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Preface

Sensors play a vital role across a wide range of industrial and engineering domains, enabling
critical functions such as structural health monitoring, process control, condition assessment,
and the mitigation of noise and vibration. As modern systems evolve toward higher efficiency,
autonomy, and safety, the demand for intelligent sensing technologies has grown substantially.
Smart materials—such as piezoelectric ceramics and polymers, shape-memory alloys, electroactive
polymers, and magnetostrictive materials—have emerged as key enablers of these technologies
due to their inherent ability to sense, actuate, and adapt to changing environmental or structural
conditions.

This Special Issue brings together recent advances in the design, modeling, fabrication, and
application of sensors based on such smart materials. Theoretical frameworks, numerical simulations,
and experimental investigations alike contribute to understanding and optimizing their performance
in complex systems. Representative applications include, but are not limited to, piezo-bonded
laminated composites for damage detection, morphing wings for adaptive aerodynamics, and
reconfigurable engine nozzle fan chevrons for noise reduction.

By integrating multidisciplinary perspectives—from materials science and mechanics to
electronics and data analytics—this collection offers a comprehensive view of how smart structures
and materials are shaping the next generation of sensor technologies. This Special Issue aims
to disseminate new, original, and collective knowledge, gathered from esteemed researchers and

practitioners worldwide, on the use of smart structures and materials for sensor applications.

Heung Soo Kim, Asif Khan, and Jung Woo Sohn
Guest Editors
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Abstract: Delamination is one of the detrimental defects in laminated composite materials that often
arose due to manufacturing defects or in-service loadings (e.g., low/high velocity impacts). Most of the
contemporary research efforts are dedicated to high-frequency guided wave and mode shape-based
methods for the assessment (i.e., detection, quantification, localization) of delamination. This paper
presents a deep learning framework for structural vibration-based assessment of delamination in
smart composite laminates. A number of small-sized (4.5% of total area) inner and edge delaminations
are simulated using an electromechanically coupled model of the piezo-bonded laminated composite.
Healthy and delaminated structures are stimulated with random loads and the corresponding transient
responses are transformed into spectrograms using optimal values of window size, overlapping rate,
window type, and fast Fourier transform (FFT) resolution. A convolutional neural network (CNN)
is designed to automatically extract discriminative features from the vibration-based spectrograms
and use those to distinguish the intact and delaminated cases of the smart composite laminate.
The proposed architecture of the convolutional neural network showed a training accuracy of 99.9%,
validation accuracy of 97.1%, and test accuracy of 94.5% on an unseen data set. The testing confusion
chart of the pre-trained convolutional neural network revealed interesting results regarding the
severity and detectability for the in-plane and through the thickness scenarios of delamination.

Keywords: delamination; smart composite laminates; structural vibration; spectrograms; deep
learning

1. Introduction

Composite materials are continuously replacing conventional metallic materials in a variety of
industries (e.g., aerospace, automotive) due to their lightweight, high specific strength, high specific
stiffness, and design flexibility. Besides, composite materials do not present the typical corrosion
problems of conventional metallic materials [1-4]. However, owing to their anisotropic characteristics,
laminated composite materials suffer from a variety of complex manufacturing defects and in-service
damages such as air trapped between plies, non-uniform distribution of epoxy, inadequate consolidation
pressure, delamination, matrix cracking, and fiber fracture, among others [5-8]. The presence of defects
in laminated composites is more critical in terms of effects and more challenging in terms of assessment
(i.e., detection, quantification, and localization) than those in the metallic materials. The presence
of delamination or separation between plies is one of the most detrimental defects in the laminated
composite as it can cause up to 60% loss in the strength without any perceivable effects at the surface
or noticeable change in the stiffness [9,10]. Once initiated, delamination could propagate into a wide

Sensors 2020, 20, 2335; d0i:10.3390/s20082335 www.mdpi.com/journal/sensors
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damage zone and thus compromising the structural integrity of the component or structure [11,12].
To ensure safe and reliable operation of laminated composite materials in real engineering structures,
it is imperative to timely identify, quantify, and localize the presence of delamination in these materials.

The anisotropic material properties and complex microstructure make the damage assessment of
composite materials more challenging than metallic materials. Consequently, the damage assessment of
laminated composite is an active research area where continuous efforts are made to find cost-effective
techniques for the detection, quantification, and localization of delamination in these materials [13-16].
Various non-destructive testing (NDT) procedures are being used for the assessment of delamination
such as acoustic emission, thermography, ultrasonic, and X-ray [17-21]. However, most of the NDT
techniques are often costly, labor-intensive, unable to handle large size test objects, and depend heavily
on the expertise of the operator. Hence, continuous research efforts are underway to come up with
new techniques for the damage assessment of laminated composites. Zhao et al. [22] proposed a
local wavenumber method for the localization and characterization of mode 1 delamination in carbon
fiber/epoxy composite laminates. The wave propagation velocity was found to transform at the
delamination and an increase in the central frequency was found to cause larger attenuation and
dispersion in the guided waves. Grassia et al. [23] developed a strain-based method for structural health
monitoring of composite structures by making a fingerprint model of the reference healthy structure
via a neural network. The developed method was able to detect damages from the early stage of
micro-cracks up to delamination in composite structures. Yang et al. [24] proposed that the variations of
modal frequency under mass loading could be used to quantify the effects of delamination in laminated
composites. Mei et al. [25] studied high-frequency local vibration for detecting and quantifying the
size, shape, and depth of delamination in composite plates. Sikdar et al. [26] investigated the effects
of debonding and variable ambient temperature on the propagation of Lamb wave in composite
materials. The presence of delamination was reflected by a reduction in the amplitudes and velocity
of Ay mode of the Lamb wave. The increase in temperature further decreased the propagation
velocity and amplitudes of Ay mode. Temperature correction factors were proposed to minimize
the effect variable temperature conditions on structural health monitoring strategies for composite
materials. Kundu et al. [27] proposed a generic machine learning framework for the detection and
localization of damage in composite materials using spatially and temporally correlated features of an
acoustic emission signal. Khan et al. [28] presented a machine learning paradigm for the detection,
quantification, and prediction of delamination in smart composite laminates. Pre-trained predictive
models were found to predict physically reasonable labels for new unseen cases of delamination.
Chen et al. [29] used a laser Doppler vibrometer and curvatures of the operating deflection shapes
(CODS) for the detection and location of delamination in laminated composites. It was found that
third and fifth pure bending modes show more sensitivity to the presence of local delaminations.
Yelve et al. [30] proposed a Lamb wave-based nonlinear method for the assessment of delamination
in laminated composites. A spectral damage index was extracted from the fundamental and higher
harmonics for assessing the size of delamination, while spectral and temporal data were used for the
localization of delamination. Feng et al. [31] studied the propagation and dispersion of Lamb waves in
delaminated composite laminates. It was found that the delamination length could be quantified from
the phase difference of two waves travelling in the upper and lower sub-laminates. Dafydd et al. [32]
investigated the potential of ultrasonic guided waves for the severity assessment of impact damage in
carbon-fiber-reinforced polymers. Among the two fundamental modes of Ay and Sy, Ap mode showed
more sensitivity to the damage severity than Sy. Li et al. [33] developed a numerical model for the
propagation and dispersion of ultrasonic guided waves in damaged composite using high-fidelity local
interaction simulation. The time-frequency features obtained via the matching pursuit decomposition
algorithm showed that a signal from symmetric excitation was more sensitive to damage location than
the signal from the anti-symmetric excitation. Huang et al. [34] studied principal component analysis
(PCA) for the detection and quantification of delamination in smart composite laminates. It was found
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that distance between the healthy and delaminated data clusters could be used to quantify the severity
of delamination.

In general, the vibratory responses in the fundamental modes (e.g., structural vibration) carry
information about the presence of damage (i.e., global behavior) in the structure, whereas information
on the location of damage is captured by high-frequency Lamb waves and acoustic emission [35].
In the published literature on damages in laminated composites, the presence of delamination had been
assessed from the structural vibration and modal parameters [36], whereas guided waves and acoustic
emission had been used for the detection and localization of delamination [37,38]. However, some
practical limitations of the methods that employ high-frequency waves for nondestructive evaluation
are their need of too many sensors, optimized location of the receivers, the damage to be between
the actuator(s) and sensor(s), data acquisition at a higher rate, and complex signal processing [39—41].
On the contrary, structural vibration is more readily available for the assessment of damage due to its
easy measurement via smart materials [42]. In addition, the delamination is not necessary to be in the
path between the sensor and actuator, unlike the guided wave-based methods. Hence, in this work, an
effort has been made to use low-frequency structural vibration for the local and global assessment of
inner and edge delaminations in laminated composites.

From the contemporary research on delamination in laminated composites, it can be found that
most of the research efforts are dedicated to the use of higher-frequency guided waves (e.g., Lamb waves),
acoustic emission/acoustic ultrasonic, and mode shape curvatures for the detection, quantification,
and localization of delamination [43-49]. This paper proposes a deep learning framework for the
assessment of delamination in piezo-bonded laminated composites using low-frequency structural
vibration responses. An electromechanically coupled mathematical model of the laminated composite
with piezoelectric sensors and actuators is developed and solved in the time domain. Several cases of
inner and edge delaminations are simulated in a smart cantilever plate. The transient responses of the
healthy and delaminated smart composite laminates are transformed into spectrograms, which are
processed with the deep convolutional neural network (CNN). Contrary to conventional hand-crafted
discriminative features, the CNN automatically extracts discriminative features from the spectrogram
and uses those features to classify the healthy and delaminated smart composite laminates. The obtained
results showed that the proposed approach could be employed for the assessment of inner and edge
delaminations in smart composite laminates while using low-frequency structural vibration only.

2. Problem Formulation

The accurate description of the structural deformation of a laminated composite with surface
bonded or embedded piezoelectric sensors and actuators requires a coupled electromechanical
formulation. The kinematics of the smart structure with single and multiple discrete delaminations
is developed based on improved layerwise theory [50], whereas higher-order electric potential
function [51,52] is used to model the potential variation through the piezoelectric patches. As per
the improved layerwise theory, first-order shear deformation theory is superimposed with layerwise
functions to describe the displacements of a point with coordinates (x, y, z) as follows [34]:

U(x,y,2,t) = ui(x,y,t) + Aiﬁpl + Biﬁpz + Cfw, + Dfw,
Kl | i ) S
+E; {wx} +F; {wy} + j§1 ul.H(z - z]-)

N-1_.
Uk(x,y,2,t) = wixyt)+ El w]H(z —zj)

where Uf.‘(i =1,2) and U’S‘ refer to the in-plane displacements and transverse deflection, respectively.
The terms u;(i = 1,2) and w respectively denote the in-plane and transverse displacements at the

mid-plane of the laminate. The symbol 1;(i = 1,2) describes the rotation of normal to the mid-plane,
and thus accounts for the shear stress variation through the thickness of the laminate. The terms of ﬁl].
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and @ account for the possible slipping and jump in the displacements at the debonded interfaces
between adjacent plies, H denotes Heaviside function, and z; refers to the delaminated interface.
The terms A;‘, B;‘, Cé‘, D;‘, Ef, and Ff are layerwise coefficients which are calculated in terms of the
material and geometric properties of the laminates [50]. In the displacement field of Equation (1),
perfectly bonded and delaminated interfaces are modeled by setting the terms EIJ, and @ to zero and
nonzero, respectively.

The electric potential field of the piezoelectric sensors and actuators is assumed to have a cubic
distribution along the thickness direction. The mathematical description of the potential field for the
p-th piezoelectric layer is given by Equation (2) [51]:

(v, y,z,t) = cpg(x, yt) - (z - zg)E’; (x,y,t) + 4(22—55)

Xz—zpm prt—pxt, )
[( o)( 7 tE(xy, )) Po(x,y, )]

where ql)g and E. refer to the electric potential and electric field at the mid-plane of the p-th piezoelectric

layers, respectively. The symbol g_bp shows the potential difference between the top and bottom electrodes,
zg and K refer to the mid-plane position and thickness of the piezoelectric patch, respectively. The 2nd
and 3rd terms of Equation (2) respectively denote the linear and nonlinear potential variation through
the thickness of the piezoelectric layer.

In the current work, linear constitutive relations (i.e., constant material coefficients) are considered
for the converse and direct piezoelectric effects. The constitutive relations of piezoelectric actuator and

sensor are shown by Equation (3) [51]:

0Oij = Cijui€xl — €ijkEx 3)
D; = €ijk€ jk + b,‘jE]' !

where 0;; and D; denote the stress tensor and electric displacement vector, respectively. The quantity
¢jj and E; respectively denote the strain tensor and the electric field vector. The terms ¢;j; and e;j refer
to the elastic and piezoelectric constants, respectively. The term b;; denotes the dielectric permittivity
of the piezoelectric material. For the linear piezoelectricity of Equation (3), the electric field vector E; is
obtained from the scalar potential field of Equation (2) as follows:

Ei = _¢,i (l = 1/ 2/3)/ (4)

where the subscript denotes partial derivative with respect to i withi =1, 2, 3.

