 910420 2.10+0.43
SEC 10% TiO> 1.66+0.30 9204100 2.74+0.42
SEC 15% TiO, 227 +0.11 965 + 30 3.06 £0.44
14 days of accelerated aging
SEC 5% TiO; 1.31+£0.14 700+30 1.90+0.05
SEC 10% TiO, 1.12+0.10 590+50 2.18+0.10
SEC 15% TiO, 1.22+0.11 540 +20 2.37+0.04
30 days of accelerated aging
SEC 5% TiO, 2.194+0.26 825455 1.67+£0.25
SEC 10% TiO, 2.00+0.37 760 +40 2.30+0.2
SEC 15% TiO; 2.13+0.21 835+50 2.84+0.30

layer and fell onto the carbon-black-based conductor as denoted
by the arrow in the lower right-hand subset of Fig. 4. No degrada-
tion or holes were found in the carbon black doped conductor layer
of the SEC sensors and this conductive layer was found to provide
an excellent protective layer for the dielectric. This high level of
protection for the dielectric layer is further demonstrated by the
optical images of sample cross-sections that were subjected to 30
days of accelerated aging presented in Fig. 5.

4.2. Durability analysis of mechanical and thermal behavior of
the specimens

Fig. 6 shows the mechanical properties of the SECs and dielec-
tric layers after accelerated aging with various levels of TiO, in
the dielectric layer. The material properties were tested without
any accelerated aging (0 days) and after 1, 7, 15, and 30 days of
exposure. Figs. 6(a) and 6 (b) are the measured values of tensile
strength and strain at rupture, while Fig. 6(c) reports the calculated
Young’'s modulus. Table 1 reports the mean and standard deviation
in the measurements for all three mechanical properties investi-
gated. After accelerated aging, some specimens were too fragile to
perform mechanical tests on: these samples are marked with an
“F” in Tables 2, 3, 6 ”. Additionally, results for these fragile spec-

Table 2
Regression values for the measured tensile strengths at rupture (o) presented in
fig. 6(a). [Note: “F”: too fragile to implement mechanical test.]

Sample Slope rvalue Standard error
Dielectric 0% TiO, F F F

Dielectric 5% TiO, F F F

Dielectric 10% TiO, F F F

Dielectric 15% TiO, -0.329 —-0.994 0.037

SEC 5% TiO, —0.003 —0.095 0.018

SEC 10% TiO, —0.005 -0.169 0.018

SEC 15% TiO, —0.004 -0.121 0.020

Table 3
Regression values for the measured strain at rupture (o) presented in Fig. 6(b).

Sample Slope rvalue Standard error
Dielectric 0% TiO, F F F

Dielectric 5% TiO, F F F

Dielectric 10% TiO» F F F

Dielectric 15% TiO> -20.93 -0.94 7.45

SEC 5% TiO, —5.34 —-0.58 4.27

SEC 10% TiO, -7.24 —-0.61 5.36

SEC 15% TiO, -3.03 -0.24 7.14

Table 4

Regression values for the calculated material modulus presented in fig. 6(c).

Sample Slope rvalue Standard error
Dielectric 0% TiO, F F F

Dielectric 5% TiO, F F F

Dielectric 10% TiO» F F F

Dielectric 15% TiO, 0.019 0.549 0.029

SEC 5% TiO, -0.014 —-0.854 0.005

SEC 10% TiO, -0.015 —-0.572 0.013

SEC 15% TiO, —0.021 —-0.642 0.014

imens are not presented in Fig. 6 or the following figures. Linear
regression analysis is applied to the data sets with three or more
data points and these results are tabulated in Tables 2-4 . Results
show that the dielectric with 0% TiO, (pure SEBS) is very sensitive
to the accelerated aging processes as demonstrated by reductions
in the tensile strength and strain at rupture after just one day of
accelerated aging. Using the pure SEBS dielectric as a reference, the
addition of TiO, greatly improves the dielectric’s durability, which
is particularly observable with the strain at rupture. The SECs were
found to be much more resilient to the accelerated aging than the
dielectrics. The stability of the SECs’ mechanical properties, even
after 30 days of accelerated aging, are a product of the protec-
tion provided by the carbon-black-based conductive layer found
painted on top of the dielectric layer. Linear regression analysis
of the SECs that experienced 30 days of accelerated aging shows a
reduction of 20.5%, 17.2%, and 19.6% in the Young’s modulus for the
SECs with dielectrics made with 5%, 10%, and 15% TiO,, respectively.

Thermogravimetric analyses are presented in Fig. 7 in terms of
residual mass values. From this figure, it can be seen that the higher
percentages of TiO, in the dielectric correlate to the higher resid-
ual masses relative to specimens with lower levels of TiO,. This
phenomenon is most clearly seen for the dielectric with 15% TiO-,
whereby this formulation retained more than 40% of its mass while
the dielectric with 0% TiO, retained about 1% of its mass. This higher
residual mass is associated with the TiO,. TiO, has been shown to
perform well under hightemperature thermogravimetric analysis
in the order of 1000 °C [39], well above the maximum tempera-
ture of 800 °C used in the thermometric analysis. Aging does not
influence the residual mass of any sample, as demonstrated by the
low slope of the linear regression for each sample formulation, as
tabulated in Table 5.
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Table 5
Regression values for the measured residual masses presented in Fig. 7.

