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monitoring of large-scale structures. The dynamic behavior of the SEC is characterized by subjecting the
sensor to a frequency sweep, and detecting vibration modes of a full-scale steel beam. Results show that the
sensor can be used to detect fundamental modes and dynamic input. Also, a network of SECs is used for
output-only modal identification of a full-scale concrete beam, and results are benchmarked against off-the-
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ABSTRACT4

Structural health monitoring of civil infrastructures is a difficult task, often impeded by the geometrical5

size of the monitored systems. Recent advances in conducting polymers enabled the fabrication of flexible6

sensors capable of covering large areas, a possible solution to the monitoring challenge of mesoscale systems.7

The authors have previously proposed a novel sensor consisting of a soft elastomeric capacitor (SEC) acting8

as a strain gauge. Arranged in a network configuration, the SECs have the potential to cover very large9

surfaces. In this paper, we further the understanding of the proposed sensor by evaluating its performance at10

vibration-based monitoring of large-scale structures. The dynamic behavior of the SEC is characterized by11

subjecting the sensor to a frequency sweep, and detecting vibration modes of a full-scale steel beam. Results12

show that the sensor can be used to detect fundamental modes and dynamic input. Also, a network of13

SECs is used for output-only modal identification of a full-scale concrete beam, and results are benchmarked14

against off-the-shelf accelerometers. The SEC network performs well at estimating both natural frequencies15

and mode shapes. The resolution of the sensor is currently limited by the available electronics to measure16

small changes in capacitance, which reduces its accuracy with increasing frequencies in both the time and17

frequency domain.18

Keywords: Soft elastomeric capacitor, smart sensors, nanotechnology, strain gauges, structural health mon-19

itoring, vibration signatures20

INTRODUCTION21

Structural health monitoring (SHM) of civil structures is the automation of the damage diagnosis, localiza-22

tion, and prognosis tasks. Successful SHM has the potential of enabling timely inspection and maintenance,23

resulting in enhanced structural safety and longer life span (Brownjohn 2007; Harms et al. 2010). However,24

SHM is difficult, because the monitored structures are typically geometrically large and complex. Off-the-25
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shelf sensing solutions offer great precision and operability, but are hardly scalable without necessitating26

substantial costs and complex signal processing algorithms, resulting in SHM being less attractive on an27

investment point of view.28

The authors have developed a novel sensor specifically dedicated to SHM of mesosystems (Laflamme29

et al. 2012b). The sensor is a flexible skin constituted from an array of soft elastomeric capacitors (SECs),30

each acting as a large-scale strain gauge transducing changes in strain into changes in capacitance. An SEC31

is fabricated from a styrene-ethylene-butylene-styrene (SEBS) matrix mixed with titanium dioxide (TiO2 or32

titania) sandwiched between electrode plates composed of SEBS mixed with carbon black (CB). The typical33

dimension of a single SEC is approximately 75 × 75 mm2, but its size and shape can be customized.34

Sensors fabricated from flexible electronics have been previously proposed and studied for SHM applica-35

tions (Hurlebaus and Gaul 2004; Carlson et al. 2006; Tata et al. 2009; Mohammad and Huang 2010; Jang36

and Kim 2012). Several studies use carbon nanotubes particles to create resistance-based sensors (Kang37

et al. 2006; Loh et al. 2009; Gao et al. 2010; Srivastava et al. 2011). Capacitance-based strain sensors have38

also been proposed, where a flexible dielectric is created by incorporating nanoparticles of high dielectric39

permittivity within the polymer. Applications of capacitance-based flexible sensors include strain (Arshak40

et al. 2000; Suster et al. 2006), pressure (Lipomi et al. 2011), tri-axial force (Dobrzynska and Gijs 2013),41

and humidity (Harrey et al. 2002; Hong et al. 2012) gauges. The SEC developed by the authors differs42

from literature by combining a large physical size, relatively high initial capacitance, and high mechanical43

robustness, resulting in a larger surface coverage and higher sensitivity. Arranged in a network configuration,44

the SECs can cover mesosurfaces at low cost, operate at low frequencies, and consume low power.45