A finite element method is adopted to combine the displacement and potential fields for a 4-noded
plate element. The primary in-plane unknowns (11, 12, {1, Ipz,ﬁi,ﬂé) of the displacement field and
electrical unknowns (¢F, E?) of the potential field are described in terms of linear Lagrange interpolation
functions, whereas Hermite cubic interpolation functions are used for out-of-plane unknowns of the
displacement field, as shown by Equation (5) [51]:

(1/[1, Uz, ll)l/ ll)z' ﬂ{/ﬁé) = mi—l Nm[(ul)m’ (Mz)m, (Iibl)m/ (¢2)m’ (ﬁ{)m' (ﬂé)m]

w= ¥, [Hu(w)y + Hon(w) + Hon(wy), |

m=1
n

@ = ¥ [Hu(@),, + Hon(@x) + Hon(@,) |
m=1 m
where N, refers to Lagrange interpolation function and Hy, Hyn, Hyn are Hermite
interpolation functions.
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From Equation (5), the displacement unknowns can be described in terms of nodal unknowns by
using the matrix notation as follows:

{ui} = [Nul{du}

, (6)
{”fp} = [N {do)
where
—j —j T
u} = Uy, U2, w, l;b]/ l;bZI , W ]
ull/ uZl/ wzzwxzrwyz/ l1l)1l/ ¢21,M uél w] wj w]y ] (7)

{u
{d
o}
fdo) = [ vEp ..]T

In terms of the displacement field (Equation (1)) and electric potential field (Equation (2)), the
elemental displacement field u(x, y, z, t), elemental strain field ¢(x, y,z,t), and electric potential field
EP(x,y,z,t) can be described as follows:

u(x,y,zt) = Luuf, (x,y,t)

e(x,,2,1) = Lt (x,y,)

O (x,y,2,t) = Vi(z =2, 1P 6)+pr Lzt 8)
EP(x,y,z,t) :—Fb(z z P qb) Lp ](x,y,z,t)

where the operators Lu,Lg,Lp ,LZ and the expressions for V}, and Fj, are shown in Appendix A.
The equation of motion is obtained by using the variational principle as shown by Equation (9):

t
Oy, = f[f (Pﬁitsui + 0jj0¢; + éitiéui)dV+ ftiéuids}dt =0
olv 3 ’ o
oMy = f[fDi(S(P,idV‘l— fqeé(PdS]df =0
0LV S

where 671, and 67y, refer to the energy functional of the mechanical and electrical fields, respectively.
The terms p denotes mass density, & is damping ratio, t; is traction vector, and g, represents
charge density.

The electromechanically coupled equation of motion is obtained by substituting the stress, strain,
and electric displacement components in Equation (9), and is shown in matrix form by Equation (10) [51]:

Mdy, + Cdy + Kyudy + Ku(pd(p =Fy , (10)

Kq)udu + K¢¢d¢ =Fy
where M and C respectively denote structural mass and damping matrices. The terms K, and
K¢ refer to the stiffness matrices of the mechanical and electrical fields, respectively. The symbols
of Ky and Ky, show the electromechanical coupling matrices, the vectors dy, and d,, refer to the
displacement unknowns and electrical unknowns of piezoelectric patches. The terms F;, and Fq, denote
the applied mechanical and electrical forces, respectively. The actuation and sensing mechanism
of the piezoelectric actuator and sensors is accounted for by the piezoelectric-mechanical coupling
matrices of K,(converse piezoelectric effect) and Ky, (direct piezoelectric effect). The coupling matrices
allow the piezoelectric actuator to produce mechanical actuation forces under input voltages and the
piezoelectric sensors to generate electrical signals under mechanical deformation.
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For numerical solution, the mathematical model of Equation (10) is modified to Equation (11) by
applying matrix condensation:

Md, + Cdy + (KW - KK K¢u)du = Fy~ KugK;

5 L Fo. (11)

¢

The developed numerical model was implemented in MATLAB. Newmark’s time integration
algorithm [34] was employed to solve the electromechanically coupled model of Equation (11) in the
time domain. In the algorithm, Taylor’s expansions with terms up to the second derivative were used
to approximate the displacement variable, its first and second derivatives. The governing equation
was reduced to a set of algebraic equations that were solved through an iterative process involving the
force input at each time step and the initial conditions.

3. Numerical Example

The mathematical formulation of Section 2 is numerically implemented on a smart laminated
composite plate with various cases of small sized (4.5% of the total area) inner and edge delaminations.
The smart plate is made of 16-layers which are stacked together in a symmetric cross-ply configuration
([0/90]45). One piezoelectric actuator and three piezoelectric sensors are attached to the surface of the
smart plate as shown in the schematic of Figure 1.

3cm lecm  3cm

0°
CU 90°
0° D7
90°
PZT actuator CM 10 cm 0° D
90° 4
2 cm 0°
O
2cm %0 D i
90°
00

PZT sensors

90°

3cm 0°
lem  4cm 90°
3cm 0°
90°
Structural 0°
delaminations
20 cm

Figure 1. Schematic of smart composite laminate with various inner and edge delaminations (left) Top
and front views (right) exaggerated view of the thickness direction.

Herein, the piezoelectric actuator is attached at the off-center position along the width direction
so that mix-vibrating modes (i.e., bending and twisting) of the smart plate could be stimulated.
The piezoelectric actuator and sensors are made of the same materials. Tables 1 and 2 respectively
show the material properties of a single lamina of the laminated composite and piezoelectric material.

Table 1. Material properties of a single lamina of the laminated plate.

Eq E;, E3 G12, G13 Ga3 p V12, V13 V23
372 GPa 4.12 GPa 3.99 GPa 3.6 GPa 1788.5 kg/m3 0.275 0.42
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Table 2. Material properties of the piezoelectric sensors and actuator.

E v P ds1, d32 dag, d1s5 dsg
69 GPa 0.31 7700 kg/m?3 179 x 10712 C/N -741 x 10712 C/N 0

In Figure 1, the symbols AM, BM, and CM denote the inner delaminations, whereas AL, AU, BL,
BU, CL, and CU refer to the cases of edge delaminations. The inner and edge delaminations could
occur at three different interfaces of D; (mid-plane), Dy, and Dy through-the-thickness of the smart
plate. The in-plane delaminations combined with through-the-thickness interface are named by adding
the respective interface number with the name of the in-plane location. For example, ALT means the
presence of delamination at the AL in-plane location and at the Dy interface. The smart plate without
any defect is referred to as the ‘Healthy (H)’ case. The nine in-plane delaminations combined with three
options of through-the-thickness interfaces add up to 27 cases of delaminations in the smart plate.

In the FEM model of the smart plate, the host laminate and the piezoelectric patches were
discretized with four-node plate elements. The healthy and delaminated smart plates were excited into
random low-frequency vibration through a set of 1000 random harmonic voltages applied through
the piezoelectric actuator and the corresponding responses were measured through the piezoelectric
sensors. Figure 2a shows the response spectrum of ALI to the 5 random loadings as measured by
sensor I, whereas Figure 2b shows the frequency response spectrum of H, AL1, AM1, and AU1 to one
of the random inputs as measured by sensor I.

x10°8 %1078

Load 1
Load 2|
Load 3
0.01 Load 4 161
6r Load 5| 7

14 u
0.005 B 12t
. A o
L . » ] L
/00 500 600 700 o8
N ] ;
06 /
P P
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L L, - \.UU
i
OM&:‘V)A" Al 4 A LI\ 0 e |

A A
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Frequency [Hz] Frequency [Hz]

(a) (b)

Figure 2. Frequency spectrum of the transient response for: (a) a single case (AL1) to 5 random loadings;

b x 103 ALD1 | ]|
AMD1
AUD1 | |

o

Amplitude
IS
Amplitude
S
8

(b) Healthy and different delaminated cases to a single random load.

The frequency spectrum of the transient responses in Figure 2a shows that random loadings
stimulated multiple modes of vibration and caused more variability in the transient response of a
single case (AL1). On the other hand, the variations caused by different damage cases (Figure 2b)
is very subtle for different cases of in-plane delaminations and would further decrease for different
interfaces of delaminations. The comparison of Figure 2 shows that conventional time and frequency
domain discriminative features (e.g., mean, kurtosis, variance, skewness, etc.) could not be employed
to discriminate the healthy plate from the delaminated plate.

In general, the variations of modal parameters (i.e., natural frequency, damping, vibration mode
shapes) are commonly used for the detection of delamination in the interlaminar regions of composite
materials. However, model parameters have been mostly used for the detection of delamination and
limited research effort can be found on the use of variation in modal parameters for the detection,
quantification, and localization of delamination. Besides, monitoring variations in the modal damping
and measurement of vibration mode shapes for delamination detection are challenging tasks, especially
in practical experiments. In addition, the variations of the natural frequencies usually reflect the effect
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of large size delamination, and smaller delamination may not show any noticeable variation in the
natural frequencies. Although, from Figure 2b, certain cases of delamination may show some difference
of amplitude in comparison with the healthy case, the same trend could not be observed for all cases of
delamination due to difference in the severity levels of different delamination. The less severe cases
of delamination (e.g., AMD?7, BMD?7, CMD?, etc.) would not show any appreciable difference for
the healthy and delaminated smart composite laminates. In addition, the variations in Figure 2b are
smaller than in Figure 2a and the changes in natural frequency could not be used for the assessment of
inner and edge delaminations in the laminated plate.

4. Proposed Methodology

The frequency spectrums in Figure 2 show that the structural vibration responses from the
healthy and delaminated smart composite plates are more influenced by operating conditions than
the delaminations in the plate. The randomness of loadings hinders the use of statistical time
domain and frequency domain features for distinguishing the healthy case from the delaminated
cases as well as a distinction between different cases of delaminations (e.g., AL1, AL2, AL3, AM1, etc.).
Deep learning offers a natural solution to the current problem due to its capability to automatically
extract discriminative features from the input images [53]. Figure 3 shows a schematic of the deep
learning-based methodology for the current problem.

Healthy and : Structural Vibration i Spectrogram - Vibration-Based
¢ Delaminated Smart 9 : Measured via PZT : :  Function 59: ; THUBEENEES.
H 5 5 . H : . Ay
: Composite Laminates : : Sensors : : (MATLAB) el

i Test the Performance : Interpret the Training : : Convolutional :
of the Pre-Trained i : and Validation £ i Neural Network :

Network : : Performance : ¢ for Classification *

Figure 3. Schematic of the deep learning-based methodology for structural vibration-based delamination
assessment of smart composite laminates.

Herein, the response from the three piezoelectric sensors is transformed into time-frequency
spectral images using the spectrogram function in Matlab. The spectrogram function allows for
controlling the time and frequency resolution of the spectrograms by adjusting the variables of window
size, type of window function (Hamming, Hann, and Black window function), fast Fourier transform
(FFT) resolution, and the overlapping rate. In general, the FFT resolution was observed to affect the
spectral resolution of the vibration spectrograms and the computational time of the short time Fourier
transform. In the current work, the FFT resolutions of 10, 102, 10*, and 108 were considered for initial
assessment and the spectrogram with FFT resolution of 10* and 108 showed good spectral resolution.
Although no significant difference was observed in the resolution of spectrograms with 10* and 10®
FFT resolutions, the computational time for 108 FFT resolution was about 3 times longer than for 10*
FFT resolution. Hence, an FFT resolution of 10* was selected. The Hamming window function was
selected due to its better performance in the high-frequency band compared with Hann and Blackman
window functions. To prevent Picket fence error and avoid loss of information at the beginning and
end of the signals [54], a 50% overlapping range was selected for the window function. In order to
check the size of the window, which is the remaining resolution parameter, the spectral images were
generated by specifying the size of the window as 10, 20, and 50. It was observed that smaller window
size resulted in high time resolution and low frequency resolution, and vice versa. Hence, the size of
the window was set to 20 to obtain a spectral image with an appropriate balance of time and frequency
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resolution. For the convolutional neural network (CNN), the spectrograms of the three sensors for a
single loading were staked and supplied as nine-channel input (3 RGB channels for each sensor) as
shown in Figure 4.
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Figure 4. Preparation of vibration-based spectrograms for deep learning using the spectrogram function
of Matlab.

The original size of each spectrogram was 768 x 512 x 3 (width X height X number of channels)
with the pixel values between 0 and 255. To reduce the computation cost of the deep learning algorithm
and remove the divergence from the pixel values, each one of the three spectrograms was reduced to
256 x 256 x 3 (width X height x number of channels) and normalized to a pixel value between 0 and 1
as shown by Figure 5.
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Figure 5. Size conversion and normalization of spectral images.

The goal of normalization was to change the pixel values of the spectrograms to a common
scale for the healthy and delaminated structures without distorting the differences in the range of
values. In addition, normalization reduced the influence of larger variance in the pixel values on the
classification results of the deep learning algorithm. Details of the CNN-based classifier, interpretation
of the training and validation process, and testing of the pre-trained network are discussed in the
next section.
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5. Results and Discussion

The data set of vibration-based spectrograms consisted of one healthy case (H) and 27 cases of
inner and edge delaminations in the smart laminated composite plate. Based on the applied random
harmonic loads, each one of the 28 cases is comprised of 1000 instances. From the discussion in
Section 4, each instance consists of 3 RGB spectrograms for one random load. The 28,000 spectrograms
were split into 22,400 (80%) spectrograms for training, 2800 (10%) for validation of the network during
training, and 2800 (10%) were used for evaluating the testing performance of the pre-trained network.
A block diagram of the convolutional neural network used for the classification of vibration-based
spectrograms is shown in Figure 6.
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Figure 6. Architecture of the convolutional neural network for the delamination assessment in smart
composite laminates.

