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Abstract

A capacitive-based soft elastomeric strain sensor was recently developed by the authors for structural health monitor-
ing applications. Arranged in a network configuration, the sensor becomes a sensing skin, where local deformations
can be monitored over a global area. The sensor transduces a change in geometry into a measurable change in ca-
pacitance, which can be converted into strain using a previously developed electromechanical model. Prior studies
have demonstrated limitations of this electromechanical models for dynamic excitations beyond 15 Hz, due to a loss
in linearity in the sensor’s response. In this paper, the dynamic behavior beyond 15 Hz is further studied, and a new
version of the electromechanical model is proposed in order to accommodate dynamic strain measurements up to 40
Hz. This behavior is characterized by subjecting the sensor to a frequency sweep, and identifying possible sources
of nonlinearities beyond 15 Hz. Results show possible frequency dependence of the materials’ Poisson’s ratio, which
is successfully modeled and integrated into the electromechanical model. This demonstrates that the proposed sensor
can be used for monitoring and evaluation of structural responses up to 40 Hz, a range covering the vast majority of
the dominating frequency responses of civil infrastructures.

Keywords: nondestructive evaluation, structural health monitoring, soft elastomeric capacitor, capacitive sensor, vi-
bration monitoring, sensing skin.

1 Introduction

Structural health monitoring (SHM) is defined as the automation of nondestructive evaluation (NDE), aimed at di-
agnosing, localizing, and prognosing structural damages in order to ensure public safety and structural integrity.! A
particular challenge in SHM is associated with the magnitude of the geometries under assessment.” Existing sensing
solutions are typically difficult to scale up to this mesoscale, because of technical and/or economic constraints. These
include limitations in data interpretation, cost of installation, and scalability of the transducers.>*

Recent advances in conductive polymers have enabled the development of scalable sensors. Their measurement
principles are typically based on monitoring local states over global areas by deploying large arrays of flexible sensing
substrates, analogous to sensing skins. For instance, Refs.>”’ investigated carbon nanotube-based flexible strain
sensors, and Refs.®° proposed to utilize flexible sensing sheets of strain gauges.

The authors have recently proposed a highly scalable sensing skin for measurement of strain onto mesosurfaces. !
The skin is composed of a dense network of soft elastomeric capacitors (SEC). The dielectric of an SEC is fabri-
cated from a styrene-co-ethylene-co-butylene-co-styrene (SEBS) polymer matrix doped with titanium dioxide (TiO2)
nanoparticles, and the electrodes are constituted also from SEBS, but doped with carbon black (CB) particles. The
SEC tranduces a change in its geometry into a measurable change in its capacitance. Other capacitive-based sensors
have been proposed in literature for applications to humidity,!! pressure,'? strain,'3'* and tri-axial measurements. '
The proposed SEC differs from other sensors by being inexpensive and easy to fabricate, thus being highly scalable.

The utilization of the SEC technology for nondestructive evaluation has been demonstrated, including applications
to fatigue crack detection,'® surface strain measurements,!” and extraction of deflection shapes.!® These applications
were focused on static and quasi-static behaviors. Recent investigations have been conducted on the characterization of
the dynamic behavior of the SEC,? with applications to monitoring of vibration signatures.!® Both studies concluded
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that while the sensor can detect a change in dynamic properties, it only provides a linear response for mechanical
excitations up to 15 Hz.

This paper investigates the dynamic response of the SEC for a wider range of excitation, considering mechanical
frequencies up to 40 Hz, which covers a wide range of structural dynamics found in mesosystems. Note that unless
noted otherwise, the term “frequency” in this paper refers to a mechanical frequency, not electrical. The electrical
frequency-dependence of SEBS filled with titania has been thoroughly discussed in literature.?2! The objective of
this paper is to develop an augmented electromechanical model that accommodates for possible sources of nonlinearity
beyond 15 Hz, to enable SHM applications up to 40 Hz, a range covering the vast majority of the dominating frequency
responses of civil infrastructures.

