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Abstract
The timely discovery and monitoring of fatigue cracks in steel structures is an important task in
order to ensure structural integrity. However, off-the-shelf strain sensors are small and their
deployment is too spatially localized to successfully locate new crack formation or growth
within acceptable confidence. A solution is the use of large-area electronics capable of covering
large surfaces. The authors have previously developed a sensing skin technology based on a soft
elastomeric capacitor (SEC) that consists of a highly compliant, low-cost, and scalable strain
gauge that transduces surface strain into a measurable change in capacitance. In prior work, the
SEC was fabricated using three flat layers that formed a parallel plate capacitor. An
improvement to that design has recently been proposed, in which the dielectric layer is textured
using a corrugated pattern, and preliminary work showed a substantial improvement in sensing
performance due to the added in-plane stiffness and decrease in the sensor’s transverse
Poisson’s ratio. This paper extends preliminary work by studying the textured sensor’s
capability to quantify and discover a fatigue crack, and to study the general sensing performance
in terms of linearity, sensitivity, resolution, and accuracy. Four specific corrugation patterns are
investigated: a symmetric grid, a diagonal diagrid, a reinforced diagrid, and a non-symmetric
re-entrant hexagonal honeycomb (auxetic) pattern. Experimental results show that the use of a
texture results in a significant increase in sensing performance, with auxetic and reinforced
diagrid patterns outperforming the other patterns. In particular, the auxetic and reinforced
diagrid patterns allowed the discovery of a 0.28 mm and 0.31 mm fatigue crack, compared to a
0.53 mm crack for the untextured SEC, and resulted in up to 106% increase in sensitivity, 113%
in linearity, 319% in resolution, and 582% in accuracy, compared to untextured SECs.
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1. Introduction

The detection of fatigue cracks at an early stage is critical in
preventing excessive damage in civil infrastructure, in par-
ticular transportation bridges, and ensuring their structural
integrity through timely rehabilitation, maintenance, or ret-
rofit actions [1]. In 2020, 37% or 231 000 of bridges in the
U.S. needed repair work and 7.5% of the 617 000 the nation’s
bridges subjected to federal inspection requirements were
rated in poor condition and classified as structural deficient [2,
3]. Visual inspection is currently the most popular approach
used in detecting fatigue cracks, but the process is time-
consuming, labor-intensive, and relies on the inspector’s judg-
ment [4]. A recent study revealed that early-stage cracks have
a low probability of detection through visual inspection [5].

Various non-destructive evaluation (NDE) techniques for
crack detection and quantification have been proposed to assist
visual inspections. Examples include ultrasonic [6, 7], mag-
netic particle [8], acoustic emission [9, 10], computer vision
[11, 12], and piezoelectric-based [13–15]methods. Aside from
piezometric-based methods that may be applied more perman-
ently, NDE methods are typically temporary and conducted
manually over limited components and sections of the struc-
ture, thus spatiotemporally limiting crack discovery.

It is possible to automate the fatigue crack monitoring pro-
cess using structural health monitoring (SHM) technology.
In particular, data collected by strain sensors can directly be
related to fatigue crack activities by capturing surface deform-
ations caused by cracking [16, 17]. However, off-the-shelf
strain sensors are small and their deployment is too spatially
localized to reliably locate new crack formation or growth
with acceptable confidence. Recently, researchers have pro-
posed large-area electronics (LAE) that can be deployed as a
dense sensor network, enabling the discovery of local dam-
age over a global area. Examples of LAE, or ‘sensing skin’,
applications to strain and fatigue crack monitoring include a
carbon nanotube-based adhesive film [18], carbon nanotube-
based sensing sheets [19, 20], a flexible polyimide sheet of
strain gauges [21, 22], and a stretchable guided wave sensor
network [23].

The authors have previously proposed an LAE technology
based on the use of a soft elastomeric capacitor (SEC). The
SEC is a stretchable thin-film sensor that transduces strain into
a measurable change in capacitance. It is a parallel plate capa-
citor fabricated using a layer-by-layer approach. The dielec-
tric is a styrene-ethylene-butadiene-styrene (SEBS) block co-
polymer matrix filled with titania and sandwiched between
two electrodes fabricated from the same SEBS matrix filled
with carbon black. The technology is low-cost and easy to
fabricate, thus constituting a highly scalable solution to cover

large surfaces [24]. It follows that the SEC can be used for
fatigue crack discovery by strategically deploying a dense net-
work of SECs. Prior work has demonstrated the promise of
the technology for detecting and quantifying fatigue cracks in
steel on compact (C(T)) specimens [25] and on a full-scale
bridge girder [26].

Recent research efforts have been devoted to improving
the performance of the SEC by adding a texture to the top
electrode. The addition of the texture alters the in-plane stiff-
ness and the Poisson’s ratio of the sensor and improves the
sensor’s sensitivity, linearity, and resolution. In particular,
various structural patterns of the texture were investigated in
[27], and it was experimentally demonstrated that the use of
a diagrid pattern increased the gauge factor by approximately
30%. Later, the use of auxetic patterns was investigated, and
it was found that the re-entrant hexagonal honeycomb pattern
resulted in further improvement with respect to the diagrid pat-
tern [28]. Additionally, the performance of both the diagrid
and re-entrant hexagonal honeycomb patterns for detecting
and quantifying fatigue cracks in C(T) specimens was experi-
mentally compared and preliminary work published in a con-
ference proceeding [29].