The concept of SHM using large SECs has been demonstrated by the authors using an off-the-shelf thin46

film capacitor (Laflamme et al. 2012a), and with the nanoparticle mix used in this paper (Laflamme et al.47

2012b). The static characterization of the sensor is discussed in (Laflamme et al. 2013). In this paper, we48

study the performance of the SEC at dynamic monitoring of civil structures.49

The paper is organized as follows. The upcoming section presents the background theory on the SEC,50

including the fabrication process, the electromechanical model and the static behavior. Subsequently, the51

dynamic behavior of the sensor is characterized under a sweeping harmonic input. Tests are conducted on a52

single SEC in a bending mode, and on a large-scale steel beam. Thereafter, the performance of a network of53

SECs at detecting modal characteristics is studied. Tests are conducted on a large-scale concrete beam and54

results from the SECs are benchmarked against results from off-the-shelf accelerometers. The last section55

discusses the results and concludes the paper.56

BACKGROUND57
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Sensor Fabrication58

Synthetic metals typically originate from the constitution of a nanocomposite mix of organic and inorganic59

particles, which can be obtained via chemical and electromechanical preparations (Gangopadhyay and De60

2000). The challenge in the fabrication of an SEC for mesosensing lies in the selection of an inexpensive61

mix that would be chemically and mechanically robust over time and exposure to harsh environments. The62

dielectric of the SEC is composed of an SEBS matrix, a block copolymer used in many medical applications63

due to their purity, softness, elasticity, and strength (Yoda 1998), filled with titania, an inorganic particle64

characterized by a high dielectric permittivity that increases the permittivity and durability of the polymer65

(Stoyanov et al. 2010). The electrodes are fabricated using the same organic matrix, but this time filled66

with CB to create conducting plates. These CB particles are selected due to their high conductivity and67

low cost. The utilization of the same polymer matrix for both the electrodes and dielectric ensures a strong68

mechanical bond between layers.69

An SEC is fabricated using a drop-cast process, shown in Fig. 1. First, the SEBS (Mediprene Dryflex)70

particles are dissolved in toluene (Fig. 1(a)). The solution is doped with TiO2 rutile (Sachtleben R 320 D)71

by dispersing a 15% vol. concentration using an ultrasonic tip (Fisher Scientific D100 Sonic Dismembrator)72

(Fig. 1(b)). The SEBS-TiO2 solution is drop casted on an 75 × 75 mm2 glass slides and dries for 48 hours73

to allow the toluene to evaporate (Fig. 1(c)). While drying occurs, a 10% vol. concentration of CB (Printex74

XE 2-B) is added to another SEBS-toluene solution. The CB particles are dispersed in a sonic bath over75

24 hours (Fig. 1(d)), resulting in a conducting solution. This solution is painted onto the top and bottom76

surfaces of the dried dielectric to create the electrode plates, and let drying for 48 hours to allow the toluene77

to evaporate. Two conductive copper tapes are embedded into the liquid electrode mix during the drying78

process to create mechanical connections for the wires linking the sensor to the data acquisition system. It79

is worth noting that these copper tapes could be replaced by different conductive tapes or direct integration80

of wireless communication circuitry. Fig. 1(f) is a picture of a typical SEC resulting from this fabrication81

process. Fig. 2 is a scanning electron microscope (SEM) picture of an SEC showing a uniform dispersion of82

the titania particles. It is also possible to use a melt-mixing process to fabricate an SEC, which eliminates83

the solvents from the process, but further complicates the dispersion of the titania (Saleem et al. 2013).84
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FIG. 1. Fabrication process of an SEC.

FIG. 2. SEM picture of an SEC.

Electromechanical Model85

Fig. 3 illustrates the sensing principle for an SEC wired to a data acquisition system (DAQ), showing86

the principal strains εx, εy, or εz. A change in strain over the sensing materials is converted into a change87

in capacitance ∆C which can be directly measured by the DAQ. In monitoring of surface strain, the SEC88

is adhered onto the surface using an epoxy in the x− y plane, and it is assumed that no external force acts89

along the vertical axis z. Using Hooke’s Law under plane stress assumption, εz can be written as a function90

of εx and εy:91

εz = − ν

1 − ν
(εx + εy) (1)
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FIG. 3. Sensing principle (layers not scaled).

