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ABSTRACT The timely discovery and monitoring of fatigue cracks on steel bridges is
critical in ensuring structural safety and continuous operations. Existing sensing solutions,
for example foil gauges, can be used to monitor known cracks, yet cannot be used for crack
discovery because of their highly localized nature. A solution is the development and
deployment of large-area electronics capable of detecting local states over large surfaces.
Polymer-based nano-structured materials that respond to external impacts, such as
mechanical strain, with color changing properties have attracted significant attention in
structural health monitoring (SHM) community, because their passive optical/visual
properties can be used to assist inspectors at quickly localizing new fatigue cracks. Here, the
authors proposed a multifunction skin sensor that combines optical and electrical sensing
properties. The optical function is passive and engineered to visually assist in localizing
fatigue cracks, and the electrical function is added to send timely warnings to infrastructure
operators. This is achieved by modifying the nanoscale structures within a photo-elastomer to
obtain a soft stretchable optically-active film that is sandwiched between transparent carbon
nanotube electrodes (CNT) to form a capacitor structure for adding electrical functionality.
The developed sensor has a stiffness of 460 kPa and withstands reversible strain levels of up
to 40%. Additionally, it exhibits a reversible and repeatable color change from light blue to
deep blue, and changes the reflected color in the Vis spectra from approximately 500 nm to
600 nm and insensitive to viewing angle. The performance of the sensor is characterized
through a free-standing dynamic test and further extended to a free-vibration test conducted
on a steel cantilever plate. A correlation- based image processing algorithm was developed
to discriminate color change and further quantify strain. The measured shift in the material’s
reflection center wavelength was merged with an RGB correlations matrix and an optical
gauge factor of 0.52 was obtained. An electrical gauge factor of 0.48 was obtained by
subjecting the sensor to a triangular load. It was found that the parallel capacitance measure-
mefits exhibited better performance by yielding higher accuracy for free vibration strain
medsurements.
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INTRODUCTION

Structural health monitoring (SHM) systems are technologies aimed at assisting or
automating the condition assessment process of civil, mechanical, and aerospace in-
frastructures. Examples of traditional sensors used for SHM include optical fiber sen-
sors [1,2]], resistive foil strain gauges [3, 4], accelerometers [5} 6], piezoelectric sen-
sors [7,/8]], linear variable differential transformers [9], and tiltmeters [[10]].

Recently, functionalized materials have been proposed to improve SHM performance
by enabling distributed area- or volume-sensing. Examples include sensing skins [[11,12]
and self-sensing cementious composites [13,/14]. The vast majority of these solutions
rely on electrical measurements and signal processing algorithms to notify infrastructure
operators and/or inspectors of possible damage.

Others have proposed optical sensors to directly assist inspections through visual
observations. Examples include microcapsule embedded coating [15]], self-reporting
mechanochromic composites [16], and fluorescence crack sensing [[17,/18]]. The majority
of these color-dynamic materials, such as the liquid crystalline elastomer, exhibit angle-
dependent color changes that are difficult to apply in the field [19,20]. To address this
issue, elastically deformable fibers and photonic crystals have been doped into polymer
to confer the structural color change property [21},22]. Polymer-based nano-structurally
colored materials that respond to external stimulus, such as mechanical strain, force,
temperature, humidity, and light, with repeatable color changes or color emission have
attracted significant attention in the SHM community due to their great potential for
passive optical/visual sensing [23,[24].

The authors have recently proposed a multifunctional sensor technology that com-
bines optical and electric signals for strain sensing [25]]. The developed sensor comprises
a flexible and stretchable structural color film sandwiched between two transparent car-
bon nanotube (CNT) electrodes to form a parallel plate capacitor structure. The tech-
nology was developed and demonstrated for the detection of fatigue cracks in steel. The
structural color film is a photo-elastomer filled with silica nanoparticles (SiOs) particles
that acts as the photonic structure for density change, enabling a reversible, repeatable,
and angle-independent color change under stretch. In this study, we extend work pre-
sented in [25]] and characterise the optical and electric sensing properties under dynamic
loads.