In this paper, we investigate the performance of surface tex-
tured SECs at detecting and monitoring fatigue cracks in steel
with the hypothesis that the use of corrugation yields import-
ant improvements in sensing capabilities. This is a remarkable
improvement compared to the published studies [25, 26] in
which non-textured SECs were utilized to conduct the same
task, and compared to published work on corrugated surface
textured sensors [27, 28] in which the SEC was only evaluated
in free-standing conditions. Also, unlike preliminary work
presented in conference proceeding [29], the investigation is a
comprehensive investigation that includes a study on the local-
ized strain experienced by the sensor, its response to dynamic
excitations, and its quantification capability for fatigue crack
size detection. Here, four candidate patterns are selected: a
symmetric grid, a diagonal diagrid, a reinforced diagrid, and a
non-symmetric re-entrant hexagonal honeycomb pattern. The
textured SECs are individually adhered onto C(T) specimens
subjected to low-cycle fatigue cracks extending to large dam-
age sizes, thus enabling the quantification of SEC performance
for detecting low-cycle fatigue cracks and quantifying differ-
ent levels of damage.

The rest of the paper is organized as follows. Section 2
provides the background on the SEC technology, including
the fabrication process, derivation of the electromechanical
model of a corrugated SEC, and a review of the algorithm
used for finite element (FE) analysis. Section 3 presents the
research methodology, including a description of the selec-
ted corrugated patterns, damage law, numerical investigation,
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and the experimental test. Section 4 presents and discusses
results of the numerical model validation and the experi-
mental study on textured SEC’s signals. Section 5 concludes
the paper by summarizing key findings and discussing future
work.

2. Background

This section provides the necessary background on the tex-
tured SEC technology, which includes the fabrication process
and the extended electromechanical model, and discusses the
model used for converting the geometric change in the numer-
ical model to capacitance variations.

2.1. Fabrication process

An SEC is composed of a dielectric layer sandwiched between
two conductive layers. Its fabrication process is illustrated in
figure 1. The dielectric is fabricated by using SEBS FG1901G
(KRATON, USA, ρ= 1400 kg m−3, 30%w styrene, permittiv-
ity 2.4) and SEBS 500120M (VTC Elastoteknik AB, Sweden,
ρ= 930 kg m−3). PDMS-coated titania TiO2(−OSI(CH3)2−)
(TPL, Inc. Albuquerque, NM) particles with an average dia-
meter of 100 nm are mixed into the SEBS matrix to increase
both durability and permittivity of the dielectric layer [30]. The
fabrication of the dielectric layer (figure 1(a)) is illustrated as
follows:

(a) An SEBS/toluene solution is prepared by mixing SEBS
FG1901G and SEBS 500120M with a weight ratio of 1:3
and dissolving in toluene at a concentration of 160 g L−1.
Amass of TiO2 particles are added to the SEBS stock solu-
tion to achieve a concentration of 75 g L−1.

(b) Titania TiO2 particles are uniformly dispersed using a
sonic dismembrator (high-intensity ultrasonic processor
Vibracell 75 041, Sonics & Materials Inc. USA) for five
minutes at 20 kHz and 120 Watt while the solution sits in
an iced water bath for cooling.

(c) A volume of 20 ml of the SEBS-titania solution is
drop-cast directly onto an 80 mm × 80 mm non-stick
square steel mold (H13 steel with HRC48-50 hardness,
1 µm peak-to-valley accuracy, and surface roughness of
0.85 µm). The grooved mold yields a corrugated dielec-
tric which gives rise to the texture of the top layer. The
drop-casted solution is covered to control the evaporation
rate and left in a fume hood to dry over 24 h.

(d) The film is peeled from the mold and left to dry for
another 24 h at room temperature. The resulting film has
an approximate mean thickness of 0.30 mm over the non-
corrugated area, a corrugation height of 0.35 mm, and per-
mittivity of 5.56.

The electrode layers are fabricated using SEBS 500050M
(VTC Elastoteknik AB, Sweden) and filled with carbon black
particles (ORION, Kingwood, TX). The use of carbon black
provides the sensor with the required conductivity and envir-
onmental robustness [31]. The fabrication of the electrodes
(figure 1(b)) is done as follows:

(a) SEBS 500050M raw material is dissolved in toluene at
a concentration of 380 g L−1 and carbon black particles
are added to the stock solution to have a concentration of
25 g L−1. A low-speed homogenizer is used for 1 h at 650
to 850 rpm to obtain a uniform dispersion.

(b) Four layers of the conductive solution are brushed onto
both the top and bottom surfaces of the dielectric layer
with a 30min drying time between placement of each layer
and 24 h of drying time after four iterations of brushing,
both at room temperature. The resulting conductive elec-
trode has a sheet resistance of approximately 2.6 kΩSq−1

and a thickness of approximately 25 µm.
(c) Adhesive copper tapes are glued on each side of the film to

achieve electrical connections for the data acquisition sys-
tem (DAQ). PELCO conductive carbon glue (TED Pella,
USA) is used to coat the exposed parts of copper tapes at
the electrode layer to enhance mechanical durability and
minimize added noise.

Figure 2(a) shows a photograph of an SEC unit, corrugated
using a re-entrant hexagonal honeycomb pattern.