Herein, the input to the network consists of 22,400 training spectrograms where the size of each
spectrogram is equal to 256 x 256 X 9 (width X height X number of channels). In the network, six model
blocks were used to automatically extract discriminative features from the spectrograms. Each model
block was comprised of a 2D convolution layer with a filter/kernel of size 3 X 3, batch normalization,
Leaky ReLU [55,56] as a nonlinear activation function, and a 2D max-pooling with a filter of size
2 x 2. Batch normalization and 2D max-pooling layers were used in each model block to prevent the
network from overfitting of the training data. The kernel size of 3 x 3 was kept constant for all the 2D
convolutional layers of the six model blocks. Whereas, the number of kernels in the six model blocks
was respectively chosen to be 24, 24 x 2,24 x 4,24 x 8,24 x 16, and 24 X 32. The three-dimensional
output (4, 4, 768) from the last model block is converted into one-dimensional data (12,288) using a
Flatten layer. After that, the data is passed through a fully connected hidden layer with 2024 neurons,
batch normalization, the activation function of Leaky ReLU. The features are finally passed to a fully
connected output layer with 28 neurons. The mathematical details and functionality of each layer of
the CNN can be referred to in the references [57,58]. In the last fully connected layer of the network,
a softmax function with a built-in function of TensorFlow (i.e., softmax_cross_entropy_with_logits_v2)
was used to classify the 28 scenarios of the healthy and delaminated smart composite laminates.
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The learnable parameters of weights and bias were randomly initialized and trained from scratch.
The hyperparameters of learning rate, number of hidden layers, and size and number of convolutional
kernels were decided through an empirical experiment for the given dataset of healthy and delaminated
smart composite laminates. The proposed CNN was trained up to 200 epochs with a learning rate of
0.0001 and Adam optimizer was used for fast calculation. CNN architecture was implemented using
the open-source platform of TensorFlow on a GeForce RTX 2080 Ti GPU from NVIDIA.

The proposed architecture of the CNN was trained through a 10-fold cross-validation technique.
The network showed an overall all training accuracy of 99.9% and validation accuracy of 97.1%.
The high validation accuracy showed that the network had not overfitted the training data.

To evaluate the performance of the trained network, the pre-trained network was tested with
2800 spectrograms that were not used during the training and validation process. The pre-trained
network showed a predictive test accuracy of 94.5% and Figure 7 depicts per-class predictive
performance in the form of a confusion chart.
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Figure 7. Confusion matrix of the pre-trained convolutional neural network (CNN) on unseen test data.

Herein, the labels in the first column denote the ground truth or actual classes, the topmost
row shows the labels predicted by the pre-trained convolutional neural network, the numbers on
the main diagonal represent the percentage of correctly classified instances, and the off-diagonal
shows the percentage of incorrectly classified instances. It is worth noting that delamination at the
mid-plane interface shows more noticeable effects in terms of stiffness change and dynamic response
characteristics than delamination of the same size near the free surfaces (away from mid-plane) [50,59].
In addition, due to the high strain near the fixed end of the cantilever plate and proximity of the
piezoelectric sensors, delamination near the fixed end would more pronouncedly affect the dynamic
response than delamination of the same size near the free end of the smart plate. The test confusion
matrix of Figure 7 reveals the following results:

1.  The classifier has distinguished the healthy case from the delaminated cases with 100% accuracy.
The more severe cases of delaminations (the one that occurs at the mid-plane interface) have been
identified with 95%~100% accuracy.

3. The pre-trained network can distinguish the inner delamination (AM, BM, and CM) from the
edge delaminations (AL, AU, BL, BU, CL, and CU) with 90%~100% accuracy.

4. The major loss of accuracy is due confusion between the least severe cases of delaminations (i.e.,
inner and edge delaminations that occur near the free surface and whose position is furthest
from the sensors). More specifically, the smallest accuracy has been observed for CL7 (66%) and
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CM?7 (68%). In case of CL7, the misclassification results are 2% as CL4 (same in-plane location,
different interface of delamination), 12% as CM?7 (same interface, different in-plane location),
5% as CM4 (different in-plane location, different interface), 2% as CU7 (same interface, different
in-plane location), 12% as BL7 (same interface, different in-plane location), and 1% as BM4
(different in-plane location, different interface). Herein, major misclassification is due to confusion
between delaminations at the less severe interface along the thickness i.e., D;. Same is the case
for misclassifications of CM?7.

The pre-trained CNN model classified the healthy and delaminated smart composite laminates
with a classification accuracy of 94.5%. To get an idea of the classification performance regarding
the in-plane location (A, B, C) and through-the-thickness interface (D, D4, D7) of delamination,
the classification accuracy is averaged according to the in-plane location and through-the-thickness
interface as shown by Figure 8.
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Figure 8. Average predictive performance of the pre-trained CNN with respect to: (a) in-plane location
of delamination; (b) through-the-thickness interface of delamination.

For the in-plane location of delamination (Figure 8a), it is observed that the inner delaminations
(AM, BM, CM) are difficult to detect compared with the edge delaminations (AU, AL, BU, BL, CU, CL).
Owing to the boundary condition of inner and edge delaminations, the result is consistent with the
physics of the problem. In addition, delaminations that occur near the free end are difficult to detect
than the one that occurs near the fixed end. This might be due to the high strain near the fixed end or
proximity of sensors to the delaminations near the fixed end or both [60]. From Figure 8b, the difficulty
level of delamination detection increases as through-the-thickness interface of delamination is shifted
from the mid-plane interface towards the free surfaces. This is because structural stiffness is more
severely affected by delamination at the mid-plane than delamination of the same size away from the
mid-plane interface.

Contemporary research on delamination assessment (i.e., detection, quantification, and
localization) in laminated composites focuses mainly on the use of high-frequency guided-waves (e.g.,
Lamb waves), acoustic emission/ultrasonic, and mode shape curvatures [61-64]. However, dealing with
high-frequency signals may often cause difficulties in terms generation in a specific high-frequency band,
high sampling rate, acquisition, storage, a requirement of the controlled experimental environment, and
complex signal processing [41,65]. Similarly, acquiring mode shapes experimentally is an expensive
and difficult task. On the contrary, low-frequency structural vibration is relatively easier to deal with
due to its low sampling rate, small storage requirement, and ease of measurement through piezoelectric
sensors. In addition, structural vibration is produced during operation of the component/structure
and no input source of excitation is required. However, in most of the published literature, the
parameters of structural vibration (e.g., natural frequency, modal damping) have been used for the
global assessment (i.e., presence) of delamination [66—69]. The results of the methodology proposed
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in this work show the possibility to employ low-frequency structural vibration for the global (i.e.,
detection) and local assessment (i.e., localization, quantification) of delamination in smart composite
laminates. In addition, the proposed methodology does not require labor-intensive hand-crafted
features and automatically extract discriminative features for the assessment of delaminations in
smart composite laminates. The key contribution of the current work is that delamination has been
localized by assessing low-frequency structural vibration responses via a convolutional neural network
(CNN). Although the large amount of damaged data for the CNN has been produced via numerical
simulations, the proposed approach would be extended to real application with limited damaged data
through data augmentation and transfer learning in future work.

6. Conclusions

This paper proposed a deep learning framework for the assessment of delamination in smart
composite laminates using low-frequency structural vibration responses. The initial assessment of
transient responses revealed that multifarious excitations caused more variance in the response behavior
than the variance caused by delamination in the structure. A convolutional neural network (CNN) was
designed to automatically extract discriminative features from the vibration-based spectrograms and
use those features to classify the healthy and delaminated smart composite laminates. The proposed
architecture of the CNN showed a training accuracy of 99.9%, a validation accuracy of 97.1%, and a test
accuracy of 94.5%. The test confusion chart of the pre-trained CNN revealed that the proposed approach
not only distinguished the healthy and delaminated smart composite laminates with 100% accuracy,
but also identified the more severe cases of delamination with 95%~100% accuracy. Furthermore, it was
found that the detectability of delamination becomes difficult as the in-plane location of delamination
is moved from the clamped end of the plate towards the free end and when through-the-thickness
interfaces are moved from the mid-plane interface towards the free surfaces. Results of the proposed
approach were found to be consistent with the physics of the problem. The proposed approach
does not require the labor-intensive process of hand-crafted discriminative features and requires only
low-frequency structural vibration response for the global and local assessment of delamination in
smart composite laminates. In the future, the proposed approach would be extended to assess multiple
damages (e.g., single and multiple delaminations, crack in matrix material, partial debonding of
transducer) in cross-paly and angle-ply smart composite laminates. In addition, the proposed deep
learning strategy could be used to bridge the gap between simulations, lab scale experiments, and
large-scale structures of composite materials via transfer learning or data augmentation.
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Abstract: In this work, we have successfully produced a conductive and stretchable knitted cotton
fabric by screen printing of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
and poly(dimethylsiloxane-b-ethylene oxide)(PDMS-b-PEO) conductive polymer composite. It was
observed that the mechanical and electrical properties highly depend on the proportion of the polymers,
which opens a new window to produce PEDOT:PSS-based conductive fabric with distinctive properties
for different application areas. The bending length analysis proved that the flexural rigidity was
lower with higher PDMS-b-PEO to PEDOT:PSS ratio while tensile strength was increased. The SEM
test showed that the smoothness of the fabric was better when PDMS-b-PEO is added compared to
PEDOT:PSS alone. Fabrics with electrical resistance from 24.8 to 90.8 k()/sq have been obtained by
varying the PDMS-b-PEO to PEDOT:PSS ratio. Moreover, the resistance increased with extension
and washing. However, the change in surface resistance drops linearly at higher PDMS-b-PEO to
PEDOT:PSS ratio. The conductive fabrics were used to construct textile-based strain, moisture and
biopotential sensors depending upon their respective surface resistance.

Keywords: conductive polymer composite; PEDOT:PSS; flexible electronics; wearable application

1. Introduction

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) conductive polymer is
well-known for its high conductivity and applications in conductive synthetic textiles. It has been used
with encouraging results as electrodes for flexible electronics. Unfortunately the use of PEDOT:PSS is
currently constrained by its brittleness and limited processability. As a result many researchers have
been trying preparing PEDOT:PSS-based conductive polymer composites. For instance, PEDOT:PSS
and graphene oxide (GO) as an efficient alternative structure for indium tin oxide (ITO) in organic
photovoltaics [1], ITO-PEDOT:PSS/poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester/Al [2],
poly (vinyl alcohol) (PVA)-PEDOT:PSS blend filled with synthesized GO and reduced GO by solvent
casting technique [3], PEDOT:PSS@polyurethane nonwovens by electrospinning and dip-coating [4],
super paramagnetic PEDOT/magnetite nano particles [5], GO/glucose/PEDOT:PSS super capacitor [6],
graphene and poly(3,4-ethylenedioxy thiophene)-poly(styrenesulfonate) (G-PEDOT:PSS) [7] an
electroactive bacterium, Shewanellaoneidensis MR-1, inside a conductive three-dimensional
PEDOT:PSS matrix [8], thermoelectric PEDOT:PSS with polyurethane [9], UV-ozone treated
GO/PEDOT:PSS [10], graphenenano-platelets with PEDOT:PSS solutions to produce conductive,
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breathable, and light-weight mercerized cotton fabrics by spray coating [11]. PVA, phosphoric acid,
PEDOT:PSS, and silver flakes [12], 3D graphene-PEDOT:PSS skeleton with poly(dimethylsiloxane)
(PDMS) [13], and single-walled carbon nanotubes/PEDOT:PSS coated Tenano-rod composite films [14]
have all been successfully developed. Though promising results have been found, a truly textile-based
conductive device with adequate flexibility and stretchability without intensive impact on the bulk
property of the textile fabric is still required.

On the other hand highly flexible and biocompatible conductive polymer composites are required.
Because it is biocompatible, transparent, gas permeable, and economical, PDMS is widely used in
medical research and technology, and there are a wide array of manufacturing techniques used for
forming PDMS including soft-lithography and its derivatives, molding, dip casting, spin coating and
many others. Besides, PDMS has a dielectric constant and a tunable elasticity which make it suitable
for flexible electronic sensors [15]. As a result, PDMS-based flexible composites have been studied
by many researchers. For example, high strain biocompatible PDMS-based conductive graphene
and multi-walled carbon nanotube as a nano-composite strain sensors [16],electrically conductive
PDMS-grafted carbon nanotubes-reinforced silicone elastomer [17], enhanced conductivity behavior of
PDMS hybrid composites containing exfoliated graphite nano-platelets and carbon nano-tubes [18],
high electro-conductive PDMS/short carbon fiber binary composites with electrical conductivity of
1.67 x 102 S/m [19], conductive elastomers based on multi-walled carbon nanotubes in PDMS with
up to 0.01 S/cm conductivity [20], silver nano-wire network embedded in PDMS as a stretchable,
transparent, and conductive substrate with 15 Ohm/sq [20], and stretchable electronics based on
Ag-PDMS PCB (Printed circuit board) with a typical resistance of 2 Ohms/cm [21], have been reported.