Sample Slope rvalue Standard error
Dielectric 0% TiO, 0 0 0.029
Dielectric 5% TiO> —0.065 —0.487 0.067
Dielectric 10% TiO> 0.042 0.348 0.065
Dielectric 15% TiO> 0.117 0.503 0.116

SEC 5% TiO, —-0.059 —0.641 0.041

SEC 10% TiO, 0.05 0.464 0.055

SEC 15% TiO, 0.006 0.038 0.09

4.3. Optical analysis

Fig. 8 reports results from the spectrophotometer analysis.
These results can be used to investigate the durability of the

membranes by quantifying changes in solar reflectance due to
the accelerated aging procedure. The relative change in solar
reflectance is shown as the differences between the unaged speci-
mens and the specimens (the dielectric layer and the SEC sensors)
that were exposed to 1, 7, 15, and 30 days of accelerated aging. The
SEC specimens performed significantly better than their dielectric
counterparts in terms of their ability to maintain consistent opti-
cal characteristics during the weathering process. For the dielectric
specimens, only the specimens that underwent 1 day of aging could
be tested for each of the four TiO, concentration values. The speci-
mens with an increased percentage (10 and 15%) of TiO, dispersed
into the SEBS matrix could be tested after 7 days of accelerated
aging. However, none of the dielectrics retained enough structural
integrity to be tested after 15 and 30 days of accelerated aging.
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Fig. 9. Colorimetry analysis of SECs and dielectrics with different levels of TiO, in the dielectric layer, after accelerated aging.

Table 6
Regression values for the colorimetry analysis presented in Fig. 9.

Table 7
Initial capacitance of control specimens and its variation after 12 months.

Sample Slope rvalue Standard error Sensor no. TiO; (%) Initial C (pF) Final C (pF) Change (%)
Dielectric 0% TiO, F F F 1 5 497 499 0.40
Dielectric 5% TiO» F F F 2 5 535 540 0.93
Dielectric 10% TiO, ~5.093 -0.953 1.611 3 5 516 523 1.36
Dielectric 15% TiO, ~2.872 -0.893 1.026 4 10 549 554 0.91
SEC 5% TiO» -0.083 —0.682 0.052 5 10 576 574 -0.35
SEC 10% TiO, -0.036 -0.363 0.053 6 10 537 545 1.49
SEC 15% TiO, 0.022 0.487 0.022 7 15 528 527 -0.19
8 15 574 566 -1.39
As shown in the right-hand column of Fig. 8, the SEC specimens Table 8
appear to be more resilient to the accelerated aging tests. While ~ Capacitance of SECs after QUV testing and 12 months of storage.
exposed to the same accelerated aging tests as the dielectrics spec- QUV (days) TiO; (%) Initial C (pF) Final C (pF) Change (%)
imens, the SEC specimens retained a level of mechanical stability 5 520 513 144
that allowed for spectrophotometer testing at each time interval. 0 10 583 563 _352
Testing showed that the SECs exhibited a much lower relative dif- 15 540 525 -2.78
ference between the reference and the other specimens, (e.g., below 5 534 624 16.85
+10% vs values higher than 12% for the dielectric specimens). This 1 }g SZ; g;g :;2032
increase in durability, quantified by the lower relative difference, is 5 505 540 6.93
a product of the carbon black doped outer electrode protecting the 7 10 586 558 -4.78
more sensitive dielectric. While the addition of the carbon black 15 558 550 -1.43
electrode shields the dielectric from direct solar reflectance mea- s ?o ggé ggg Z'g;
surements, it is interesting to note that the addition of titanium 15 507 196 217
dioxide to the SEBS matrix seems to produce a higher spectral 5 481 482 021
variation in the specimens. This spectral variation is particularly 30 10 524 504 -3.82
15 487 460 —5.54

noticeable in the near infrared region (NIR) of the spectrum. Also
of interest is the fact that the highest variations are generally asso-
ciated with the specimens exposed to 1 and 15 days of accelerated
aging. After 30 days of accelerated aging, all the specimens show
a reduced relative difference with respect to the neat sample. The
SEC specimens produce a highly scattered behavior in the range
1700-2500 nm that is not present in the dielectric specimens: this
is assumed to be a function of the addition of carbon black in the
conductive electrodes.

Colorimetry analysis results are shown in Fig. 9 while the cor-
responding linear regression results are tabulated in Table 6. The
slope and standard error results for the measured gloss values
quantitatively confirm that the color of the SEC sensor with 15%
TiO; in the dielectric is the most stable, followed by the SEC sensor
with 10% and 5% TiO,. While the gloss stability of the SEC sensors
is very high, the dielectric specimens do undergo a sharp drop in
the measured gloss values due to the lack of protection provided by
the conductive plates. The colorimetry analysis results data helps
to further validate the stability provided by the carbon-black-based

conductive plates to the accelerated weathering tests performed in
this work.