2.2. Electromechanical model

An SEC transduces change in its geometry provoked by sur-
face deformations (i.e. strain) into a measurable change in
capacitance. At low sampling rates (< 1 kHz), the SEC can
be modeled as a non-lossy capacitor with its capacitance C
derived from the parallel plate capacitor:

C= e0er
A
h

(1)

where e0 = 8.854 pFm−1 is the vacuum permittivity, er is the
relative permittivity, h is the thickness of the dielectric, and
A= l ·w is the electrode area of length l and width w as annot-
ated in figure 2(b). Assuming small strains, an expression for
the relative change in capacitance ∆C/C0 can be obtained by
differentiating equation 1:

∆C
C0

=

(
∆l
l0

+
∆w
w0

− ∆h
h0

)
= εx+ εy− εz (2)

where ∆ denotes a change in the variable due to strain, sub-
script 0 represents the initial value of the variable, and ε repres-
ents strain along the axis in subscript. For surface strain mon-
itoring, an SEC is deployed along the x–y plane. Assuming
plane stress and applying Hooke’s Law, one obtains:

εz =− ν

1− ν
(εx+ εy). (3)

Substituting equation (3) into equation (2), the capacitance
response of a free-standing SEC is written:

∆C
C0

=
1

1− ν0
(εx+ εy) = λ0(εx+ εy) (4)

where ν0 = νx = νy = νz, and ν0 is the Poisson’s ratio for an
isotropic untextured SEC, and λ0 is the gauge factor. The use
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Figure 1. Fabrication process of a textured SEC: (a) dielectric layer fabrication; and (b) sensor assembly.

Figure 2. (a) Picture of a 76 mm × 76 mm textured SEC (re-entrant hexagonal honeycomb pattern); and (b) a annotated schematic of a
textured SEC.

of a textured surface results in an orthotropic composite and
the Poisson’s ratio in the x–y is:

νxy =−
εy
εx
. (5)

Substituting equation (5) into equation (4) provides the
electromechanical model for the textured SEC under uniaxial
strain (along the x-direction).

∆C
C0

=
1− νxy
1− ν

εx = λεx (6)

where ν = νxz = νyz = ν0, and λ is the gauge factor of a tex-
tured SEC under uniaxial strain.

Equation (6) shows that λ is a function of the trans-
verse Poisson’s ratio and increases with decreasing νxy.
When the sensor is adhered onto a monitored material, the
transverse Poisson’s ratio is altered due to the composite

effect. The composite transverse Poisson’s ratio νxy,c can be
written as:

νxy,c =
aνxy+ bνm
a+ b

(7)

where νm is the Poisson’s ratio of the monitored material, and
a and b are weight coefficients represents the composite effect
with the values between 0 and 1, with a+ b= 1. Therefore,
the resulting gauge factor under composite effect is given by:

λ=
1− aνxy+bνm

a+b

1− ν
. (8)

In fatigue crackmonitoring, the sensor is initially fully bon-
ded over the steel substrate, with a= 0, b= 1, and νxy = νm.
However, upon the initiation of a fatigue crack, the sensor
becomes locally unbounded (the polymer stretches spanning
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Figure 3. Candidate corrugated patterns: (a) symmetric diagonal grid; (b) diagrid; (c) symmetric reinforced diagrid; and (d) re-entrant
hexagonal honeycomb (auxetic) pattern.

the crack), and the gauge factor is expected to change. Such a
relationship is difficult to quantify because the local effect is
expected to dominate due to the significantly large movements
of the polymer spanning the damaged area. It follows that
the analytical evaluation of the gauge factor for fatigue crack
monitoring is a complex task. In this paper, the gauge factor is
determined experimentally, and the electromechanical model
is used to simulate the SEC signal in the finite element model
(FEM). In the FEM, the capacitance response is directly
obtained from the change of in the sensing area using the
algorithm proposed by Kong et al and derived from the elec-
tromechanical model presented in this section [32]:

∆C
C0

=
1
A0

n∑
i=1

A0i

(
A2
li

A2
0i

− 1

)
(9)

where A0 is the initial sensing area of the SEC, and A0i and
Ali are the initial and deformed areas of the n mesh elements
extracted from the FEM.Note that the conversion of numerical
strain to capacitance can be influenced by the mesh size, mesh
style, and meshing distribution.

3. Methodology

This section presents the methodology used in this research. It
describes the corrugation patterns under study, the numerical
model used in the analysis of the experimental data, and the
experimental procedure.

3.1. Corrugation patterns

Four candidate corrugation patterns were selected for this
investigation based on the results from prior research [27]. The
first is a diagonal grid pattern (figure 3(a)), selected due to its
ease of fabrication. The second is a diagrid pattern (figure 3(b))
constructed with intersecting diagonal elements angled at 36◦,
selected because it outperformed other non-auxetic patterns
in [27] by yielding the best SEC gauge factor and resolution.
The third is a reinforced diagrid pattern (figure 3(c)), designed
based on the diagrid pattern and modified to include reinforce-
ments angled at 45◦ to provide a symmetric option. The fourth
is the re-entrant hexagonal honeycomb pattern (figure 3(d)),
selected because it outperformed other auxetic patterns in [28]
by yielding the best SEC gauge factor and resolution. It should
be noted that this investigation uses identical geometries as
reported in the previous studies. The optimization of their

Table 1. Assigned properties for A36 steel.

Material property Value

Density 7850 kg m−3

Young’s modulus 2.02× 1011 Pa
Poisson’s ratio 0.3
Bulk modulus 1.67× 1011 Pa
Shear modulus 7.69× 1010 Pa
Strength coefficient 9.20× 108 Pa
Strength exponent −0.106
Ductility coefficient 0.213
Ductility exponent −0.47
Cyclic strength coefficient 1.01× 109 Pa
Cyclic strain hardening exponent 0.2
Tensile yield strength 4.20× 108 Pa
Tensile ultimate strength 5.60× 108 Pa
Material coefficient C 3.26× 10−10

Exponent m 2.86

designs (i.e. angle, height of corrugation, etc) is left to future
work.