It was noticed that the common limitations of the conductive polymer composite-based conductive
textiles reported in many works of the literature are that they possess inadequate flexibility, stretchability,
and biocompatibility. Moreover, technical and scientific experimental evidence about the effect the
conductive polymer composite has on the textile bulk properties like flexural rigidity, tensile strength,
and extension at break, were not reported, which does not allow to determine if the fabrics still remain
a true textile or if they lost their texture.

Therefore, another approach is introduced in this work to produce a PEDOT:PSS Clevios PH
1000 (Figure 1a) and PDMS-b-PEO (Figure 1b) conductive polymer composite-based fabric. As fabric,
we selected knitted cotton, as cotton fabric is available everywhere and making cotton conductive
will make access to conductive fabric easier. In addition, this work contains an in-depth study on the
properties of the conductive textile, not only from an electronically point of view, but also as a textile
material. The effect of the conductive polymer composite on bending length, flexural rigidity, tensile
strength, and extension at break, thickness, add-on and weight has been studied.
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Figure 1. Chemical structure: (a) polystyrene sulfonate (PEDOT:PSS); (b) poly(dimethylsiloxane-b-ethylene
oxide) (PDMS-b-PEO).
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2. Materials and Methods

2.1. Material and Chemicals

The conductive textile fabric produced consists of two parts: a water repellent textile substrate
and an electro-conductive polymer composite. A weft knitted cotton fabric (S0) with 140 GSM
and 0.5 mm thickness obtained from UGent, MaTCh laboratory was used as the textile fabric.
Nano Spray water repellent (WR) for textile obtained from Lab@Home, Netherlands was utilized.
PEDOT:PSS PH1000 Clevious conductive polymer obtained from Ossila Ltd. (Sheffield, UK) and
poly(dimethylsiloxane-b-ethylene oxide) methyl terminated (PDMS-b-EO) obtained from Polyscience,
Inc. (Warrington, UK) were used to produce the conductive polymer composite. The sheet resistance
of each conductive polymer composite (PEDOT:PSS/PDMS-b-PEO) screen-printed fabric with different
dimensions (sample sizes) was measured by a two point-method.

2.2. Methods

2.2.1. Fabric Water Repellency Pre-Treatment

Before applying the PEDOT:PSS/PDMS-b-PEO conductive polymer composite (CPC), the fabric
was pre-treated with WR to impart a hydrophobic effect on the fabric surface, and therefore prevent
absorption of CPC into the fabric structure giving a confined CPC distribution within the required
area. 3% owf (own weight of fabric) WR was gently sprayed on the fabric surface and then dried at
80 °C for 3 min. A drop test with water and PEDOT:PSS performed on the fabric showed an effective
hydrophobicity as shown in Figure 2.

Figure 2. Effect of WR treatment on knitted cotton fabric: (a) PEDOT:PSS polymer dispersion on
untreated fabric (S0); (b) drops of water on untreated fabric (S0); (c) drops of water on water repellent
(WR)-treated fabric (S1); (d) PEDOT:PSS polymer dispersion on water repellent (WR)-treated fabric.

2.2.2. Flat Screen Printing

Flat screen printing was preferred for this work because attaining the required conductive polymer
composite paste viscosity and transferring it to the substrate by this technique is straightforward. Other
possible techniques that could be explored are transfer printing [22], while also mechanics designs via
transfer printing may provide another effective route toward stretchable conductive fabric [23].

Different amounts of PDMS-PEO was manually mixed with a fixed amount of PEDOT:PSS (4 ml)
for 3 min at room temperature. A mixing rod was used to prepare a homogenous blend of the two
polymers. It was observed that stirring of the polymers showed a shearing property, the mixture
solution was converted into a thicker paste which is convenient for screen printing. As a result, any
thickening agent like present in conventional screen printing was not employed. Then the paste was
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applied to the surface of WR-treated cotton fabric (S1) via flat screen printing. A gentle agitation of the
PEDOT:PSS and PDMS-b-PEO mix formed a thick paste and then the paste was simply swept over the
flat screen mesh by a mini squeegee to improve the distribution. The overall printing process for this
work is schematically represented in Figure 3.

PEDOT:PSS PH 1000
. PDMS-b-PEO
>jv / PEDOT:PSS PH 1000 + PDMS-b-PEO

_—

Mixing Rod (

e

N e

Squeguee

Photo-emulsion

Screen

‘CcPC by Granch /

Knitted Cotton Fabric
Printed Image with PEDOT:PSS PH 1000 + PDMS-b-PEO

Figure 3. Screen printing of conductive polymer composite on knitted cotton fabric.

After the printing process, drying was performed in an oven at 70 °C for 5 min and cured at
150 °C for 5 min. The printed samples were thoroughly washed with distilled water. An example of
the actual conductive knitted fabric produced is shown Figure 4.

Conductive Polymer Composite (PEDOT:PSS/PDMS-b-

Water Repellent Pre-treated Surface of Fabric

-----

Knitted Cotton Fabric

I!Il\lII|‘III|\III||I[II|IIII||IH|I]IIIIIH]IIIIIIIHIHIIIHH

.\.nl...l...l...l

1

(a) (b)

Figure 4. (a) Schematic design of the conductive textile fabric; (b) actual conductive textile fabric.

To study the effect of PDMS-b-PEO on surface resistance, ten different ratios of PDMS-b-PEO to
PEDOT:PSS (Table 1) were prepared and applied on the previously WR-treated knitted fabric via screen
printing over an area of 62.5 cm? (12.5 cm x 5 cm). The solid add-ons of the PEDOT:PSS/PDMS-b-PEO
conductive polymer composite on the textile fabric were calculated using Equation (1).

w=(Wa - Wp)/A, 1)
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where, W, = weight of fabric after printing in g and Wy, = weight of fabric before printing in g, A =
coated surface area in cm? and w = solid add on per coated surface area (A) in g/cm?.

Table 1. Mix ratios of the conductive polymer composite and weight before printing.

r V., Ve Wp A

Sample [%] [ml] [ml] g] [em?]
r00 0 4 0 1.655 5x%x12.5
r10 10 4 0.4 1.653 5x12.5
120 20 4 0.8 1.629 5x12.5
130 30 4 1.2 1.608 5x%x12.5
40 40 4 1.6 1.578 5x12.5
150 50 4 2 1.645 5x12.5
60 60 4 2.4 1.678 5x%x12.5
170 70 4 2.8 1.661 5x12.5
180 80 4 3.2 1.622 5x%x12.5
190 90 4 3.6 1.628 5x12.5

The respective solid add-ons (w) for each percentage volume mix ratio of PDMS-b-PEO to
PEDOT:PSS are provided in Table 1. The percentage volume mix ratio was calculated using Equation (2).

r = (Ve/Ve) X 100, 2)

where, Ve = volume of PDMS-b-PEO in ml, V. = volume of PEDOT:PSS in ml, and r = percentage
volume mix ratio of PDMS-b-PEO to PEDOT:PSS in %.

2.2.3. Mechanical Characterization

Thickness: The thickness was determined using ISO 5084:1996(E) (determination of thickness of
textile and textile products) using “Mitutoyo Digimatic Indicator.”

Bending Analysis: The bending length was measured according to the test method BS
3356:1990using a bending meter. Using the appropriate mean value, we calculated the flexural
rigidity G, in mg c¢m, separately for the warp and weft directions by Equation (3).

G =0.1MC?, (3)

where, G = flexural rigidity (mg cm), C = bending length (cm), M = mass/area of the specimen (g/m?).

Tensile Strength and Elongation at Break: The strength and elongation at break were tested using
INSTRON universal strength tester. A tensile test according to ISO 13934-1 was used.

SEM analysis of CPC: The surface topology, cracks, holes, and appearance of yarns within the
fabric before and after coatings were studied using FEI Quanta 200 FFE-SEM. Images were taken
with an accelerating voltage of 20 kV. The non-conductive samples were prepared prior to analysis by
applying a gold coating using Balzers Union SKD 030 sputter coater.

2.2.4. Electrical Characterization

The sheet resistance of all samples was measured by using two-point methods. The samples were
placed in a 3-7/8" MaxSteel Light Duty Drill Vise 83070 Stanley Hand Tool on both ends to make them
stable for measurement as presented in Figure 5. The effect of stretching on sheet resistance has been
studied from 0 to 35% elongation. The effect of repeated stretching on the sheet resistance has been
studied by stretching the samples to their infliction point within five seconds, releasing from stretch
and measuring the sheet resistance after 5 s.The stretching and releasing have been continued until the
sheet resistance reached an infinite value.
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Figure 5. Two-point method resistance measurements set-up.

In addition, we have constructed a 2.5 X 5 cm strain and moisture electrode from sample r60 as a
demonstrator. We have also developed a PEDOT:PSS/PDMS-b-PEO (4:1) coated cotton fabric with a
332.5 ) sheet resistance by increasing the add-on to 0.013 g/cm? and tested this for electrocardiography
(ECG) and electroencephalography (EEG) electrodes.

To study the sensing stability of the conductive polymer composite-treated fabric an Arduino
Nano set-up for this particular purpose with the circuitry in Figure 6 was used. One end of the
PEDOT:PSS/PDMS-b-PEO CPC-treated fabric was connected to 5V of Arduino Nano input and the
other was connected to IMQpull-down resistor and analog-to-digital converter (ADC) input. An IDE
program suitable for reading out dynamically the resistance of the CPC was written. Then, the
percentage change in resistance at its respective change in elongation from 0 to 35% was calculated
using Equation (4).

AR =100 x (R = Rj)/R;, 4)

where, AR = percentage change in resistance (%), R; = initial resistance (k(2), R¢ = final resistance (k(2).

Arduino Nano

CPC-coated knitted cotton fabric

@) (b)

Figure 6. (a) Arduino Nano electronic circuitry design; (b) resistance measurements set-up.

In addition, the effect of washing on the surface resistance was measured.
PEDOT:PSS/PDMS-b-PEO-coated knitted cotton fabric specimens of 4 x 4 cm were sandwiched
between cotton fabric and polyester fabric and then sewn along all the four sides to form a composite
specimen. Washing solution containing 5 g/l soap was taken into the launder-o-meter with a liquor
ratio of 1:40. The specimen was treated for 30 min at 30 °C at a speed of 40 revolutions per minute.
The specimen was removed and rinsed in cold water. The stitch was opened on three sides and dried
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in shadow. The surface resistance after washing was measured using a multi-meter and the two-point
method. Finally, the percentage change in surface resistance was calculated using Equation (4).

3. Result and Discussion
3.1. Mechanical Property Analysis

3.1.1. Solid Add-on

The solid add-on (w) of the conductive polymer composite on the knitted cotton fabric obviously
increased with the increase in the amount of PDMS-b-PEO percentage mix ratio as represented in
Table 2. This increase in add-on due to the increase in the amount of PDMS-b-PEO may raise the sheet
resistance as the conductive component could probably be trapped inside the PDMS-b-PEO elastomer.

Table 2. Solid add-on of coated samples.

Ve Ve " W, A w

Sample [mI] [mi] lg] [] [em?] [g/cm?]
r00 4 0 1.655 1.913 5x%x12.5 0.0041
110 4 0.4 1.653 2.142 5x%x12.5 0.0078
120 4 0.8 1.629 2.344 5x12.5 0.0114
130 4 1.2 1.608 2.401 5x12.5 0.0127
140 4 1.6 1.578 2.462 5x12.5 0.0141
150 4 2 1.645 2.44 5x12.5 0.0144
160 4 2.4 1.678 2.646 5x%x12.5 0.0155
170 4 2.8 1.661 2.671 5x12.5 0.0162
180 4 3.2 1.622 2.688 5x%x12.5 0.0171
190 4 3.6 1.628 2.733 5x%x12.5 0.0177

3.1.2. Thickness Analysis

From Figure 7, the thickness of the fabric increased by 0.03 mm when WR is applied. After the
conductive polymer composite has been applied, the thickness has moreover increased by less than
or equal to 0.14 mm until a percentage mix ratio of 60% and continues with a thickness equal to the
sample r00 until the mix ratio is 90% (sample r90). This shows that the presence of PDMS-b-PEO has
less effect on the thickness than when PEDOT:PSS alone (sample r00) was utilized. This could have a
positive contribution to the flexibility of the fabric.

- Fabric thickeness
0.7 5 B Coating thickness

0.6

Thickeness (mm)

SO S1 r00 rl0 r20 r30 r40 r50 r60 r70 r80 190

Sample

Figure 7. Effect of PEDOT:PSS/PDMS-bb-PEO on thickness.
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3.1.3. Bending Length Analysis

In Table 3, we presented the measured values of bending length and respective calculated flexural
rigidity according to Equation (3). The fabric became stiffer when treated with a water-repelling agent,
as evidenced by an increase in bending length of 29%. The fabric became again stiffer when the CPC
was applied, with double the bending length of the r00 sample over the SO sample (base cotton fabric).
Moreover, this increase in bending length was more intensive when PEDOT:PSS alone was used. For
instance, the bending length of the PEDOT:PSS-treated fabric decreased on an average by 11% when r
was 50% (sample r50) and the flexural rigidity reduced by 13%.