The rest of the paper is organized as follows. Section provides the background on
the sensing technology, including the fabrication process and electromechanimal model.
Section describes the experimental methodology. Section presents and discusses results
from the experimental investigation. Section concludes the paper.
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BACKGROUND
Fabrication

The multifunctional sensor is constituted by sandwiching a structural color film be-
tween CNT electrodes, and its design and fabrication process are described in detail
in [25]). Briefly, the structural color film is fabricated by infilling 40 wt% silica parti-
cles (Si0y) in the polymer matrix, which are produced by mixing poly(ethylene glycol)
phenyl ether acrylate (PEGPEA, Sigma-Aldrich) with a photoinitiator (2-128 hydroxy-
2-methyl-1-phenyl-1-propanone, Sigma-Aldrich) in a 1 w / w ratio. The silica particles,
that have a diameter of 200 nm, are uniformly dispersed in the matrix using a shear
mixer, and the resulting solution is drop-casted onto glass slides and cured under UV
light and nitrogen atmosphere. The transparent electrodes are fabricated by diluting a
commercially available CNT solution (Invision 3500, Nano-C) in isopropanol and vac-
uum filtered through a porous polytetrafluoroethylene (PTFE) membrane with a pore
size of 0.5 yum. The resulting PTFE filter membrane has a sheet resistance of 600§2 Sq~ 1
and is stamped onto both sides of the structural color film to form a capacitor struc-
ture. Two self-adhesive copper tabs are embedded in the electrodes to create electrical
connections.
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Figure 1. (a) Pictures of a PTFE filter membrane; (b) picture of the assembled sensor;
and (c)annotated schematic of the corresponding sensor.

Electromechanical Model

At low measurement frequency (< 1kH z), the sensor can be modeled as a parallel
capacitor for which the initial capacitance Cj can be taken as:
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where eq is the vacuum permittivity, e, is the relative permittivity, A is the electrode
area, and / is the thickness of the structural color film. The basic sensing principle for
the sensor under an uniaxial strain (along the z-axis in Figure[I))) can be written as:
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where AC' is the change in capacitance, v is the Poisson’s ratio of the structural color
film, £, and ¢, are the in-plane strains, and ) is the resulting gauge factor. In an adhered
configuration, Eq. 2| becomes:

T = e = 8
where 1, is the traversed Poisson’s ratio of the sensor under composite action. The
derivation of the electromechanical model is reported in [25].

Correlation Coefficient

To quantify strain measured from the optical color response, an image processing
method was established by computing correlation coefficients .J between two RGB color
matrices that are produced from the color points in a defined region of interest (ROI),
taken as:
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where E is the expectation, .5; ; and SB ; are respectively the RGB matrices resulting from
the first frame and the compared frame, pg and pgo are respectively the means of S;
and Sg ; with their associated standard levitations and o and o0. Details of the image
processing method is reported in [25].

EXPERIMENTAL TEST

The optical and electrical sensing performance of the assembled sensor was charac-
terized through a free-standing cyclic test, and the overall experimental setup is presented
in Figure a). Three independent specimens (I X w X h =56 x 8 x 0.15 mm?®) were
prepared. Both ends of the sensor were gripped within the clamping fixtures mounted
onto the loading cell of an Instron 5544A tensile tester. An LED light was used as the
light source to provide the lighting level of an ambient environment, and a black plate
was put behind the sensor to provide a high-resolution color contrast. A load of 0.05 N
was pre-applied prior to each test to eliminate any slack in the sensor. A quasi-static test
was conducted by applying uniaxial tensile strain along the longitudinal direction with a
linear rate of 1% s~ to achieve a strain target of 40% and then released at the same rate.
This procedure was repeated five times. The dynamic test was conducted by subjecting
specimens to a 0.1 Hz triangular cyclic loading with strain amplitude levels of 0.5, 1,
2, 3, and 4% each applied for five cycles, with the third cycle’s maximum strain level
maintained for a few seconds. Capacitance data were recorded by using an LCR meter
(Keysight E4980A) at a sampling frequency of 100 Hz. A digital camera was placed in
front of the specimen to simultaneously record the surface/apparent color of the sensor
under different strain levels, and the frame rate was set to 60 fps.
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Figure 2. (a) Overall experimental setup of the free-standing tensile test; (b) experimental
setup of the cantilever plate system; (c) schematic of the designed cantilever plate system
(elevation view); (d) close up view of the sensor in the setup; and (e) digital photo
showing the color of the sensor under the maximum tensile strain with the location of
the ROI indicated.

The dynamic optical and electrical sensing performance of the sensor was further
evaluated through free-vibration test conducted on a cantilever plate, as shown in Fig-
ure [2b). The sensor was deployed on a steel plate of dimensions (I X w x h =252 x
103 x 0.8 mm?®) using a thin epoxy layer (JB-Weld), and an approximate 1% pre-strain
was applied on the sensor to allow the measurement of compressive strain. A foil type
resistive strain gauge (RGS) (TML FLA-10-350-11-1LJCT, SGC-28, nominal resistance
of 350 £ 1.0 €2, gauge length of 10 mm) was installed 3 mm away from the right-hand-
side of the sensor using a non-conductive strain gauge adhesive (CN Cyanoacrylate) for
benchmarking results (Figure 2(d)). For repeatability of the excitation, the free end of
the cantilever was bent until in touched a steel block located 1.5 in (38.1 mm) below
the tip (shown in Figure 2|c)), and free vibrations generated by releasing the free end.
An LCR meter (BK Precision 891) was used to acquire capacitance data at a sampling
frequency of 60 Hz, and a National Instrument three quarter bridge analog input mod-
ules (NI-9236) was used to collect the voltage output from the strain gauge at 1 kHz. A
camera with a frame rate of 60 fps was placed at the top of the cantilever beam system to
record the surface/apparent color of the sensor during vibrations. Figure 2(d) and (e) are
pictures showing the sensor’s color during a static position and under maximum tension
strain, respectively. An 8 mm x 8 mm square-shape ROI was defined at the center of the
sensor, identified by the white box in Figure 2e), where 24 color points were uniformly
assigned within to identify RGB values and form an RGB color matrix.