Square SECs (l= w= 76 mm) with a sensing area of
63.5 mm by 63.5 mm (2.5 in by 2.5 in) were fabricated using
each of the selected patterns. The initial capacitanceC0 of each
SEC varied depending on the corrugation pattern and the mean
thickness of the dielectric but remained in the range 220–260
pF. Three SECs of each pattern were fabricated, plus three
untextured (flat) SECs for benchmarking purposes, for a total
of 15 samples. Consistency and uniformity of specimens is
ensured through the utilization of computer numerical control
milled steel molds, and themeasurement and evaluation across
electrical properties and material geometries sampled at vari-
ous points.

3.2. Numerical model

A 3D nonlinear finite element model (FEM) was construc-
ted in ANSYS 2020 R1 to numerically reproduce laborat-
ory experiments conducted on C(T) specimens. A C(T) spe-
cimen was fabricated from a 6.4 mm (1/4 in) A36 steel plate
having geometric dimensions consistent with ASTM E647-
15a [33], as shown in figure 7(d). The material properties of
the A36 steel used in the finite element simulation of crack
damage are tabulated in table 1. The sensor installed onto
the C(T) specimen was modeled with a base layer thickness
of 0.30 mm and textured height of 0.35 mm, and the SEBS
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Figure 4. Strain-dependent nonlinear transverse Poisson’s ratio.

Figure 5. (a) FEM showing the geometry, boundary conditions, loading direction, mesh type, and mesh distribution; (b) close-up of FEM
showing fracture setup, nodes used for the extraction of synthetic measurements, simulated fatigue growth (top left), and deformation of the
SEC under a 7.9 mm crack length (bottom right); and (c) normal stress distribution of the C(T) specimen at the peak of the loading input
(the sensor is hidden for clarity).

material was defined as an isotropic polymer, with Young’s
modulus E= 0.41 MPa obtained from the tensile testing, and
strain-dependent nonlinear Poisson’s ratio ν obtained experi-
mentally in a prior study using digital image correlation (DIC)
[27] and reported in figure 4.

The sensor was modeled as perfectly bonded to the C(T)
specimen to mimic full adhesion. The SEC-C(T) specimen
was constrained as pin fixed along the circular inner surface
of the upper hole (indicated in blue, figure 5(a)), restraining x,
y, z translational degrees-of-freedom (UX, UY, and UZ), and
as simply supported pinned along the circular inner surface of
the lower hole (indicated in red, figure 5(b)), allowing only
the y translational degree-of-freedom (UY). The C(T) speci-
men was meshed with tetrahedrons mesh style using the patch
conforming method, generating a total of 6662 mesh elements
with amesh size of 0.2mm.A 4-degree refinementwas applied
around the notch to generate a much denser mesh distribution
to improve the accuracy of the analysis. The SEC sensor was
meshed with a multizone mesh style with a mesh size also of
0.2 mm to generate square-shaped mesh elements simplify-
ing the application of equation (9). A 2 Hz harmonic excita-
tion with a constant loading range from 2.9 kN to 29 kN was
applied at the lower hole of the C(T) specimen. Figure 5(c)
presents a typical normal stress distribution of the SEC-C(T)
specimen at the peak of the loading input for a crack length

of 0 mm. The inhomogeneous stress distribution on the C(T)
specimen can be explained by the asymmetric boundary con-
ditions. The maximum stress is concentrated at the notch tip,
constituting the point of crack initiation.

The fatigue behavior in the FEM is dominated by Paris’s
law. Figure 6(a) presents a plot of stress intensity range
(∆K) versus loading cycle, where Kmax and Kmin were com-
puted using equations from ASTM E1820 [34]. The subplot
in figure 6(b) shows crack growth rate with respect to the
stress intensity range in a semi-log scale. The threshold val-
ues of K1 and K2 (blue dashed lines) were computed from the
threshold equation in [35]. To simplify modeling, the Paris’
law constants C and m were assigned through a linear regres-
sion (red dashed line) applied to regime B, and the mater-
ial coefficients C and exponent m respectively taken as the
y-axis-intercept and the slope of the fitted line [36], yielding
C= 3.26× 10−10 (m cycle−1) andm= 2.86. These values are
in the typical ranges found in literature [37, 38]. Figure 6(b)
plots the fatigue crack growth rate as a function of the num-
ber of cycles. The growth rate was found to be relatively small
and near-constant from 0 to 13 000 cycles, as typical in fatigue
propagation. The fatigue crack growth was analyzed by using
the separating morphing and adaptive re-meshing technology
(SMART) crack growth simulation tool [39] in ANSYSWork-
bench Mechanical, enabling mode one dominant fatigue and
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Figure 6. (a) Plot of stress intensity (∆K) versus number of cycles; and (b) crack growth rate (da/dN) as a function of loading cycles with
the subplot showing typical crack growth rate with respect to the stress intensity range.

automatic re-meshing during simulations. The SMART crack
method has been applied in various fatigue crack simulation
studies (see [40–42] for instance).