Table 3. Bending length and flexural rigidly results.

Weight (g/m?) Bending Length (cm) Flexural Rigidity (mg cm)
Fabric Wale Direction  Course Direction = Average Wale Direction = Course Direction Average
Face Back Face Back Face Back Face Back
S0 140.0 1.3 12 1.3 1.7 1.4 27.3 24.2 27.3 71.2 34.8
S1 146.0 1.8 17 1.7 1.9 1.8 782 65.6 71.7 100.1 782
100 176.0 3.0 29 29 2.5 2.8 475.2 407.4 407.4 262.0 382.2
r10 191.0 29 2.8 2.8 24 2.7 4563  397.2 428.3 247.9 375.9
r20 199.0 2.9 2.7 2.7 2.3 2.7 460.7  396.1 409.4 245.3 3714
130 205.0 2.8 2.7 2.7 2.2 2.6 4549  394.6 408.0 230.4 364.5
r40 209.0 2.8 2.7 2.6 22 2.6 4539 3889 371.6 219.5 350.6
50 213.0 2.7 2.6 2.6 2.1 2.5 4334 3831 353.2 200.1 333.8
160 216.0 2.7 2.6 2.5 2.1 25 415.8 370.9 341.6 191.6 321.6
170 221.0 2.6 2.5 25 2.0 2.4 3929 3495 341.2 179.5 307.4
80 224.0 2.5 2.5 2.5 1.9 2.3 362.8  337.6 333.5 153.6 287.0
r90 228.0 2.5 2.5 24 1.9 2.3 356.3  335.3 315.2 149.1 279.2

3.1.4. Tensile Strength

From the load-elongation curve in Figure 8, both the tensile strength and strain at break of the
fabric reduced from 72.2 to 68.1 N and 115.3 to 112.3% because of the water repellent treatment. This
could be due to the effect of the water repellent that might cause a very slight degradation during
drying and curing, but is overall a minor influence on the textile properties.
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Figure 8. Load-elongation curve.
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The application of only PEDOT:PSS (r00) increased the tensile strength in line with a stiffer fabric
as found in the bending testing, but the strain was greatly decreased. This indicates that the PEDOT:PSS
on the surface adds to the strength of the fabric making it stiffer, but reduces the stretch. The addition
of PDMS-PEO to the fabric gives again higher tensile strength and allows again higher strain. Further
increase of PDMS-PEO ratio has little influence on the strength, but does further increase the strain.
For instance, a shift of tensile strength from 78.2 to 115.8 N and a strain 69.7 to 77 % at break was
observed when r shifts from 0% to 50%. In general, the tensile strength becomes constant at around
118 N. Therefore, it is rational to say the new conductive polymer composite gives smaller Young’s
modulus which is important for the e-textile application.

3.1.5. SEM Characteristics of the Conductive Polymer Composite

The SEM results (Figure 9) showed that the yarn loop interstices in the fabric were coved by the
addition of PEDOT:PSS/PDMS-b-PEO conductive polymer composite. Protruding loops were also
observed in the base fabric but not after the printing. As a result, the coated fabrics are smoother than
uncoated fabrics. The presence of PDMS-PEO further improved the smoothness and the coverage
of the yarn loop interstices. The surface of the PEDOT:PSS-treated fabric looks more glassy when
PDMS-b-PEO was added.

(b)
Figure 9. SEM: (a) WR treated; (b) PEDOT:PSS coated; (c) PEDOT:PSS-PDMS:PEO coated.

3.2. Electrical Characteristics Analysis

3.2.1. Effect of PDMS-b-PEO to PEDOT:PSS Ratio on Resistance

For all the samples, the resistance increases with increase in the surface area when the length was
increased by keeping the width constant. Therefore, it is obvious that resistance drops with increasing
concentration of the non-conductive polymer and the surface area. The effect of the PDMS-b-PEO to
PEDOT:PSS ratio on the surface resistance is shown in Figure 10.

In all the samples, it was observed that the reproducibility was fairly good but still needs
improvement. This could arise from the homogeneity of the polymer blend, uneven distribution of the
conductive polymer composite during screen printing, and the uneven property of the textile fabric at
its different portions.

As the obtained resistance covers a big range from 6 to 468.4 k() (Figure 10b) depending on
the concentration of PDMS-b-PEO and the surface area of the treated fabric, they can be used as
a textile-based electrode for different sensors such as strain, moisture, biopotential (EEG, ECG),
interconnection, energy storage, and other applications. For instance, in the strain and moisture sensor
electrode demonstration of sample 160, it showed a linear increase in resistance during the stretch to its
infliction point. The resistance also dropped up to 132.5% moisture regain, while above 132.5%, the
resistance rapidly increased, which may be due to swelling of the PEDOT:PSS at higher moisture regain.
Moreover, the ECG and EEG electrodes constructed from the PEDOT:PSS/PDMS-b-PEO (4:1) coated
cotton fabric (332.5 ) at an add-on of 0.013g/cm?, showed good qualities of collected ECG and EEG
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waveforms. The strain, moisture, ECG and EEG responses from the PEDOT:PSS/PDMS-b-PEO-coated
cotton fabric electrodes are shown in Figure 11.
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Figure 10. Effect of PDMS-b-PEO concentration on resistance: (a) effect of PEDOT:PSS to PDMS-b-PEO
ratio on resistance at different surface area, width kept constant; (b) effect of PDMS-b-PEO on
surface resistance.
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Figure 11. PEDOT:PSS/PDMS-b-PEO coated cotton electrodes for: (a) strain dynamic response at
0.67 cm/s rate of stretching for six seconds; (b) moisture dynamic response atl ml/s rate of water spray
for six seconds; (c) electrocardiography (ECG) signal using PC-80B; (d) electroencephalography (EEG)
signal using OpenBCI board.

The surface resistance increased from 24.8 k()/sq to 96.7 k()/sq as the PDMS-b-PEO to PEDOT:PSS
ratio increases from 0 to 90% (Figure 10b). Thus, the ratio determines the application area, as each
requires specific surface resistance value. When high resistance is required, one can select a higher
concentration of PEDOT-b-PEO and when lower resistance is required a lower ratio. Instead of the
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high resistance values obtained in this paper, one can also obtain lower resistance as mentioned in the
case of an add-on of 0.013 g/cmz, where we obtained 300 ()/sq on the same fabric.

3.2.2. Effect of Stretching on Sensing Stability

Figure 12a shows that the stretching of the PEDOT:PSS/PDMS-b-PEO has a complex effect on the
surface resistance in all samples for up to 35% elongation. In all cases, the resistance increased over the
0% elongation. This could be due to a decrease in the density of conductive components during stretch.
It was observed that the change in resistance due to stretching increases at the beginning of stretching
and then decreases with increasing amount of PDMS-b-PEO, with the inflection point depending
on the ratio r. Whereas, when r is zero (sample r00), the percentage change in resistance increases
with stretching. Moreover, the change in resistance is smaller when PDMS-b-PEO was employed.
For instance, the change in resistance of sampler00 was 0.74% which is smaller than sample r60 i.e.,
16% when the change in elongation was 5%. But, when the change in elongation reached 35%, the
change in resistance of r60 i.e., 4% was smaller than that of r00 i.e., 131%. In addition, increasing the
ratio of PDMS-b-PEO to PEDOT:PSS showed a better surface resistance recovery after stretching and
better stability when re-stretched up to eight cycles. The surface resistance of sample r00 reached an
infinite value at three cycles. Whereas, the most stable sample, sample 190, stayed conductive up to
eight stretching cycles to its infliction point. The surface resistance of the samples after recovering
from each stretch and 5 s rest is shown in Figure 12b. Though the sensing stability is not bad, it needs
further improvement. A specific sample with PDMS-b-PEO can only be used to sense stretch up to
the infliction point of that sample, as afterward the strain to resistivity change is unstable. Further
refinement in the way of making the composite or coating technique may solve this problem.
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Figure 12. Effect of stretching on surface resistance and sensing stability: (a) Change in resistance due
to stretching; (b) surface resistance at different stretching cycles.

3.2.3. Effect of Washing on Surface Resistance

Figure 13 shows that the resistance increases after a single wash. But, the increase in surface
resistance due to washing decreased from ~470% to ~30% with increasing r ratio from 0 to 90. Thus,
the washing fastness improved with the increase in the amount of PDMS-b-PEO. This property of the
fabric with CPC should be improved further if it is going to be used for frequently washed products.
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Figure 13. Effect of washing on the surface resistance at different PDMS-b-PEO to PEDOT:PSS ratios: (a)
surface resistance before and after washing; (b) percentage change in surface resistance due to washing.

4. Conclusions

In this work we have successfully developed a stretchy and flex conductive textile fabric with
improved sensing stability of stretch and better washing fastness via screen printing of PEDOT:PSS and
PDMS-b-PEO polymers. It was observed that the increase in the proportion of PDMS-b-PEO increases
the tensile strength at break. The bending length analysis proved that the flexural rigidity drops at higher
PDMS-b-PEO to PEDOT:PSS ratio which shows as the PDMS-b-PEO imparts flexibility over the pure
PEDOT:PSS sample. SEM results showed that the presence of the conductive polymer composite brought
smoothness and better coverage of yarn loops interstices. Samples with PEDOT:PSS/PDMS-b-PEO
conductive polymer composite showed less protruding yarn loops than PEDOT:PSS alone. We found
different electrical characteristics that range from 24.8 to 190.8 k()/sq before washing when the ratio of
PDMS-b-PEO to PEDOT:PSS varies from 0 to 90%. The conductive character remained after washing,
but was decreased, though much less so if PDMS-b-PEO is present. Moreover, the presence of
PDMS-b-PEO improved the surface resistance recovery after release from stretching and remained
conductive for more numbers of stretching cycles than sample r00.We have also realized that the surface
resistance can be dropped further by increasing the add-on of the conductive polymer composite.
These different electrical resistance characteristics could be chosen based on the application required to
use them for sensors, interconnections, antenna, storages, and others. For instance, the conductive
fabrics with higher resistance can be used to develop a textile-based humidity sensor, the middle ones
can be used for the strain sensor and the lower ones can be for dry ECG, EMG, and EEG electrodes.
A deep study on the electrical and physical characteristics of the developed samples is necessary to
exactly indicate the correlation between the produced samples and end-use.
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Abstract: The mechanoluminescent (ML) technology that is being developed as a new and
substitutive technology for structural health monitoring systems (SHMS) comprises stress/strain
sensing micro-/nanoparticles embedded in a suitable binder, digital imaging system, and digital image
processing techniques. The potential of ML technology to reveal the fracture process zone (FPZ) that
is commonly found in structural materials like concrete and to calculate the stress intensity factor (SIF)
of concrete, which are crucial for SHMS, has never been done before. Therefore, the potential of ML
technology to measure the length of the FPZ and to calculate the SIF has been demonstrated in this
work by considering a single-edge notched bend (SENB) test of the concrete structures. The image
segmentation approach based on the histogram of an ML image as well the skeletonization of an ML
image have been introduced in this work to facilitate the measurement of the length of ML pattern,
crack, and FPZ. The results show ML technology has the potential to determine fracture toughness, to
visualize FPZ and cracks, and to measure their lengths in structural material like concrete, which
makes it applicable to structural health monitoring systems (SHMS) to characterize the structural
integrity of structures.

Keywords: fracture process zone; stress intensity factor; mechanoluminescent (ML) technology;
image segmentation; skeletonization; structural health monitoring

1. Introduction

The phenomenon of light emissions from certain types of materials in response to different types
of mechanical forces or deformation is widely known as mechanoluminescence (ML) [1,2]. A wide
range of mechanical stimuli such as tension [3], friction [4], fracture [5], compression [6], torsion [7,8],
bending [9], vibration [10], impact [11], and shear [12] can induce ML from materials. Depending on
the origin of the ML from a material, whether from destruction or simply from deformation, it can
be broadly categorized as fractoluminescence, deformation luminescence, and triboluminescence [1].
The generation of fractoluminescence occurs during the breaking of atomic and chemical bonds
in a material, which is mostly accompanied by plasma discharge; therefore, it is destructive and
nonreproducible in nature. On the other hand, deformation luminescence occurs without fracturing
or damaging the material; therefore, it is reproducible over a number of repetitive mechanical
actions. Furthermore, deformation luminescence can be subcategorized into elasticoluminescence
and plasticoluminescence depending on the emission of photons in elastic deformation and plastic
deformation of the material, respectively. Since the emission of photons in elasticoluminescence has
a linear relationship with applied stress or strain, it is commonly applied in stress- or strain-sensing
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devices. Triboluminescence, which is the third category of ML, is produced either by the contact or
separation of two specific types of materials, but it has little potential for use in stress- or strain-sensing
devices owing to the fact that there is no linear relationship between the applied stress amplitude and
the emitted photons.