RESULTS AND DISCUSSION
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Figure 3. (a) Digital photos of the sensor at 1, 10, 20, 30, and 40% strain under ambient
condition; (b) AJ as function of strain for the sensor during the stretch and release
processes of the first 40% stain cycle; (c) time series plot of the sensor’s capacitance
response under triangular loading; and (d) comparison of the bending strain measured
from the sensor and the RSG.

Figure [3[a) is the picture showing the sensor’s apparent/surface color under 1, 10,
20, 30, and 40% strains, respectively, taken from the quasi-static test. Here, a strain-
depended and naked-eye observable color change from emerald to deep blue was ob-
served on the free-standing sensor under an ambient condition (normal white light).

Figure [3(b) presents a plot of change in correlation A.J as a function of strain pro-
duced from the stretch and release process of the quasi-static test, where the AJ was
computed using Eq. [l The green curve represents the mean value averaged from the
measurements over 5 independent tests. An optical gauge factor Aoy, of 0.52 was estab-
lished from over the region O to 4% strain.

Figure c) plots the time series of the relative change in capacitance (AC'/Cj) under
the applied triangular excitations The sensor yielded an electrical gauge factor A\, of
0.48 and a root mean square error (RMSE) of 4.26% between the capacitance signal and
strain input. These results demonstrate the capability of the electrical function at strain
tracking.

Figure [3(d) presents the time history plot of the raw data obtained from the free vi-
bration test conducted on the cantilever steel plate. The sensor is found to be capable of
tracking the bending strain measured from the RSG both optically and electrically. Here,
the sensor’s optical signal is obtained by processing the raw data with the optical gauge
factor Ao of 0.53 characterized from prior tensile tests (Figure b)), and similarly the
electrical signal is processed using the electrical gauge factor A of 0.48 (Figure [3(c)).
Images are processed with the BM3D image de-noising algorithm to filter noise caused



by the light source [26]. The electric function exhibited a better performance with an
RMSE of 7.71% computed with respect to the measurements from RSG, compared with
an RMSE of 16.39% for the optical function. The higher RMSE value for optical func-
tion can be attributed to the insufficient frame rate of the camera used in this study that
can cause signal distortion through aliasing. Remark that the data collection of the op-
tical signal can be improved by using a camera with a higher frame rate but also with
the assistance of an optic spectrometer to measure reflected wavelength of the sensor’s
color.

CONCLUDING REMARKS

This paper presented a preliminary study characterizing the dynamic behavior of a
multifunctional soft transducer that combines optical and electrical sensing functions.
The optical function is passive and engineered to visually assist in localizing fatigue
cracks, and the electrical function is added to send timely warnings to infrastructure op-
erators. This is achieved by modifying the nanoscale structures within a photo-elastomer
to obtain a soft stretchable optically-active film that is sandwiched between transparent
carbon nanotube electrodes (CNT) to form a capacitor structure for adding electrical
functionality.

The sensor was deployed on a cantilever plate to measure compressive and tensile
bending strain produced under free-vibration, and results were compared against the
measurement obtained from a commercial foil-type strain gauge. An optical gauge fac-
tor Aop of 0.52 and an electric gauge factor A, of 0.48 were respectively obtained from
a free-standing tensile test and a triangular load test, and used to process data from the
free-vibration setup. Results show that both functions were capable of tracking free
vibrations, with the electrical function over-performing the optical function, likely at-
tributable to the frame rate of the camera. Furthermore, a higher optical strain sensitivity
is expected with modifications of nanoparticle sizes and material and film processing.
That modification will allow a larger wavelength tuning range and higher visual satura-
tion of the color changes.

Overall, the present work showed the promise of the multifunctional sensor technol-
ogy for in-situ SHM applications. Of interest, its optical function could be used for the
detection of defects (e.g., fatigue crack) passively, without permanently installed elec-
tronics for data acquisition and transmission. It is expected that the developed sensor
and computational methods can be applied beyond SHM, such as for human—computer
interaction and soft robotics applications.
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