It is hypothesized that a possible source of nonlinearity arises from a non-negligible frequency-dependence of the
SEBS’s Poisson’s ratio due to its viscoelasticity.?>> A laboratory-based study is conducted to test the hypothesis by
investigating the change in the sensor’s sensitivity as a function of frequency. Its dynamic behavior is characterized up
to 40 Hz based on the assumption that this sensitivity is purely explained by the frequency-dependence of the Poisson’s
ratio. This model is used to develop an augmented electromechanical model for the SEC.

The rest of the paper is organized as follows. Section 2 presents the background on the technology, which includes
the fabrication method and the original electromechanical model. Section 3 investigates the sensor’s dynamic behavior,
and develops an augmented electromechanical model that covers excitations up to 40 Hz. Section 4 concludes the

paper.

2 Background

This section provides a background on the SEC technology. It includes a description of the fabrication process and a
derivation of the original electromechanical model.

2.1 Fabrication Method

The fabrication process of an SEC is described in details in Ref 1 Briefly, SEBS is dissolved in toluene, and the
solution is mixed with 15 vol% TiOz to increase permittivity and durability of the polymer. Uniform dispersion of the
nanoparticles is obtained via sonication using a sonic dismembrator for 10 min. The sonicated solution is then casted
on a 80 mm x 80 mm non-stick glass plate and left overnight for the solvent to evaporate, which creates the dielectric.
In the meanwhile, 10 vol% CB is added to another SEBS-toluene solution and dispersed in a sonic bath for 6 hours.
The resulting conductive paint is applied onto the top and bottom surfaces of the dielectric to create electrodes. Copper
tape is embedded in the wet conductive paint, on each sides of the dielectric, to enable mechanical connections to the
data acquisition system (DAQ). Figure 1(a) is a picture of the resulting SEC.

2.2 Electromechanical Model

The SEC is designed to measure in-plane strain along the z — y plane shown in Fig. 1(b). Assuming low electrical
frequency measurements (< 1 kHz), the SEC can be simplified as a non-lossy parallel plate capacitor with capacitance
C

A
C:eoe,,ﬁ (D

where ey = 8.854 pF/m is the vacuum permittivity, e, is the polymer relative permittivity, A = w - [ is the area of the
sensor electrodes of width w and length [, and A is the thickness of the dielectric. Assuming small strain, one can take
the differential of Eq. (1) to obtain an expression for the change in capacitance AC"
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where €, €, and ¢, are strains in the x, y and z directions as shown in Fig. 1(b). An expression relating ¢, to &, and

€y can be obtained using Hooke’s law for plane stress conditions:
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Figure 1: soft elastomeric capacitor (SEC): (a) picture (75 x 75 mm?); and (b) reference axis

v
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The final form of the electromechanical model is obtained by integrating Eq. (3) in Eq. (2)
AC
where
1
A= 5
-5 (&)

is the gauge factor. For SEBS, v ~ 0.49,%6 which yields a gauge factor \ ~ 2.

3 Investigation of Dynamic Behavior

In this section, the behavior of the SEC is investigated in the frequency range 1-40 Hz. Response linearity and
sensitivity as a function of a frequency-dependent Poisson’s ratio are studied. Finally, an augmented electromechanical
model where v is allowed to be frequency-dependent in Eq. (12) is presented.

3.1 Methodology

The test setup is shown in Fig. 2(a). It consists of an aluminum plate of dimensions 432 x 102 x 0.68 mm?® excited
axially, onto which an SEC is adhered. Two resistive strain gauges (RSGs) are installed onto the back of the plate
opposite to the SEC, measuring strain in both the = and y directions independently, where x denotes the direction of
the applied load and y is transverse to the load and in-plane with the SEC. Data from the SEC are recorded using an
off-the-shelf DAQ (ACAM PCAP-02) at a sampling rate of 250 Hz.

The axial excitation is provided by a servo-hydraulic testing machine, and consists of a time-varying harmonic
tensile force sweeping from 1 to 40 Hz in 1 Hz increments. The strain time history is shown in Figure 2(b). Due to
equipment limitations, the displacement decreased with increasing frequency as it is observed in Figure 2(b).