Materials that possess elasticoluminescence are widely used in the production of ML paint and ML
sheets for detecting cracks and assessing the crack-tip stress field at the crack-tip vicinity lying either
on the surface or on the body of a structure [12-16]. Detecting cracks, tracing the propagating path, and
assessing the crack-tip stress field are important steps to be undertaken in preventing the catastrophic
failure of a structure, because every material is susceptible to fracture due to repetitive and extreme
mechanical forces and to the chemical and thermal environments a material faces during its lifetime.
To prevent the catastrophic failure of a structure, several experimental methods have been proposed,
and these are either one-dimensional or two-dimensional measurement techniques. The latter
type, which includes electronic speckle interferometry [17], stereography [17], radiography [18],
thermography [19], and guided wave imaging [20], is considered important as it enables direct
visualization of cracks; however, all of them require both highly sophisticated measurement devices
and postanalysis processes that are time-consuming and complicated. ML technology, on the other
hand, comprises stress-/strain-sensing ML paint or ML sheets accompanied by an imaging system
and digital image processing technique with the potential to reveal surface cracks, body cracks, and
fatigue-induced microcracks [21] in addition to an ability to elucidate fracture-induced phenomena
such as elastic crack-tip stress fields [12-14] and plastic crack-tip stress fields [12], and to measure
stress [22] in both simple and complex structures. These advantages are why ML technology has
drawn significant attention for its simplicity and cost-effectiveness as a whole-field and noncontact
measurement system. Since the discovery of elasticoluminescence, ML technology has been used
over the past two decades to study the fracture mechanisms in a wide range of ceramic materials
such as Al,Os3, Si3Ny, and zirconia-based ceramics, in metallic materials such as aluminum, and in
concrete [1,2,23]. Furthermore, ML has been used in the detection of multiple cracks in mega structures
such as bridges [24], buildings, and pipes [25], which ensures the utility of this technology in structural
health monitoring systems [26-28]. Moreover, ML paint has become an integral part of ML technology
because of weatherproof characteristics that promote excellent mechanical and optical durability,
which has further established its applicability in megastructures where the aforementioned features
are deemed very essential.

As previously mentioned, ML technology has been applied to a wide range of structural materials
to explain the crack-initiating mechanisms, crack-driving mechanisms, and the crack-tip stress fields
both in elastic and plastic regions, as well as in the bridging field; however, the potential use of ML
technology to visualize and explain the fracture process zones (FPZs) that are commonly found in
concrete structures has never been done. In fact, the existence of FPZs in concrete structures has
prevented the ability of linear elastic fracture mechanics (LEFM) to accurately address the fracture
mechanisms of concrete. As a consequence, several theories concerning the effect of FPZs have been
proposed [29] to elucidate the fracture mechanics of concrete. To be effective, however, these theories
must be verified and upgraded, which require an accurate FPZ length [30-33]. ML technology could
be used to simply fetch the FPZ dimensions. Therefore, in this work, to understand the development
and advancement of FPZs via ML technology, two different types of concrete samples were considered
with and without the incorporation of aggregate. To identify an FPZ and measure its length and image
segmentation based on an image histogram has been introduced. Furthermore, image skeletonization
was considered in order to improve the technical proficiency of measuring an FPZ and the crack length
from an ML image. Finally, the crack length was measured using both a skeletonized ML image
after the subtraction of FPZ and crack mouth opening displacement (CMOD: which is an indirect
method to measure crack length) in order to determine the Mode I stress intensity factor (SIF) for
the samples considered. The Mode I SIF is the most often used engineering design parameter in fracture
mechanics which reveal the fracture tolerance of materials used in bridges, buildings, aircraft, and so
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forth. Both the FPZ and the SIF are important parameters that are needed to diagnose the integrity of
structural materials.

2. Materials and Methods

In order to visualize and measure the FPZ length, two samples of concrete were formed with
different levels of fracture toughness. Concrete from mortar only (MC) and concrete that included
aggregate (AC) each were formed following normal laboratory procedure. To form the AC, cement,
sand, and aggregate (diameter ~10 mm) were homogeneously combined followed by the addition of
water with constant mixing for five more minutes to form a paste that was then poured into a 400 mm
X 50 mm x 50 mm (Length X Breadth x Thickness) beam mold. To create a notch on the specimen,
a 50 mm x 50 mm X 1 mm (Length x Breadth x Thickness) steel plate was inserted on the casting side.
The MC was prepared following the same procedure without the addition of aggregate. Thereafter,
the samples were allowed to stand under lab conditions (25 °C and 50% relative humidity: RH) for 12 h
to allow solidification. Subsequently, the solidified samples with the dimensions shown in Figure 1a
were demolded and further cured for 24 h in a chamber that maintained high levels of temperature
and humidity (100 °C and 100% RH) to enhance the strength. The details regarding the concrete
components are highlighted in Table 1.

(2) T Tl §
W=100 mm : ’7:‘.‘“{” v.
1a=50mm - Notch’ —
= .'

S=400 mm

(C) Load

CMOD

HS Camera

Instron 8000 UV lamp

Computer

Figure 1. (a) Schematic diagram of a single-edge notched bend (SENB) specimen showing its
dimensions with ML paint (green patch). (b) Real image of MC with ML paint applied to the surface
ahead of the notch and a crack mouth opening displacement (CMOD) gauge attached to its notch.
(c) Schematic diagram of the experimental setup illustrating the Instron 8000, UV lamp, high-speed
camera, multichannel data link (MCDL), and computer that were used in the experiment.
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Table 1. The proportion of materials used in the specimens.

Specimens Water (kg/m°) Cement (kg/m°>) Sand (kg/m>) Aggregate (kg/m®)
AC 195.23 356.63 839.68 859.21
MC 195.23 356.63 1069.89 -

Stress-sensing elasticoluminescent SrAl,O4: Eu, Dy (SAOED) microparticles with an average
diameter of 20 um were purchased from NEMOTO & CO., Japan. ML paint was prepared by
homogeneously mixing SAOED and optically transparent epoxy resin in a weight ratio of 3:7 at 25 °C
in a centrifugal planetary mixer. The homogeneously mixed epoxy-SAOED composite was degassed
for 10 min before it was applied to the samples. After applying the paint in front of the notch on
the concrete sample, as illustrated in Figure 1b, the sample was allowed to stand for 24 h to allow
the paint to solidify. It should be noted that ML paint thickness should be very small as compared
to the thickness of concrete; otherwise, the greater thickness of paint could affect the deforming
characteristics of concrete. Furthermore, the paint must be uniformly applied to avoid the effect of paint
thickness on the emission. Thicker paint emits brighter ML than thinner paint; therefore, uniformity in
the paint layer is important to minimize thickness effects while analyzing structural deformation.

For the SENB test, the sample was laid on a loading stage that was specially designed for SENB
testing, and a CMOD gauge was attached at its notch, as shown in Figure 1b. The paint on the sample
was exposed to UV light for 5 min and then aged in the dark for 2 min to allow the long phosphorescence
to relax to a reasonable level. After this, a 2000 N/min load was applied until the concrete fractured.
During loading, the painted surface was photographed on a macro scale at a frame speed of 250 frames/s
using a high-speed imaging system. The data recorded from a load cell and CMOD were synchronized
with each frame using a multichannel data link (MCDL). The experimental setup is schematically
illustrated in Figure 1c.

3. Results and Discussion

The load-CMOD response curves of AC and MC illustrating their levels of fracture strength under
SENB testing are illustrated in Figure 2. The load first increased rapidly to the peak level and then
dropped with the propagation of cracks in both samples. It is well understood that cracks in concrete
tend to move along a path either where the interfacial zone is weakest or through any existing pores. If
a crack encounters aggregate particles, it is forced either to move through the stronger aggregate or
to deflect and propagate around the weaker aggregate-mortar interface. In both situations, a large
amount of energy is absorbed; consequently, the AC showed fracture strength that was higher than
that of the MC.

Figure 3 shows representative sequential ML images of crack initiation and propagation in two
samples. The images at 0 N showed faint emissions, which was attributed to the long phosphorescence
of SAOED. The advancing ML pattern in AC and MC was vivid at peak loads of 1.46 and 1.04 kN,
respectively, as well as for onward loads. Even before the peak load, a faint ML pattern that developed
at the notch tip was apparent in both specimens at load levels of 0.2 and 0.1 kN, respectively, in both
AC and MC. The ML pattern in the AC was much higher than that in the MC, which resulted from
the difference in fracture strength. The length of the ML pattern was then compared with the crack
length obtained from the CMOD gauge, as illustrated in Figure 4. Figure 4a compares the ML pattern
with the crack length calculated from the CMOD for the AC while Figure 4b shows that of the MC.
In both samples, the overall ML pattern length was higher than the crack length that was calculated
based on the CMOD gauge for a given load. This difference clearly shows that the ML pattern was not
generated solely from the crack but also from the microcracking region, also known as the FPZ, ahead
of the traction-free crack tip, which the CMOD does not measure.
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Figure 2. Load-CMOD relation curves of AC and MC illustrating their different levels of
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Figure 3. Sequential ML gray images illustrating crack initiation and propagation in AC and MC
during SENB testing, which were recorded using a high-speed camera at a frame speed of 250 frames/s.
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Figure 4. Comparison of the ML pattern length and crack length calculated using the indirect method
(CMOD) for AC (a) and MC (b).

The CMOD was measured using TML Dynamic Strainmeters with sampling frequency of 5 kHz.
The CMOD data from TML Dynamic Strainmeters was further synchronized with camera images and
applied load using MCDL with 250 sample/s. Therefore, each image was taken for every 0.004 s and
the total duration of whole experiment shown in Figure 2 was 2.844 s. Since the concrete is brittle in
nature, the crack speed under 2000 N/min loading rate was very high resulting in very short duration
for crack propagation (around 0.064 s). As a result, out of 500 synchronized data points, around
16 images only depicted crack propagation, which were considered for the assessment of the FPZ.

Understanding the FPZ is essential due to the invalid nature of linear elastic fracture mechanics
(LEFM), inaccuracies in the predictions of failure for concrete structures, and the fracture energy
dependency on FPZ size. Therefore, an accurate size for FPZ is helpful when using the finite element
method (FEM) to simulate the crack propagation path and for the development of new theoretical
models [29-33]. Techniques that involve X-ray, acoustic, interferometry, and optical microscopic
analyses have been employed to elucidate the FPZ phenomenon. The aforementioned methods,
however, are time-consuming and inaccurate, and they require testing instruments that generate
mechanical vibration, require advanced sample preparation techniques, and are prohibitively expensive.
To overcome these disadvantages, digital image correlation (DIC) techniques have been employed
by some researchers where digital images obtained from high-speed imaging systems are analyzed
to measure the FPZ based on strain or displacement fields [33]. Both DIC and ML technologies use
an imaging system to record the fracture process and the postprocessing of digital images to determine
various fracture parameters, which further promotes the use of ML images to assess the FPZ.

Before the estimation of FPZ length, it is first necessary to understand the stress-field distribution
around the crack-tip vicinity in concrete. The stress profile in the front of the crack tip along
the crack-propagating axis in concrete is shown schematically in Figure 5a, where the peak stress
lies in the FPZ rather than at the crack tip. A shift in the peak stress away from the crack tip has
been observed in elastic—plastic material via ML technology. The length of the shift in the peak stress
determined using ML technology approximated the length obtained using Irwin’s method for finding
a virtual crack tip based on the stress intensity factor of the material [12]. Unlike isotropic elastic—plastic
material where the stress field is concentrated at a particular point, the inhomogeneity characteristics
of concrete and the distributions of several microcracks, as shown in schematic Figure 5a, show that
the stress field is highly distributed around microcracks, which makes it difficult to pinpoint the peak
stress point at the FPZ when using ML technology. However, the FPZ stress field should trigger an ML
pattern, as the lighter green color reveals in Figure 5b. In fact, the stress field in an FPZ is transferred
to stress-sensing, microsized SAOED particles through the binder, which then triggers an emission
from the SAOED particles that results in the formation of an ML pattern. The photon emission from
SAOED can be described using a trap-controlled mechanism [1]. An electron from Eu?* is released to
conduction band during UV irradiation and gets trapped by oxygen vacancy. Thereafter, the trapped
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electron is released by mechanical stimuli and is recombined with the oxidized Eu®*, which results in
the emission of photons, consequently creating ML patterns [1,2,23]. The larger length of ML pattern
than the length of crack measured using CMOD clearly indicates an emission from the microcracking
zone as clarified in Figure 5; however, it is difficult to discern the difference between an emission from
the propagated crack and one from the FPZ. In principle, the emission that originates from the crack
propagation should be higher than the emission from a microcracking zone since stress concentration
after the coalescence of microcracks will be localized and consequently results in a higher level of
emission. However, due to dispersion of the stress fields in the FPZ, emissions from the FPZ should be
fainter compared with those from the main crack, as illustrated in Figure 5b. To distinguish between
an emission from a main crack and that from a microcracking zone, it is necessary to adopt a digital
image analysis technique; therefore, image segmentation based on an image histogram was adopted to
distinguish the emission patterns in this work.
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Figure 5. (a) Stress profile ahead of a crack tip in concrete material where the FPZ has the maximum
stress concentration. (b) Schematic diagram showing the ML intensity from ML paint on a concrete
sample. Among the three different colors, the dark green illustrates long phosphorescence, the lightest
green depicts the emission from a recently propagated crack, and the remaining lighter green is
the emission from a microcracking zone.