Also, the SEC measured a low frequencies (< 1000 Hz) can be approximated as a non-lossy capacitor C:92

C = e0er
A

h
(2)

where e0 = 8.854 pF/m is the vacuum permittivity, er the dimensionless polymer relative permittivity,93

A = w · l the sensor area with width w and length l, and h the height of the dielectric. Assuming small94

changes in C, the differential of Eq. (2) leads to an expression relating strain to a change in capacitance95

∆C:96

∆C =

(
∆l

l
+

∆w

w
− ∆h

h

)
C

∆C

C
= εx + εy − εz

(3)

Using the expression for εz from Eq. (1) into Eq. (3) gives an expression for the gauge factor97

∆C

C
=

1

1 − ν
(εx + εy) (4)

with the gauge factor equal to 1/(1 − ν). Here, the SEC materials can be approximated as incompressible98

(the poisson ratio of pure SEBS ν ≈ 0.49 (Wilkinson et al. 2004)):99

∆C

C
= 2(εx + εy) (5)

which gives a gauge factor of 2. It follows from Eq. (5) that a possible disadvantage of the SEC is that the100
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sensor’ signal corresponds to the additive strain in both x- and y-directions. A strategy to cope with this101

issue is to utilize a matrix of sensors, and exploit geometry and correlation to decompose the signal into both102

principal strain components. The authors are currently developing algorithms to address this shortcoming.103

In the proposed utilization for dynamic monitoring, this bi-directional measurement turns into an advantage,104

where the sensor can detect modal properties in all directions.105

Eq. (5) can be specialized for a uniaxial strain along the x-axis where εy = −νmεx, with νm being the106

Poisson’s ratio of the monitored material assumed to be significantly stiffer than the SEC:107

∆C

C
=

1 − νm
1 − ν

ε (6)

or for a free-standing sensor (not bonded) undergoing uniaxial strain (σy = 0, εy = −νεx, εx = ε):108

∆C

C
= ε (7)

which reduces the gauge factor to 1. Assuming that the Poisson ratio is mostly defined by the SEBS matrix,109

the gauge factor is approximatively independent on the inorganic particles. However, the sensitivity of the110

sensor ∆C/ε is directly dependent on the dielectric permittivity and sensor geometry. The sensitivity can111

be increased by decreasing the SEC thickness, increasing the width, or increasing the dielectric permittivity,112

which is attained by altering the nanocomposite mix (Kollosche et al. 2011).113

DYNAMIC CHARACTERIZATION114

The dynamic characterization of the SEC is initiated by evaluating the performance of a single sensor at115

detecting structural dynamic signatures. This is done by investigating the capacity of an SEC at detecting116

a particular frequency input. This series of tests is conducted on a small cantilever steel beam subjected to117

a dynamic load using an Instron 8801 servohydraulic testing system. The beam dimensions are 300 × 100 ×118

12.5 mm3, giving an analytical fundamental frequency of 25.2 Hz, which is similar to the dominant frequency119

of the large-scale steel beam used for the full-scale verification. An SEC is installed onto the surface of the120

beam 63.5 mm from the fixed end. The excitation is applied 165 mm from the fixed end in the center, and121

consists of a sweeping harmonic from 1 to 40 Hz with 1 Hz increments. The SEC capacitance is acquired122

using an ACAM PCAP01 DAQ sampled at 145 Hz, and the load input is acquired directly from the Instron123

at 160 Hz. Fig. 4 shows the experimental setup. The SEC measures surface strain, and measurements are124

benchmarked against analytical strain computed from the actuator force using the Euler-Bernoulli beam125

theory.126
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FIG. 4. Laboratory setup - small scale beam.