Parameters of interest in the study of the dynamic behavior of the SEC are the linearity of the response and the
gauge factor as a function of the excitation frequency. For each frequency of interest, the time histories of both the
load input and the sensor’s capacitance output were extracted using a window function. A band-pass filter designed
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Figure 2: (a) test setup and (b) RSG strain data

around this frequency was applied to both time series (input and output) to reduce noise. The linearity was assessed
by plotting the filtered output versus the filtered input, and the experimental gauge factor was back-calculated from
Eq. (11) using the measured €, and ¢, from the resistive strain gauges and AC.

Figure 3 shows the filtered time series following this methodology at three particular frequencies: 1, 20 and 40 Hz,
which represent the lowest, middle and highest frequencies in the sweep. A salient feature in the plots is the increase in
the level of noise with the increase in frequency. This can be attributed to electromagnetic interference (EMI), despite
careful attention to minimize such noise in the experimental setup (e.g., by utilizing shielded cables and grounding of

components).
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Figure 3: Time histories and Fourier transforms of signals provided by RSGs and SEC in the harmonic tensile load
test



Figure 4 shows the wavelet transform of the raw signal (Figure 4(a)) compared against the processed signal (Figure
4(b)), using morlet wavelets. The wavelet transform is normalized at each discrete time interval to the highest wavelet
amplitude. The black line is the input frequency content. Results validate the signal processing methodology, and
show good agreement between the dynamic input and sensor output across the entire frequency range from 1 to 40 Hz.
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Figure 4: wavelet transform of the a) raw and the b) processed data

3.2 Results

The sensor linearity and sensitivity are studied through the investigation of the sensor’s response as a function of
frequencies. Figure 5 are plots of the response of the SEC against the measured additive strain €, 4 €,. The red line
is the linear fit obtained via linear regression. The quality of the linear fit represents the linearity of the sensor, while
the slope of the regression represents its sensitivity S = AC/(e, + €,). The root means square error (RMSE) is used
as a performance measure for linearity, plotted in Fig. 6. The figure shows higher error at lower frequency excitations.
This could be attributed to the higher magnitude of the strain input at lower frequencies. Yet, the overall RMSE shows
a good linearity of the sensor.
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Figure 5: sensitivity and linearity of the sensor signal at: (a) 1 Hz; (b) 20 Hz; and (c) 40 Hz



Results from Fig. 5 show a decrease in sensitivity with increasing frequency. This can also be observed in the
plotted gauge factor, calculated from the experimental results, shown in Figure 7. A two-term power series provided
the best fit of the experimental gauge factor data. This fit illustrates the apparent reduction in the gauge factor as the
frequency increases. The sensitivity S is reduced by 2.9% at 20 Hz and 11.5% at 40 Hz with respect to the reference
S at 1 Hz as shown in Figures Sa, 5b, and 5c respectively.

Figure 6: root mean square fitting error for the capacitance data

Figure 7: experimental gauge factor

As explained in the introduction, we model the change in the sensor’s sensitivity assuming that it can be explained
by the complex Poisson’s ratio of the material. Consider the strain modeled as a complex component:>?

£o(t) = éelt

€y(t) — éyejw(tht) — éyej(wtfis,,)

(6)

where ? is the time, €, is the amplitude of the axial strain, £, is the amplitude of the lateral strain modeled with the
same frequency response as £, but with a phase lag §, = wAt. The complex Poisson’s ratio is the ratio of the lateral
to the axial strains:
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where 14 is the dynamic Poisson’s ratio, v; is the loss component, and 7, is the Poisson’s loss factor:

v(w)
v W) = (8)
() val@)
The absolute value of 7(jw) (Eqn. 7) provides an expression that relates v4 and 7, to the magnitude of the
Poisson’s ratio |7 (jw)]:

. €y
PG = 2 = (7 + 1) = va(1 + )" ©)

x

Further, it is shown in Ref.?? that, assuming an incompressible material (v4 ~ 0.5), the Poisson’s lost factor relates
to the materials’ shear loss modulus 7 through the following expression:

My (w)

ne(w)

We obtained a set of experimental values for 7 by conducting a dynamic mechanical analysis (DMA) of the

studied material. Fig. 8 presents the results. Measurements indicate an increase in the real part of the shear modulus

G' and the shear loss modulus 7 = G*/G with increasing frequency. This phenomenon can be attributed to the
polymer-particles and particle-particle interactions.?’