An image histogram is a graph of the pixel intensity (on the x-axis) versus the number of pixels
(on the y-axis) [34,35]. The histogram of an ML image (Figure 6a) is depicted in Figure 6b, where
the x-axis represents the gray level depicting the intensity value and the y-axis represents the total
number of pixels. From a histogram, an ML image can be broadly categorized into three different parts:
the First Zone (0-51), the Second Zone (52-178), and the Third Zone (179-256). The variation in pixel
intensity is also depicted by the small square-shaped image parts in Figure 6b. The First Zone is free
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from any stress and any emission from this zone originates from the enduring phosphorescence of
the ML paint. The Second Zone has an intensity gradient that is distinctive from those of both the First
and Third Zones, and is believed to originate from the microcracking zone around the main crack.
A wide range of pixel values in this zone suggest a nonuniform stress distribution owing to the fact that
there typically are different stress fields in the vicinity of a microcrack and between the microcracks
in a region. Moreover, the densities of microcracks vary as they extend away from the traction-free
main crack, which also results in a degrading of the intensity away from the traction-free main crack.
The Third Zone shows the emission from the main crack, where the stress localization should result
in the brightest zone in the ML image. Based on this histogram, the image is segmented into three
respective zones as illustrated by the different colors in Figure 6¢ [36,37]. The First Zone is highlighted
in green, the Second Zone is highlighted in blue, and the Third Zone is highlighted in red. The Second
and Third Zones are also shown separately in Figure 6d,e, respectively. In the segmented Figure 6d,e,
the length of the FPZ can be calculated by measuring the gap length.
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Figure 6. The histogram of (a) has been derived using MATLAB software, which is illustrated in

(b). Based on the histogram, (a) has been segmented into three different zones as illustrated in (c) by
green, blue, and red colors. The Second Zone and the Third Zone are illustrated separately in (d,e),
respectively; meanwhile, the length of the FPZ is illustrated from (d,e).

In order to measure the crack length based on the ML image, it is important to develop new
methods to reduce time and increase accuracy, which is impossible with a manual measurement
using the ruler in Photoshop. For example, in an isotropic composite material where a clear localized
crack-tip stress field distribution is observable from the ML, the crack tip is easily determined because
the maximum ML emission lies at the crack tip, which is the site of the maximum concentration of
stress. Therefore, knowing the crack-tip position simplifies the measurement of the crack length and
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allows the instantaneous calculation of fracture parameters such as the J integral and the SIF when
using MATLAB software [12]. The nonhomogeneous nature of a concrete surface, however, can result
in the aforementioned nonconcentrated and spatially distributed stress fields, which can make it
impossible to determine a crack tip akin to the experience of working with isotropic homogeneous
materials. Therefore, a new method is essential. In the present work, crack and FPZ measurements
using skeleton images of the ML were introduced in order to facilitate their automated measurement.

Skeletonization provides an effective and compact representation of an object by reducing its
dimensionality to a “medial axis” or “skeleton” while preserving the topologic and geometric properties
of the object. Since Blum introduced the concept of skeletonization [38], it has been applied to numerous
forms of image processing and computer-vision applications such as object description, matching,
classification, and so forth. For skeletonization, several different types of computational approaches
exist, and their fundamental principles are mentioned in the literature [39,40]. In fact, many researchers
have undertaken skeletonization based on continuous approaches, while others have preferred purely
digital methods for skeletonization. In this work, skeletonization was undertaken using the MATLAB
library code, and the results are illustrated in Figure 7.
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Figure 7. (a) Binary ML image of Figure 6a showing the ML pattern. (b) Skeleton image of (a).
(c) Binary image of Figure 6e showing the crack after the exclusion of the First Zone and the Second
Zone. (d) Skeleton image of (c). (e) Comparison of the FPZs of two different samples with crack lengths
obtained from the skeleton images.

The first step involves changing ML images from a high-speed imaging system into binary images,
after which the skeleton images are obtained using the MATLAB library code. A representative
binary image and its skeleton image are depicted in Figure 7a,b, respectively. Then, segmented
images showing the crack are converted into binary images and subsequently into their skeleton
images. A representative binary image and its skeleton image are depicted in Figure 7c,d, respectively.
The length of the ML pattern in Figure 7a, which consists of both an actual crack and its FPZ, is
measured simply from the ends of the skeleton coordinates along the y-axis, Y1-Y,.The crack length in
Figure 7c was calculated in a similar fashion, y;-y,. Thereafter, the length of the FPZ was determined by
subtracting y; from Y; (i.e., Y1-y1). Therefore, measuring the crack length and FPZ using skeletonized
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images is much easier; moreover, the accuracy is increased since a length equal to a single pixel can be
measured accurately. In fact, measuring the ML pattern with spatial distribution in the xy plane is
a tough job for the naked eye using Photoshop’s ruler, because it is not easy to determine the ends of
the ML pattern, which results in errors as well as in a great requirement of time and effort. These facts
are why approaches of image skeletonization have been undertaken by other researchers to measure
the crack length and visualize the crack path [41]; however, the FPZ length has never been measured,
particularly in the ML field.

Following the aforementioned procedure, crack and FPZ lengths were measured for both samples
in the present study, as illustrated in Figure 7e. The illustration shows that with the advancement
of the crack, the FPZ increased first and then dropped in both samples. The FPZ length that was
measured using the DIC technique showed the same trend, but it monotonically increased and dropped
without fluctuating as in this method [33]. The fluctuating FPZ length with crack advancement likely
originated from the nonhomogeneous nature of concrete in conjunction with the high sensitivity of
ML paint. In fact, a highly sensitive type of paint or patch is desirable for the sake of understanding
the crack vicinity fracture phenomenon of a structure under a static or dynamic loading environment.
For example, paint revealed the FPZ before the advancement of the crack, as illustrated in Figure 3. At
this stage, the CMOD showed a crack length almost equal to the initial notch length, but paint revealed
the development of an FPZ. This information is essential for structural health monitoring and in fact
more advanced stress-sensing paint is desirable so that stress distribution at the crack vicinity can be
visualized even without the early development of an FPZ. The realization of such paint is possible by
using nano-/microsized stress-sensing particles with the ability to respond to conditions of low stress;
unfortunately, one of the best stress-sensing particles used in this type of work emits photons after
a threshold stress level of 5 MPa [13].

After the determination of an FPZ, it is worthwhile to determine the stress intensity factor of
the samples based on the crack length using an indirect method as well as the crack length using
the image after the exclusion of the FPZ. The SIF was calculated using Equation (1), which is a commonly
used SENB test for concrete [42].

3PS a
SIF_KI_(ZW—ZB)W.f(W) (1)
where
P = applied load
S = span

W = specimen depth
B = specimen thickness
a = crack length

oy 199 (#)(1- f)[215- 393 +270( )]
) - ;
A+ 26)1- )

The results are illustrated in Figure 8. Figure 8a compares SIFs obtained from the indirect method
and from the ML crack. The agreement between the two methods was as good as a/W= 0.7; however,
once the crack propagated further, the SIFs diverged. Unlike in AC, the SIFs in MC showed perfect
agreement between the two methods. The divergence of the SIF is directly related to the slight
mismatches between the crack lengths obtained from the two different methods. In fact, for a given
load and crack length, the SIF increases geometrically with an increase in the a/w, as indicated by

Equation (2), and, therefore, despite a slight mismatch in the crack length, the SIF tends to show a gap,
and this gap increases with a higher a/W.

= geometric factor ()
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Figure 8. Comparison of SIFs that were obtained from an indirect method (CMOD) and by using ML
technology, where (a) shows the SIFs of AC and (b) shows the SIFs of MC.

This work has clearly shown that ML technology can reveal the development and advancement of
the FPZ that is most commonly found in concrete structures as an addendum to the actual measurement
of real crack length. Also, the SIF, which is a very important material characteristic, can be calculated
using ML technology. Using CMOD can only provide information about crack length, but ML
technology can provide full-field information about the crack path, crack tip, multiple cracks, and
the distribution of the stress field at the crack-tip vicinity in real time. These features are desired
in developing a structural health monitoring system to characterize the structural integrity of large
structures such as bridges and buildings [24,43]. ML technology can be a reliable and effective tool for
SHMS because it is a full-field and noncontacting measurement system with a short response time that
is cost-effective and offers simplicity in application and data processing. Nonetheless, there is always
room for enhancing the effectiveness of ML technology which mainly depends on a few improvements:
first, the discovery of noble stress/strain-sensing novel particles with very low threshold stress, so
that the emission of photons is guaranteed under minimally applied stress; second, the discovery of
optimized binders where the stress transferability from binder to stress-sensing particles is high; as
a result, the emission of photons is enhanced remarkably. Last, the incorporation of advanced digital
image processing techniques is necessary, so that several features of fracture mechanics can be revealed
effectively in less time via ML image analysis.

4. Conclusions

A new method to measure the FPZ length and calculate the SIF based on ML technology has
been demonstrated in this work by considering the SENB testing of two different concrete structures
with and without aggregate. The length of the FPZ was calculated by subtracting the visualized
crack length from the visualized ML pattern after the ML image segmentation into a main crack and
microcrack sections. The image segmentation was accomplished by adopting an image histogram in
this work and was a very effective method despite its simplicity. To more simply measure the crack
length and the FPZ, a skeletonizing technique was introduced, which was very useful in measuring
the length of the patterns in the ML images. The measured FPZ showed a tendency to first increase
and then drop, which was a trend reported by other studies. Fluctuation in the increase and decrease
in the FPZ length was attributed to the sensitivity of the ML paint as it revealed the inhomogeneous
nature of a concrete structure. Furthermore, another important fracture parameter, SIF, was calculated
based on the crack length measured using both the ML technology and the indirect CMOD method.
Even though the SIFs from both methods showed a perfect match in the sample without aggregate,
a slight mismatch in crack length resulted in different values of SIFs for the two different methods
in the sample with aggregate. Nonetheless, as a whole-field and noncontact method to determine
fracture parameters such as fracture toughness and FPZ length in structural material like concrete, ML
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technology has enhanced its potential use in structural health monitoring systems (SHMS) to diagnosis
the structural integrity of megastructures.
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Abstract: In recent years, wearable technologies have attracted great attention in physical and
chemical sensing applications. Wearable pressure sensors with high sensitivity in low pressure range
(<10 kPa) allow touch detection for human-computer interaction and the development of artificial
hands for handling objects. Conversely, pressure sensors that perform in a high pressure range (up to
100 kPa), can be used to monitor the foot pressure distribution, the hand stress during movements of
heavy weights or to evaluate the cyclist’s pressure pattern on a bicycle saddle. Recently, we developed
a fully textile pressure sensor based on a conductive polymer, with simple fabrication and scalable
features. In this paper, we intend to provide an extensive description on how the mechanical
properties of several fabrics and different piezoresistive ink formulation may have an impact in the
sensor’s response during a dynamic operation mode. These results highlight the complexity of the
system due to the presence of various parameters such as the fabric used, the conductive polymer
solution, the operation mode and the desired pressure range. Furthermore, this work can lead to
a protocol for new improvements and optimizations useful for adapting textile pressure sensors to
a large variety of applications.

Keywords: textile pressure sensor; e-textile; dynamic mode; PEDOT:PSS

1. Introduction

In recent years, the field of wearable technology has attracted great attention and different kinds of
sensors have been developed. The advent of this new technology is changing the way people interface
with the external world. Wearable electronic sensors are growing very popular in several fields such
as medical [1], healthcare [2—4], wellness [5], entertainment [6,7] and safety [8]. The most requested
applications deal with wearable activity trackers that provide a powerful and detailed self-monitoring
as well as an opportunity to directly control personal habits and behaviors. Such devices are usually
based on inorganic electronics chips and are considered wearable because they are in contact with
the body, typically the wrist. However, the most promising completely wearable and imperceptible
sensors are those fabricated directly on fabric, that is, fully textile physical or chemical sensors.
Fabrics, with their comfort and fitting features, are the best platforms and substrate onto which to
directly realize a wearable sensor device and, when provided with sensing properties, are named
Smart Textiles. They can be made sensitive to various external stimuli, both physical and chemical [9],
such as the changes in force [10,11], pressure [12,13], deformation [14,15], temperature [16] or the
concentration of specific compounds in body fluids [17], like ion chloride [18] or sweat quantity [19].
Furthermore, it is possible to directly functionalize fabrics with organic polymers in order to realize
fully textile electrocardiogram electrodes for the detection of biopotentials [20,21]. Such devices
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represent a valid tool for the early diagnosis of diseases and monitoring. Wearable textile devices
require that the electronic and data communication systems have to be flexible and lightweight to allow
their integrability into the textiles themselves. This paper is focused on fully textile wearable pressure
sensors. Many efforts have been devoted to developing sport garments and accessories to reduce
injuries [22], increase the athlete’s performance [23], comfort, or improve safety in the work place.
Depending on the desired area of application, the pressure sensors have to be tuned to work in low or
high pressure ranges with a reasonable sensitivity. Those with high sensitivity in the low pressure
range (<10 kPa) allow touch detection in human-computer interaction or to develop an artificial hand
for handling objects. In the same way, sensors working in a high pressure range (>10 kPa) can be used
to monitoring the body pressure distribution in standing or sitting position. However, even if the
linear response range and high sensitivity are the two main factors that describe a pressure sensor
performance, it is necessary to consider its response related to a dynamic pressure change when
it targets a real-life application. Very scarce and random details are reported in the literature on
standard characterization procedures that would allow a comparison of the different proposed sensors’
performances and actual fields of applicability.