Fig. 5 is a plot of the typical raw signal from the SEC at 1, 10 and 20 Hz. There is a drift in the127

signal that can be observed by comparing the average capacitance values between each subfigures. This128

drift in the signal is linear, and may be caused by the capacitance measurement method from the DAQ.129

Further investigations on this linear drift will be needed. A comparison between the signals shows that the130

noise-to-signal ratio increases with increasing frequency. This is also observed in the wavelet decomposition131

shown in Fig. 6. The wavelet transform has been obtained using morlet wavelet, normalized at each discrete132

time interval to the highest wavelet amplitude. The frequency sweep input, indicated by the black stair-steps133

line, is clearly identified by the wavelet transform, but the noise-to-signal ratio increases with frequency due134

to the presence of white noise that becomes significant with respect to the SEC measurements.135
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(a) (b) (c) 

FIG. 5. SEC capacitance signal at (a) 1 Hz; (b) 10 Hz; and (c) 20 Hz.

FIG. 6. Normalized wavelet decomposition of the output signal - small scale beam.

Fig. 7 compares the time series of the measured strain using Eq. (6) and the analytical strain using the136

Euler Bernoulli beam theory. A noticeable feature in the signal is the reduction in the peak strain response137

of the SEC with increasing frequency, a phenomenon attributed to the strain-rate dependency of the SEBS138

(Stoyanov et al. 2010), as well as an adiabatic heating effect causing the bonds to soften (Arruda et al. 1995).139

Constitutive models for elastomeric materials have been developed to characterize this strain dependency;140

see Refs. (Bergström and Boyce 2000; Amin et al. 2006; Richeton et al. 2006; Bhuiyan et al. 2009; Razzaq141

et al. 2010) for instance. The characterization of the material rheology is out of the scope of this paper.142

This reduction in peak strain is also observed in the sensor’s frequency response. Fig. 8(b) shows the SEC143

frequency response function (FRF) plot obtained by dividing the fourier transform of the measured strain144

by the analytical strain input (Fig. 8(a)), obtained after windowing of the signal using a Tukey window to145

reduce frequency leakage. The FRF plot shows a transfer function close to unity for frequencies below 14146
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Hz, but starts to decrease beyond this point. Fig. 8(b) only shows the FRF for up to 20 Hz; data beyond147

this point contain a relatively high level of noise, as shown in the zoom of Fig. 8(a), which impedes a precise148

computation of the FRF. One can conclude that the performance of the SEC in the time domain is limited149

to approximately 15 Hz. Despite such limitation, likely attributed to limitations in the DAQ, the Fourier150

transform (Fig. 8(a)) shows that the sensor can detect the frequency input over the range 1-40 Hz, useful151

for vibration-based monitoring.152

(a) (b) (c) 

FIG. 7. Measured versus analytical strain at (a) 1 Hz; (b) 10 Hz; and (c) 20 Hz.

(a) (b) 

FIG. 8. (a) Fourier transforms of the analytical and measured strain signals; and (b) FRF.

Validation on Full-Scale Beam153

Results discussed above are validated on a full-scale steel beam, where the SEC is used to detect natural154

frequencies. This test has been conducted earlier, when the version of the DAQ used above was not yet155

available. Here, the first generation of the ACAM DAQ system (PICOAMP PSØ21) was used, which only156
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allowed the measurement of a single capacitance via the differential measurement between two capacitors.157

For this reason, two SECs were used in the experiment in a differential measurement mode. The SECs were158

deployed on a 5.5 m HP10x42 simply supported steel beam, at a distance of 280 mm from each other, 1.8 m159

from the left support, as shown in Fig. 9. The beam was excited using a 4000 rpm capacity shaker, installed160

on the top flange of the beam to produce a dynamic load along the strong axis of the beam, at 2.85 m from161

the left support (Fig. 9). A chirp signal was generated manually and the signal from the SECs acquired over162

35 seconds and sampled at 200 Hz.163

A plot of the power spectral density (PSD) is shown in Fig. 10. Results from the test are benchmark164

against a finite element model (FEM) of the beam created in SAP2000. Table 1 compares results obtained165

from the PSD and the FEM. The SECs were capable of detecting all six modes, in good agreement with166

the FEM model, regardless of the excited axis. Given the success of this initial test, the next stage was to167

compare the performance of the SECs in a network configuration, against off-the-shelf accelerometers. This168

additional test is described in the following subsection.169

FIG. 9. Laboratory setup - full-scale beam.
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FIG. 10. Power spectral density plot with peak selection for identification of modal frequencies.