A five-step procedure was established to simulate crack
propagation and sensor measurements. First, a fracture object-
ive was assigned in the numerical model using the pre-meshed
crack tool, and 63 face nodes were uniformly assigned on
the top and bottom crack faces respectively, as shown in
figure 5(b). Second, the mesh distribution at the crack front
was refined to improve crack propagation accuracy, and the
computation of fracture parameters was conducted over six
contours. Third, the damage evolution was defined according
to Paris’ law along with values for C and m (listed in table 1).
This step also defined the initial damage point and failure
point, which allows each individual element to accumulate
damage as it passes the initial damage point, where each ele-
ment is automatically removed from the model once it reaches
the limit failure point. Fourth, a maximum crack growth incre-
ment of 50 mmwas defined. Figure 5(b) illustrates an example
of crack propagation (top left corner). Fifth, the initial and
deformed area of each element was extracted within the loc-
ation of the SEC sensor. The bottom-right inset in figure 5(b)
shows an example of maximum deformation of the SEC when
the C(T) specimen reached a crack length of 7.9 mm, such that
the crack tip reached the sensor. These changes in area were
used to compute the capacitance response of the SEC using
equation (9).

3.3. Experimental procedure

An experimental investigation focused on the performance of
the SEC for detecting and quantifying fatigue cracks was con-
ducted on C(T) specimens following the same procedure as
in prior work [32]. Figure 7(a) illustrates the overall experi-
mental setup. The C(T) specimens were fabricated from A36
structural steel plate and machined using water-jet cutting to
accomplish the configuration prescribed by ASTM E647-15a,
shown in figure 7(d). The surface of the specimen was sanded
using 1000 grit sandpaper and cleaned with acetone. As shown
in figure 7(b), a thin layer of off-the-shelf bi-component epoxy
(JB Weld) was applied onto the front side of the C(T) with the

flat surface of the SEC fully adhered onto the epoxy layer. For
the non-symmetric patterns (diagrid and re-entrant hexagonal
honeycomb), the sensors were adhered by aligning their most
flexible axis (their y-axis as indicated in figure 3) along with
the axial load, to provide enhanced electrical sensitivity to the
damage produced by cracking. A peel-and-stick tape meas-
ure was adhered onto the back surface of the C(T) specimen
(figure 7(c)) to monitor and quantify the crack length via pho-
tograph taken during the test. The experiments were conduc-
ted using a closed-loop servo-hydraulic testing machine (MTS
model 312.41 with a TestStar IIm controller) equipped with
the 647 Hydraulic Wedge Grip. The SEC-C(T) specimen was
mounted using a pair of clevises and installed onto the grip,
and washers were used in conjunction with screw nuts to pre-
vent relative sliding and to distribute stress evenly.

The loading range was designed to evaluate the perform-
ance of the SEC for detecting low-cycle fatigue cracks and
quantifying damage levels. A 2 Hz harmonic excitation in
tension-tension mode between 2.9 kN (0.65 kips) to 29 kN
(6.5 kips), resulting in a constant stress intensity ratio R of
0.1, was applied to the SEC-C(T) specimen to generate a
fatigue crack. Note that this loading resulted in a stress intens-
ity higher than that prescribed in ASTM E647-15am, which
facilitated more rapid crack growth in this study. Load and
displacement were sampled at 20 Hz, where the displacement
was directly extracted from the linear variable displacement
transducer (LVDT) of the MTS instead of the localized dis-
placement experienced by the sensor. The capacitance data
were collected at 25 Hz using an off-the-shelf data acquisition
board (ACAMPCAP02). Wires were fixed with electrical tape
to create an electrically insulating barrier and minimize the
electrical noise due to cable movement. Each test ran continu-
ously until the maximum displacement of the testing machine
reached 2.54 mm.

For the current study, crack length was defined as the
distance measured from the crack tip to the notched edge,
as shown in the magnified view of figure 7(c). Figure 7(e)
presents pictures of a fatigue crack propagating over 7.9, 15.3,
22.8, 27.6, 34.5, and 38.1 mm taken at cycle 8153, 11 709,
13 141, 13 991, 14 506, and 14 983, respectively, where the
crack tip is indicated with a red dot. It can be observed that
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Figure 7. (a) Overall experimental configuration (arrow indicates the loading direction); (b) close up on the front surface of SEC-C(T)
specimen; (c) close up on the back surface of SEC-C(T) specimen; (d) geometric configuration of the C(T) specimen; and (e) pictures of
fatigue cracks propagated over 7.9, 15.3, 22.8, 27.6, 34.5, and 38.1 mm.

the crack opening (indicated in figure 7(e)) increased with the
extension of the fatigue crack. Slight out-of-plane deforma-
tions were observed for crack lengths over 38.1 mm due to
lateral torsion.

4. Results and discussion

This section presents and discusses the experimental results.
First, the experimental results were used to validate the FEM.
Second, the SEC signals were studied and compared across
patterns, with particular attention to crack monitoring capab-
ilities, as well as sensing performance in terms of linearity,
sensitivity, resolution, and accuracy.

4.1. Numerical model validation

The validation of the FEM is conducted on the crack propaga-
tion model, the electrical response model, and the mesh size,
by comparing numerical and experimental results.

4.1.1. Crack propagation. Crack growth behavior within
the expected Paris’ law behavior regime was investigated.
Figure 8(a) presents the range of crack lengths obtained over
all 15 tests as a function of the number of cycles, with the error
bars indicating the full range of measured crack lengths. Res-
ults are compared against those obtained from numerical sim-
ulations, shown as red triangles in the figure. Good agreement
was observed between the experimental and numerical data,
with all numerical values located within the crack ranges.