4.4. Capacitance stability investigation

Tables 7 and 8 report the capacitance values for the SEC sensors
over the one year investigation period. First, the aged control sen-
sors are presented in Table 7. These control sensors do not exhibit
any clear reduction in capacitance with each sensor exhibiting no
more than a 1.5% change in its capacitance. Due to the sensor being
allowed to sit freely on the bench during testing, this value is well
within the accuracy of the measurement system. Second, capac-
itance measurements for the SEC specimens that underwent the
accelerated aging processes were recorded and tabulated in Table 8.
These aged specimens do exhibit higher variations in their capac-
itance change over the 1 year period, however, these variations
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Fig. 10. Temporal and sensitivity analysis for the SEC sensors without accelerated
aging and with 30 days of accelerated aging.

are not correlated to the extent of accelerated aging the speci-
mens undertook. For example, the specimens that spent only 1
day in the QUV test chamber exhibited the highest variations (both
positive and negative) in capacitance. A large source of these vari-
ations in capacitance can be attributed to the fact that the sensors’
capacitance values were measured after material was removed for
mechanical testing and as such the final C values in Table 8 were
extrapolated from specimens of reduced geometry. To expand,

— SEC
RSG

x r xr xr x x

=

[=}

N
1

—

0.00 ooteotatons .sz = *‘w«-.\.ﬁr‘l«’ A
1 T 1 1

0 1 2 3 4 S5
frequency (Hz)

Fig. 11. Power spectrum analysis of the SEC sensor removed from the South Skunk
River Bridge.

Fig. 2 shows the geometry of the SEC as measured for the capaci-
tance stability investigation. The hypothesis that the source of the
change in capacitance is a function of extrapolating capacitance
values from the sensors after material is removed is further val-
idated by the fact that when considering the sensors in the aged
sample set, the total change for the average capacitance for all
15 sensors is a decrease of just 0.72% from their initial average
capacitance.

4.5. Strain sensitivity analysis

Fig. 10 reports the results for three control specimens and three
specimens that underwent 30 days of accelerated aging for all three
material formulations (5%, 10% and 15% TiO; ). These results present
both the sensor’s temporal response and their linearity with respect
to the RSG. These results validated that the SEC specimens were
still functioning after one year of storage and 30 days of acceler-
ated aging. It can be noted that the SECs with 10% and 15% TiO,
dispersed into the dielectric that underwent accelerated aging did
experience an increase in their sensitivity. In comparison, the con-
trol SECs and the 5% TiO, SEC that underwent accelerated aging did
not experience any notable change in their sensitivity. Overall, the
SEC was shown to be relatively robust in terms of strain sensitivity,
however, with accelerated aging some SECs with higher percent-
ages of TiO, in the dielectric was found to have deviations in the
sensitivity of the sensors. Future investigations will be required to
both study and model the material degradation and its effect on the
linearity of the SECs.

Fig. 11 reports the frequency results for the SEC removed from
the South Skunk River Bridge. Results show that the SEC was capa-
ble of tracking the bridge’s simulated frequency components, as
verified by the RSGs. The average error in the power spectrum
density between the SEC and RSG measured frequency compo-
nents was for 0.422 mdB, for the frequency range from 0 to 5 Hz.
During testing, the SEC was found to have a substantial temporal
drift in its capacitance signal. It is the author’s opinion that this
drift is a function of prior manufacturing processes that caused
the capacitor’s electrodes to have lower levels of conductivity. This
substantial temporal drift does not manifest in the capacitance of
the newer specimens, however, the effect of aging on the tempo-
ral drift in the SEC sensors will need to be investigated in future
works.

5. Conclusion

The work investigated the long-term durability and weather-
ability of the SEC (soft elastomeric capacitor) sensors. The SEC is a
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strain transducing sensing skin that was developed for the monitor-
ing of large scale structural components. The SEC is a parallel plate
capacitor with the dielectric made of a styrene-ethylene-butylene-
styrene (SEBS) block copolymer matrix filled with TiO, and two
conductive plates consisting of the same SEBS matrix but doped
with carbon black to increase its conductivity. The work presented
here had the following findings: 1) the introduction of TiO, strongly
improves the durability of the inner dielectric layer of the sensor;
2) the conductive plates doped with carbon black effectively act
as protective layers for the inner dielectric; and 3) the SEC sensor
kept its strain transducing ability throughout the studied lifespan.
The increase in durability of both the SEC sensor and its dielec-
tric layer was quantified through a series of mechanical, thermal,
and optical tests. Additionally, it was demonstrated that the capac-
itance of the sensor does not significantly vary after aging and the
SEC keeps its strain transducing properties. Results presented in
this research demonstrate that when the dielectric of the SEC is
doped with at least 5% TiO, the sensor is resilient to the effects
of accelerated aging while keeping its mechanical, electrical, and
strain transducing characteristics.
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