TABLE 1. Modal frequency identification - full-scale beam.

mode number (mode axis)
1 2 3 4 5 6

(weak) (torsion) (strong) (weak) (torsion) (strong)
FEM (Hz) 12.3 26.5 42.9 65.8 91.3 117.0
SEC (Hz) 11.8 23.9 47.4 71.1 83.5 94

difference (%) -4.07 -9.81 10.5 8.05 -8.54 -19.7

Fig. 11 shows a wavelet transform of the sensor signal obtained using the same signal processing technique170

as described earlier. Results from Fig. 11 shows the ramping frequency input. One feature in the plot is the171

plateau at 23.9 Hz. This is the fundamental frequency of the torsional mode, which resonates between 21172

and 24 seconds. A second feature is the ramping frequency in the lower middle of the plot. This feature can173

be explained by a second excitation produced by the shaker in the perpendicular direction, exciting the weak174

axis of the beam, which can also be measured by the sensor given its bi-directional measurement capability.175
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FIG. 11. Normalized wavelet decomposition of the output signal - full-scale beam.

OUTPUT-ONLY MODAL IDENTIFICATION176

Experimental setup177

This series of tests has been conducted using the second generation of the capacitance DAQ from ACAM178

(PCAP01). This particular off-the-shelf DAQ enabled the measurement of multiple capacitors in differential179

mode (seven different capacitors) using an additional capacitor for the differential readings. This new DAQ180

allowed the utilization of the SECs in a network configuration for modal identification. The test consisted181

of deploying three SECs over a full-scale reinforced concrete beam located inside a laboratory. The tests182

focused on the range of frequencies from 0 to 200 Hz, covering a wide range of natural frequencies found183

in typical civil structures. The beam was excited using an impact hammer, and its response measured and184

recorded simultaneously with the SECs. Results are benchmarked against those obtained through an array185

of seven equally spaced accelerometers. The layout of the sensors is shown in Fig. 12.186

The RC beam has dimensions of 200 × 300 × 4000 mm3, and is equipped with two steel plates partially187

embedded at its extremities prior to casting, serving as vertical supports. The plates are inserted into steel188

supports to allow end rotations in the vertical plane while fixing rotations in the horizontal plane. The189

analytical vertical fundamental frequencies of the first three modes (denoted as V1, V2 and V3) are 25.2 Hz,190

100.9 Hz and 227 Hz, respectively.191

Seven accelerometers (PCB393C - 1 V/g sensitivity with ±2.5 g measurement range) A1 through A7192

were attached through permanent magnets onto 40×40×8 mm3 steel plates that were glued onto the beam.193

The accelerometers were wired to the central unit by means of short coaxial cables. SECs S1, S2, and S3194
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were glued over the beam at the locations corresponding to accelerometers A2, A3 and A4.195

The beam was excited with an impulse hammer (PCB 086D20C41) using random hits in space and time.196

The outputs of accelerometers were acquired through an 8 channels data acquisition module, model PXIe-197

4492 (24-bit resolution with anti aliasing filters), installed in a PXIe-1073 platform. Data sampling rates and198

durations were beyond the Nyquist sampling rate and significantly larger than the first structural periods,199

respectively, which allowed an accurate frequency identification. The outputs of the SEC were sampled at200

440 Hz.201

FIG. 12. Experimental setup for tests on RC beam: (a) sensors layout and elevation of the investigated
beam (dimensions in inches); and (b) SEC glued onto the beam.

Data analysis and results202

Classic canonical variate analysis of stochastic subspace identification (SSI) (Van Overschee and De Moor203

1996) is employed for data analysis, because of its known performances in output only modal identification.204

An automated modal identification procedure based on clustering analysis is also used to automatically205

interpret the results of SSI and provide modal parameters estimates (Ubertini et al. 2013).206

Modal parameters of the RC beam were first estimated using accelerometers outputs and clustering207

analysis. These results provided four vertical modes, denoted by V1, V2A, V2B, V3, in the range 0-200 Hz.208

Modes V2A and V2B have very similar associated mode shapes, corresponding to the lowest antisymmetric209

mode of the beam, but different frequencies. They probably originate from a splitting of the second mode210

due to cracking of the beam. The analysis of the data recorded in a test with accelerometers placed in the211

lateral direction also highlighted the presence of three lateral modes within the 0-200 Hz range, L1, L2 and212