4.1.2. Electrical response. The simulated electric response
of the sensor was investigated. Figure 9 presents a comparison
of the numerical (simulated) and experimental (measured) rel-
ative changes in capacitance (∆C/C) time series under crack
lengths of 1.6, 4.8, 7.9, 11.1, 17.9, 23.6, and 48.2 mm. Res-
ults are shown for the auxetic pattern, constituting the most
complex geometry used in this investigation. The presented
experimental data were filtered by using a low-pass filter and
averaged over the three tests. Good agreements were observed
between the experimental and numerical results for both the
magnitude and phase of the electrical response. The root mean
square error (RMSE) remained approximately constant in the
range 4%-6%, except for the larger crack size (48.2 mm)
where it reached 14.2%. This larger discrepancy can be attrib-
uted to the out-of-plane deformation of the C(T) specimen
creating additional strain on the SEC from the torsional
phenomena.

4.1.3. Mesh size. An investigation of the effect of mesh size
on the convergence of results was conducted for each pattern.
The geometry, material properties, boundary conditions, and
mesh style were kept constant for the simulations, and the
mesh size varied from 0.1 mm to 1.5 mm in 0.2 mm incre-
ments. Convergence of results was evaluated by comparing the
peak-to-peak (P2P) relative capacitance ∆C/C0 at a 7.9 mm
crack length, where the crack started to propagate under the
sensing area. Figure 8(b) presents the results with solid lines
representing the averaged P2P amplitudes, and dashed lines
representing the number of mesh elements. Results show that
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Figure 8. (a) Range of crack lengths obtained experimentally versus numerical results as a function of the number of cycles; and
(b) averaged P2P ∆C/C0 amplitudes (solid lines) and corresponding number of mesh elements (dashed lines) under each pattern.

Figure 9. (a) Comparison of experimental and numerical∆C/C0 values under crack lengths of (a) 1.6 mm; (b) 7.9 mm; (c) 14.3 mm;
(d) 21.6 mm; (e) 28.3 mm; and (f) 48.2 mm.

the P2P relative capacitance stabilized under a mesh size of
0.2 mm, thus validating the meshing procedure.

4.2. Study of signal

Figure 10(a) is a typical time series plot of raw data measured
from an SEC with the reinforced diagrid pattern across the
entire loading process, with the vertical dashed arrows indicat-
ing the fatigue crack lengths measured from photographs. The
measurements exhibit an increasing P2P amplitude denoted by
the increasing apparent width of the time-series line, increas-
ing with crack propagation, with a significant change in capa-
citance observed after the crack reached a length of 48.2 mm,
associated with a rapid crack growth until failure of the C(T)
specimen. A signal drift is also observed, attributed to the
plastic deformation at the crack tip in the C(T) specimen and
the increasing of minimum crack opening. In this subsection,
the evolution of the signal is studied for each corrugation
pattern, with particular attention to its crack sensitivity as well
as its strain sensitivity and resolution, followed by a general
assessment of sensing performance.

4.2.1. Crack monitoring. The crack sensitivity of the SECs
was evaluated by comparing the P2P relative change in

capacitance (P2P ∆C/C0) across the different crack lengths.
The P2P value, illustrated in the inset of figure 10(b), was
utilized to filter out signal drift that could be caused by cal-
ibration and environmental effects, such as temperature and
humidity. Figure 10(b) is a bar chart graphing the three-sample
averaged P2P amplitudes with the error bars indicating the
full P2P range over the three samples. Results are compared
across each pattern over different crack lengths. It is found
that the use of corrugated surfaces significantly improved the
strain sensitivity, resulting in an average increase in the P2P
amplitude of 53.2% (under 21.6 mm crack) to 106.1% (under
17.5 mm crack) with respect to the untextured SEC, attribut-
able to the higher gauge factors. Overall, the symmetric rein-
forced diagrid (‘reinforced’) and re-entrant hexagonal honey-
comb (‘auxetic’) patterns performed better than the other pat-
terns, with an increase in P2P amplitudes of 13.7% (21.6 mm
crack) to 33.3% (7.9 mm crack), 7.9% (17.5 mm crack) to
24.6% (48.2 mm crack), and 62.7% (4.8 mm crack) to 100.1%
(28.3 mm crack) with respect to the grid pattern, diagrid pat-
tern, and untextured pattern, respectively. The reinforced dia-
grid pattern exhibited slightly better performance than the
auxetic pattern by resulting in further increases in P2P amp-
litudes between 1.41% and 3.48%.

The quantification of a crack can be conducted using the
crack growth index (CGI) algorithm developed in previous
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Figure 10. (a) Time series plot of measured raw data for a typical sensor (reinforced diagrid pattern) under cyclic loading; and (b) P2P
amplitudes of the relative change in capacitance ∆C/C0 for all patterns over different crack lengths.

Figure 11. (a) Frequency spectrum of an SEC with the reinforced diagrid pattern; and (b) algorithm for the crack growth index (CGI).

work [43] that consists of a scalar relating to the size of the
fatigue crack under or near a sensor. The principle of the CGI
is to compare the magnitudes of the fundamental frequency
peaks from the SEC signal and force input signal. The force
input signal can be collected by other sensors indirectly relat-
ing to the input, such as an accelerometer measuring the vibra-
tion response of a beam subjected to such load. Figure 11(a)
compares the frequency spectrum of the SEC signal and
MTS inputs (i.e. force input), where the input frequency of
2 Hz is clearly observable. Mathematically, the CGI algorithm
(figure 11(b)) consists of extracting the peak power spectral
densities (PSDs) from the short term SEC measurements (Ci)
and force measurements (Fi), yielding the peak magnitude of
peakCi and of peakFi , respectively, with the CGI corresponding
the to the square root of the ratio peakFi to peak

C
i . This process

is implemented continuously over time, where it was found in
[43] that the CGI log scale relates linearly to the length l of
high-cycle fatigue cracks. CGI data could be useful in SHM
applications to directly quantify cracks and sound alarms,
or estimate crack growth rate by evaluating its temporal
variations.