~1— 2u(w) (10)
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Figure 8: Storage moduli (G”) and loss factor (1) as functions of frequency for the SEC composite (SEBS+TiO5).

Values for 7 obtained from the DMA, combined with the experimental Poisson’s ratio coefficients derived from
S and Eqn. 12, can be used with Eqns. 9 and 10 to find v4 and 7),. Figures. 9a and 9b show the results obtained over
the frequency range 1-40 Hz. Results show a decreasing dynamic Poisson’s ratio v4 and an increasing Poisson’s loss
factor n,, with increasing frequency. The red solid line is the data fit using a two-term power series fit. This fit can be
used to characterize the changes in vy and 7, as a function of w, and yield mathematical expressions to generate the
adjusted electromechanical model.
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Figure 9: a) Dynamic Poisson’s ratio and b) Poisson’s ratio loss factor plotted against frequency

3.3 Adjusted Electromechanical Model

Using results from the previous section, we can generate an adjusted electromechanical model that accounts for the
change in the material’s behavior as the frequency increases. The proposed model is a variation of Eqn. 11:

AC
o Aadj (€ + €y) (11)
where
1
Aadj = 1_7% (12)
and
Vag (W) = va(w) (1 + 1 (w))"/? (13)

where the expressions for v4 and 1, are directly obtained from the investigation in the previous section:

va(w) = —4.65 x 1075w3° 4 0.49

(14)
n(w) = 1.27 x 107°w'3% +0.0016

where the adjusted electromechanical model is valid up to 40 Hz.

Figure 10 shows the RMSE on the estimation of \ as a function of frequency, for both the original and adjusted
models. Table I summarizes the results for frequency ranges of interest. Results show that the adjusted model provides
an overall improvement on the estimation of RMSE, by 14.3% over the range 1-40 Hz. The vast majority of this
improvement is from the estimation in the 16-40 Hz range, where the adjusted model improves the estimation on
RMSE), by 15.8%. This demonstrates the superiority of the new model over the original model. Note that the RMSE
over the range 1-15 Hz is only marginally improved, which demonstrates the validity of the original model over the
1-15 Hz range.



Table I: Average RMSE

range

1-40Hz 1-15Hz 16-40Hz
original model | 0.266 0.146 0.317
adjusted model | 0.228 0.143 0.267
improvement | 14.3% 2.05% 15.8%

Figure 10

4 Conclusion

In this paper, we have presented a novel sensor for nondestructive evaluation. The sensor is a soft elastomeric capacitor
(SEC). Arranged in a network configuration, it is analogous to sensing skin, in the sense that it can measure discrete
changes over a global area. Previous work on the SEC developed an electromechanical model, which showed to be
valid for excitations up to 15 Hz. Here, we proposed to adjust the electromechanical model to cover a broader range
of excitations, up to 40 Hz.

We hypothesized that a possible source of nonlinearities arose from a non-negligible frequency-dependence of the
SEBS’s Poisson’s ratio due to its viscoelasticity. An empirical study on the SEC’s material response as a function of
frequency was conducted. Results show that the experimental Poisson’s ratio decreased with increasing mechanical
frequency. This relationship was successfully modeled as a complex Poisson’s ratio, and led to an adjusted electrome-
chanical model that could account for the sensor’s nonlinearities up to 40 Hz. Note that while it is possible that the
nonlinearities come from other sources, this model can still be used to transduce changes in capacitance into strain.

By covering an excitation range up to 40 Hz, the adjusted electromechanical model enables measurements over a
frequency range that covers the vast majority of dynamic responses in civil structures. It empowers the SEC technolo-
gies with dynamic measurement capabilities, useful for vibration-based structural health monitoring and nondestruc-
tive evaluation.
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