L3, with the addition of two low frequency lateral modes associated with movements of the supports and213

denoted LS1 and LS2.214

The capability of SECs to detect fundamental modes of the RC beam is evaluated, at first, using stabiliza-215

tion diagrams (SDs). This type of plots is very popular and often used in literature to discriminate structural216

modes identified via SSI from spurious noise modes associated to noise in measurements and overmodeling217

effects. They constitute plots of stable (or consistent) poles in an order-frequency plane. Stability of poles is218
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evaluated by comparing the identified frequencies, damping ratios and mode shapes from models of orders219

n and n + 2, and determining the consistency of poles. Vertical alignments of stable poles highlight the220

modes whose properties do not change significantly when varying the dimension of the state vector, likely221

corresponding to structural modes. Conversely, spurious noise modes do not usually appear consistently for222

varying the model order.223

The SDs of the outputs from the three SECs and three accelerometers placed at the same locations224

as the SECs are shown in Fig. 13. Consistent poles are denoted by a black star, while a pole that only225

satisfies frequency and mode shape similarity is denoted by a gray triangle. Modal frequencies identified226

from clustering analysis are indicated with vertical lines.227

Fig. 13 shows that the SDs of SECs and accelerometers’ outputs are very similar, showing almost the228

same vertical alignments, which mostly correspond to the modes identified via clustering analysis of all229

acceleration data. Some lateral modes, such as LS1, are clearly visible in the SD of SECs but not on230

that of accelerometers, demonstrating the capability of SECs to sense strain in two orthogonal directions.231

Results generally confirm the ability of SECs to detect structural modes. Some differences in frequencies232

of modes identified from accelerometers and SECs are conceivably caused by a variation in temperature in233

the laboratory, as both sets of measurements were performed independently to reduce electromagnetic noise.234

Other vertical alignments, not corresponding to estimated modes, are also visible in both SDs and probably235

associated with residual spurious modes that can be eliminated via clustering analysis.236
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FIG. 13. SDs of SECs ouptuts (a) and accelerometers data (b) (vertical lines denote the modes identified
from clustering analysis of the data recorded by all accelerometers).

The mode shapes identified through clustering analysis from the SECs outputs and all accelerometers237

outputs are compared in Fig. 14. Mode V2A is not shown in these results because it was not clearly identified238

by the SECs. The other vertical mode shapes identified by the SECs appear to be in good agreement with239

those of the accelerometers, with high values of the modal assurance criterion (MAC). Larger differences240

are observed in the second mode (V2B) and can be explained by a lower level of modal excitation and an241

insufficient resolution of the DAQ.242
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FIG. 14. Mode shapes identified from clustering analysis using SECs and accelerometers.

CONCLUSION243

The dynamic behavior of a novel thin film sensor for strain sensing of mesosystems has been characterized.244

The sensor consists of a thin film polymer fabricated using inexpensive organic and inorganic particles.245

The particular mix of SEBS and titania constituting the sensor provides mechanical robustness and good246

sensitivity to strain.247

Results show that the sensor was capable of detecting frequency inputs in the range 1-40 Hz, but the248

presence of noise, likely arising from the DAQ, showed that the SEC was limited below 15 Hz in the time249

domain. Both full-scale tests conducted on steel and concrete specimens concluded that the sensor was250

capable of detecting fundamental frequencies up to 200 Hz, comparing well against analytical solutions251

and off-the-shelf accelerometers. A notable feature of the sensor was its capacity to detect modes in any252

directions, a consequence of the sensor’s bi-directional measurements, which constitutes a great advantage253

over some of the existing sensing solutions. Lastly, results showed that the SEC could be used in a network254

configuration to identify mode shapes.255

Progress in the electronics has the potential to substantially improve on the sensor’s resolution and256

accuracy. Given the inexpensive scalability of the proposed sensing solution, along with the bi-directional257

sensing capability, the SEC constitutes a promising sensor for dynamic monitoring of civil structures by258

deploying large network of sensors over the monitored surfaces.259
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