Here, the CGI algorithm was applied to the collected time
series data. Figure 12(a) presents a plot of the computed CGI
as a function of crack length for each pattern, with the y-axis
presented on a log scale. Results show the average values along
with the CGI range through the error bar. The slight nonlinear-
ity observed in the relationships CGI-length may be explained

by the propagation of low-cycle cracks. Regardless, the pat-
terned SECs exhibit a net improvement in the CGI compared
to the untextured SECs, showing far less variation in the CGI
over a range of crack lengths.

The ability of a given sensor to discover a crackwas determ-
ined by conducting a continuous paired T-test on the sensor’s
signal. To do so, the signal was split into windows of 10 s
datasets. The 10th window (corresponding to the time inter-
val 90–100 s) was taken as the reference window to eliminate
early-stage noise in the signal. The P2P ∆C/C0 amplitudes
were extracted, and the T-test was conducted under the null
hypothesis that the mean of the P2P ∆C/C0 amplitudes from
a new window was the same as that from the 10th window.
Figure 12(b) presents the computed p-value for the first 4500 s
of the signal measured from an SEC (reinforced pattern), along
with the time series of averaged P2P∆C/C0 in the figure inset.
A value of 1 indicates that the T-test rejects the null hypothesis
at a 5% significance level. Here, a crack is discovered when
the p-value remains stable at 1. In the example, that stability is
reached for the 133th window, corresponding to 1420–1430 s.
Chattering prior to that time could be attributed to measure-
ment noise.

Table 2 lists the crack discovery times obtained for each
sensor. Results show that the auxetic and reinforced patterns
significantly improved crack discovery capabilities (0.28 mm
and 0.31 mm, respectively) compared to the untextured sensor
(0.53 mm), corresponding to reductions in detectable crack
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Figure 12. (a) Semi-log plot of CGI as a function of crack length under all patterns; and (b) time series of averaged P2P∆C/C0 amplitudes
taken from each window.

Table 2. Experimental results for the paired T-test.

Pattern Window (#) Time interval (s) Crack length (mm) Average (mm)

Grid 168 1770–1780 0.43 0.41
155 1640–1650 0.39
160 1690–1700 0.40

Diagrid 152 1610–1620 0.34 0.35
157 1660–1670 0.37
148 1570–1580 0.35

Reinforced 145 1540–1550 0.31 0.31
133 1420–1430 0.33
136 1450–1460 0.29

Auxetic 121 1300–1310 0.25 0.28
124 1330–1340 0.31
118 1270–1280 0.28

Untextured 210 2200–2210 0.51 0.53
206 2150–2160 0.53
219 2280–2290 0.55

length of 89% and 71%. The method used herein to detect
a fatigue crack is inherently linked to the sensor’s resolution,
whereas the T-test, in essence, determines when the signal pro-
duced by a crack raises above noise. This property, along with
others characterizing sensing performance, is investigated in
what follows.

4.2.2. Overall sensing performance. The assessment of sig-
nal linearity and resolution was conducted as a function of
local strain measured by the SEC. The local strain was estim-
ated using the validated FEM. To do so, 63 pairs of nodes
(indicated as the red and black dashed surfaces in figure 5(b))
were assigned at the top and bottom face of the crack from
which the numerical displacement data were extracted. The
relative displacement for each pair of nodes along the y-
direction was extracted and converted to strain using the initial
width of the opening notch. Then, the strain values from each
pair of nodes were averaged and the value taken as the local
strain measured by the sensor.

Figure 13 shows plots of relative change in capacitance
as a function of local strain under three representative crack
sizes: 0 (undamaged), 11.1 (small crack), and 48.2 mm (large
crack), for all corrugated patterns. It also includes the linear

fit (red solid line) conducted using a least squares regression,
and the 95% confidence interval line (dotted-dashed blue, 95%
CI). Values for∆C/C0 are averaged over the three specimens
for each corrugated pattern. The gauge factors computed from
the linear fits are included in each subplot. One can observe
that the resolution of the signal (95% CI) and gauge factor (λ)
improved with the increasing crack length, with the reinforced
diagrid pattern showing the best performance overall.

Table 3 assembles the quantitative results for crack lengths
0, 11.1, and 48.2 mm. It tabulates theMTS and local strain, the
R2 value for the linear fit (a measure of linearity), the gauge
factor λ computed from theMTS and local strain data (a meas-
ure of sensitivity), the 95% CI (a measure of resolution) both
in terms of relative change in capacitance and strain where the
strain equivalence is computed from using equation (4) with
the reported local λ, and the standard deviation on the resolu-
tion σres (a measure of accuracy). All values for R2, λ, and
the 95% CI were averaged over the three specimens. From
these results, all textured SECs performed consistently bet-
ter compared to the untextured SECs by showing a significant
increase in linearity, sensitivity, and resolution, and accuracy
over all crack lengths. The auxetic pattern outperformed in lin-
earity and resolution by exhibiting a 35% to 113% increase
in R2 and 222% to 319% increase in resolution with respect
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Figure 13. Relative change in capacitance (∆C/C0) as a function of local strain under crack lengths of 0 (undamaged), 11.1, and 48.2 mm
under the grid pattern ((a)–(c)); diagrid pattern ((d)–(f)); symmetric reinforced diagrid pattern ((g)–(i)); re-entrant hexagonal honeycomb
(auxetic) pattern ((i)–(l)); and untextured pattern ((m)–(o)).

Table 3. Experimental results from the studied signals.

Crack MTS Local MTS Local 95% CI

Length Strain Strain R2 λ λ ∆C/C0 Resolution σres

Pattern (mm) (%) (%) (−) (−) (−) (−) (µε) (µε)

Grid 0 0.39 0.09 0.13 0.065 0.59 ±0.76 ±1169 33.15
Diagrid 0 0.39 0.09 0.15 0.073 0.63 ±0.69 ±945 28.51
Reinforced 0 0.39 0.09 0.14 0.086 0.69 ±0.63 ±741 25.64
Auxetic 0 0.39 0.09 0.17 0.082 0.71 ±0.59 ±719 30.13
Untextured 0 0.39 0.09 0.08 0.051 0.34 ±1.18 ±2314 174.80
Grid 11.1 0.73 0.51 0.77 0.49 1.01 ±0.36 ±73.4 5.26
Diagrid 11.1 0.73 0.51 0.79 0.51 1.08 ±0.38 ±74.5 5.03
Reinforced 11.1 0.73 0.51 0.74 0.57 1.13 ±0.31 ±54.4 4.78
Auxetic 11.1 0.73 0.51 0.83 0.59 1.10 ±0.29 ±49.2 5.19
Untextured 11.1 0.73 0.51 0.46 0.33 0.52 ±0.61 ±184 18.95
Grid 48.2 1.62 2.39 0.95 1.53 1.36 ±0.31 ±20.3 2.63
Diagrid 48.2 1.62 2.39 0.96 1.65 1.49 ±0.29 ±17.5 2.11
Reinforced 48.2 1.62 2.39 0.93 1.92 1.61 ±0.27 ±14.1 2.38
Auxetic 48.2 1.62 2.39 0.97 1.88 1.55 ±0.23 ±12.2 1.98
Untextured 48.2 1.62 2.39 0.72 0.96 0.86 ±0.49 ±51.1 5.03

to the untextured sensors. The reinforced diagrid pattern out-
performed in sensitivity (λ) and accuracy (σres) by exhibit-
ing a 69% to 100% increase in the gauge factor λ and 111%
to 582% improvement in accuracy with respect to untextured
SECs. Relative results for λ had the same rank as found in the

crack sensitivity (P2P) study, and those for the resolution had
the same rank as found in crack detection performance. All
SEC sensors exhibited a relatively poor resolution under the
0 mm crack length case (undamaged), attributable to the very
small level of localized strain.
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5. Conclusions

This paper presented an investigation on enhanced sensing
performance provided by a soft elastomeric capacitor (SEC)
sensor textured using various corrugation patterns. This is an
improvement to an earlier version of an SEC that was untex-
tured or flat. The study focused on the performance of textured
SECs for detecting and quantifying mode-I fatigue cracks on
steel. Four patterns were investigated: grid, diagrid, reinforced
diagrid, and re-entrant hexagonal honeycomb (auxetic). Res-
ults were benchmarked against those obtained from untextured
SECs. The study included the development and validation of
a finite element model (FEM) that was used in interpreting
experimental data.

Experiments were conducted on notched steel compact spe-
cimens (C(T)) in a laboratory environment subjected to low-
cycle fatigue damage. After validating the FEM, results were
evaluated to study the sensor’s ability to identify and quantify
a fatigue crack and to study the general sensing performance in
terms of linearity, sensitivity, resolution, and accuracy. Over-
all, results showed that the use of a textured surface signific-
antly improves the sensor performance in every aspect eval-
uated. These improvements can be attributed to the corrug-
ation providing enhanced in-plane stability and substantially
decreasing the SEC’s transverse Poisson’s ratio that results in
a significant increase in strain sensitivity post-cracking when
the sensor is locally decoupled from the steel specimen.

Specifically, the peak-to-peak (P2P) amplitude of the signal
increased from 53% to 106% when a corrugated pattern was
used in the presence of a fatigue crack. Also, the auxetic and
reinforced diagrid patterns allowed the discovery of a 0.28mm
and 0.31 mm fatigue crack, compared to a 0.53 mm crack
for the untextured SEC. Such resolution is adequate for the
presentation application, yet may need improved if applied to
brittle materials that required being able to detect even smaller
cracks. Improving the resolution of the SEC could be achieved
by developing dedicated electronics and an automated sensor
fabrication process. It was also found that adding a texture
resulted in an overall 69% to 100% increase in gauge factor,
35% to 113% increase in linearity, 222% to 319% increase in
the resolution, and 111% to 582% increase in stability com-
pared to untextured SECs. Amongst patterns, both the rein-
forced diagrid and auxetic patterns showed the best perform-
ance, often with the auxetic pattern slightly outperforming the
reinforced diagrid pattern.

Overall, this study demonstrated the process of textured
SECs at detecting and quantifying fatigue cracks on steel. For
practical reasons, the reinforced diagrid pattern could be pre-
ferred over the auxetic pattern due to its symmetry, which
would make it easier to deploy in the field. Its sensing per-
formance may be further improved through the optimization
of its corrugation geometry, and through the development of
dedicated electronics.
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