Different examples of wearable pressure sensors are reported showing novel and simple
configurations with high sensitivity, but most reported results have been obtained in a single step
pressure measurement or in a very slow dynamic mode, that is, conditions that are far from the
real-life applications. For instance, polyethylene combined with Carbon sheet has been applied to
a glove and show good responses in a range between 1 kPa and 70 kPa. In this case, the sensor
performance has been evaluated with a delay from 30 s to 180 s to reach rest conditions after each
measure [24]. Another example is a piezoresistive sensor based on a modified graphite polyurethane
that shows a slow dynamic range of almost 10 kPa/min [25]. On the contrary, good results have been
obtained with a capacitive sensors [26], based on a graphene sponge with a wide response range
(0-50 kPa), high sensibility of 0.96 kPa~! and a good dynamic response demonstrated in a fast mode
of 75 kPa/min. We recently developed a pressure sensor based on a conductive polymer printed on
cotton fabric [22]. The poly (3,4-ethylenedioxythiophene): poly (4-styrenesulfonate) (PEDOT:PSS) is
screen printed on the fabric and then two conductive threads are sewed to complete the electrical
connections. This fabrication process is easy and low cost, with potential scalability for large-scale
production. Even if the pressure sensor is rather simple on its own, its interaction with the textile
nature of the substrate yields a complex system. The description of its working principle should take
into account these challenging issues. We have recently reported an interpretation identifying three
different contributions to textile pressure sensors performance [27]. At a macroscopic level the fabric
properties, in terms of thickness, wettability and mechanical properties, are the most important factors
that determine the pressure sensor performance. Going down to the microscopic level, the coating of
the fibers affects the sensor response and sensitivity; finally, we identified a third contribution at the
nano-level which influences the linear response range and the pressure saturation.

In this paper, we further deepen the investigation and the understanding of the mechanism
controlling the performance of textile pressure sensors and present a detailed study of how the fabric
type, weaving and structure influences their performance in dynamic operation mode. Four fabrics,
with different material composition, thickness, sewing method and layered structure have been
characterized and used as substrate for the pressure sensors. We performed electrical and mechanical
tests (creep-recovery and stress-strain) both on plain fabrics and on the textile pressure sensors we
fabricated onto each fabric, evaluating the sensor performance in dynamic mode operation in order
to measure how the mechanical features of the fabrics affect this operation regime. We calculated
and evaluated the sensor linear response in a wide pressure range. We used the same geometry and
structure for all pressure sensors and we tested two different conducting polymer formulations—one
based on pristine PEDOT:PSS and one obtained adding the ethylene glycol (EG)-like second dopant.
We demonstrate that sensors based on the second formulation (more electrically conductive) show
higher sensitivity, wider linear operation range but lower reliability compared to those realized with
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the first formulation (pristine solution). These results highlight the complexity of the textile pressure
sensor system due to the active role of multiple parameters (i.e., the fabric composition, structure,
the polymer formulation, the targeted pressure range, etc.) and suggest a protocol to optimize and
tune textile pressure sensors to different types of application.

2. Materials and Methods

2.1. Materials

Four different fabrics, with different material composition, weave arrangement, layered structure
and thickness were taken into account, considering both knitted and woven fabrics (Figure 1).
The woven fabrics are all commercially available and are made by interlacing in a regular order two
sets of yarns so that they cross each other perpendicularly. The lengthwise yarns are called warp
while the crosswise yarns are called weft. Normally, they interlace each other at right angles. On the
contrary, the knitted fabrics are made by interlocking a series of loops composed by one or more yarns,
with every single row of loops locked into the previous row. The lengthwise loops are called wales and
the crosswise loops are called courses.

Fabric A Fabric B Fabric C Fabric D
a ) Top knitted layer

Bottom knitted layer
b

Mesh of yarns

4

Figure 1. (a) Schematic representation of the fabric weaving structure; optical images of top (b) and
lateral (c) view. (d) Appearance of one pressure sensor spot.

Fabric A consist of three layers with the outside ones composed by one single sheet of knitted
structure. The embedded part is a system of yarns disposed perpendicularly with respect to the top
and bottom sides. Fabric B is composed of two layers of knitted yarns distinguished by the different
threads color. Fabric C, instead, is based on woven fabric. Finally, we also consider an elastic knitted
textile, fabric D, whereby the special lengthwise stretchability is given by the particular knitting way of
the yarns.

The conductive polymer poly (3,4-ethylenedioxythiophene): poly (4-styrenesulfonate
(PEDOT:PSS), Clevious P, is purchased by Hearaeus. Two formulations of conductive ink have
been studied—formulation Clevios P based on pristine PEDOT:PSS and formulation Clevios P+EG
based on PEDOT:PSS with 10% v/v of ethylene glycol (supplied by Sigma-Aldrich).

The pressure sensors were prepared by drop casting the ink directly onto the fabric using a pipette.
Fabrics A and B were drop cast with 25 uL in both sides, while the fabrics C and D were treated with
5 uL on one side. The conductive ink was dried at room temperature. A commercial 2 ply stainless steel
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conductive thread (resistivity of ~10 ohms/m) has been sewn with lockstitch by the sewing machine
Elna eXa 320 in the final pressure sensor configuration as described elsewhere [27].

2.2. Fabric Chemical Characterization

Fourier transform-infrared (FI-IR) spectra were recorded on a Brucker Alpha Platinum-Attenuated
Total Reflectance (ATR) spectrophotometer equipped with ATR Diamond window (32 scans,
4 cm™! resolution).

Differential Scanning Calorimetry (DSC) measurements were carried out on a TA Instruments DSC
Q2000 apparatus equipped with Refrigerated Cooling System RCS90, heating twice 3-5 mg samples
in aluminum pans from —50 °C to 30 °C at 10 °C/min, with intermediate cooling run carried out at
—10 °C/min. The instrument is calibrated with Indium standard.

2.3. Fabric Mechanical Characterization

TA Instrument Dynamic Mechanical Analysis (DMA) Q800 has been used in compression mode
to characterize the mechanical properties of fabrics and sensors. The maximum force provided by
DMA is 18 N, resulting in a normal pressure up to 100 kPa. In a creep recovery test, a constant pressure
of 100 kPa was applied to the fabrics for 1 min and, after release, the strain recovery and thickness
were recorded for three minutes. Stress-strain response has been evaluated with ten stress cycles from
0 kPa to 100 kPa at a speed of 50 N/min (~4.6 kPa/s).

2.4. Sensor Characterization

Pressure sensors performance has been studied using the DMA in compression mode together
with the source meter Keithley 2400 as a read-out electronics. The same conditions described above
for fabric characterization were used for the stress-strain tests. The compression top clamp has an
area of 1.77 cm? (larger than the sensor active area) in order to provide an equal pressure distribution
throughout the sensor. The source meter unit supplies a constant current of 1 pA, with a sampling
time of 200 ms, meanwhile it measures the sensor resistance variations. This configuration allows
monitoring the pressure, the thickness and the electrical behavior of the textile pressure sensors.

3. Results and Discussion

3.1. Characterization of Fabrics

All fabrics were analyzed in all of their components. Fabric A, an orange soft material,
always displays a FT-IR pattern typical of nylon fibers (Figure 2), a synthetic material that is widely used
for technical textiles [28]. While absorptions recorded in ATR mode account for a typical polyamide (i.e.,
nylon), with the 3293 cm ™! absorption ascribed to free N-H stretching in solid state, 1630 cm ™! band that
is typical of carbonyl stretching (amide I band), and 1532 cm™! signal ascribed to NH bending vibration
(amide I band) [29] and 1, infrared spectroscopy is not helpful in identifying the exact composition
of the polymer. Hence the thermal behavior of the fabric was analyzed in DSC, and the resulting
thermogram in the second heating scan (Figure S1) displays two main events, both endothermic: the
highest temperature signal centered at 252 °C that is typical of melting of the Nylon 6,6, crystal phase,
the latter being a polyamide widely used in textile industry. The low temperature peak, which is
persistent and not removed with the first heating scan intended for cancelling the thermal history of
the sample, can instead be attributed to the melting of some waxy element applied as sizing coating to
the fibers during the weaving processing.
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Figure 2. Fourier transform infrared (FI-IR) pattern for the four fabric studied.

Though fabric B displays a clear difference, at least in the coloring (white and yellow), of the two
layers, when analyzed with the ATR-IR technique the sample displays exactly the same spectrum
irrespective of the analyzed layer. As displayed in Figure 2, where the yellow layer spectrum is
reported, the absorption pattern strongly resembles the previously discussed spectrum of fabric A,
which was attributed to a polyamide fiber, identified as mainly Nylon 6,6. DSC analysis of fabric
B, however, reveals a different thermal behavior than fabric A (Figure S1), with the presence of
a high-T endothermic peak that is similar in position to the one attributed to the melting of Nylon 6,6,
while a new endothermic event, positioned at a slightly lower T, is now present. The position of such
a peak can be coherent with the melting of other commonly used polyamides, such as, among others,
Nylon 6. Moreover, fabric B thermogram shows just the hint of a signal in the same position of the
low-T endotherm observed for fabric A.

The fabric C ATR-IR spectrum displays a significantly different profile than the previously
discussed ones (Figure 2), with features ascribed to a polyester filament. Indeed, the spectrum displays
the major peaks associated with the structure of polyethylene terephthalate (PET) with the terephthalic
acid ester carbonyl stretching at 1712 cm~!, the asymmetric C-C-O and the O-C—-C stretching at
1240 and 1091 cm™!, respectively, and the C-H wagging vibrations from the aromatic structures
at 722 cm™! [30]. The DSC thermogram confirms this hypothesis, displaying a single endothermic
event centered at 252 °C (Figure S1), that can be associated with the melting of PET crustal phase.
Such a polyester is once again well renowned for its use in textiles and garments.

The last investigated sample, fabric D, shows an infrared absorption that is different from all the
previously analyzed fibers (Figure 2), with the lack of any C = O feature, some prominent broad OH
stretching band in the region 3500-3000 cm~! and C-O-C signals in the 1150-1075 cm~! region that
are reminiscent of a cellulosic structure. Cellulosic fibers are the most relevant natural fibers used in
textiles, both as cotton and flax fibers, suggesting that fabric D might be a cotton fabric. Cotton is not
expected to provide any significant thermal signal in DSC analysis, since cellulosic fibers thermally
degrade before being able to undergo any thermal transition. However, DSC second heating scan
displays a low-T signal (Figure S1), in a position similar to that previously detected in fabric A and B.

50



Sensors 2019, 19, 4686

In order to assess whether this is an additive, as previously hypothesized, fabric D was washed in
water with soap, as a common garment. DSC analysis of the washed sample confirm the disappearance
of the peak (Figure S2), supporting the hypothesis that this might be a processing coadjutant used in
the weaving process.

3.2. Mechanical Characterization of Fabrics

We focused the structural analysis on the vertical properties of the fabrics because this is usually
the relevant direction of the textile pressure sensors in real-life applications. To investigate and compare
their properties we first performed a creep-recovery test. We selected the highest pressure used in this
study (100 kPa) and we applied it for 1 min. The recovery curve was recorded for 3 min. This test
provides information about the vertical elastic properties of each fabric and an influence on the textile
pressure sensor performance is expected. Figure 3 shows the creep-recovery trends and the relevant
parameters are summarized in Table 1.
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Figure 3. Mechanical characterization of the 4 different tested fabrics under creep recovery test: the
arrow indicates the applied pressure (100 kPa for 1 min); the recovery time is 3 min.

Table 1. Summary of main parameters extracted from mechanical analyses.

Creep Recovery Stress-Strain

Test
@100 kPa (mm) Deformation Strain Range
(mm) (mm)
A 2.49% 1.34 2.36 5.3% 30%
B 1.54 0.74 1.40 8.5% 20%
C 0.36 0.19 0.29 20% 10%
D 0.71 0.37 0.57 20% 10%

* the DMA Q800 measures the thickness of the sample and the standard deviation associated to the average value
correspond to a percentage error less than 1%.
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The thickness of fabrics A and B are considerably different compared to the thickness of fabrics
C and D. Strain is therefore the most appropriate quantity to be used in order to compare the
creep-recovery test results. The maximum strain value reached by every fabric under the 100 kPa
pressure was quite the same (~45%). Observing the residual deformation, fabric A and fabric B have
good elastic properties with high recovery up to 5.3% and 8.5%, respectively. On the other hand,
fabric C results are less elastic and its residual deformation is 20%. Comparting it with fabric D,
we observed a similar behavior with the same recovery response. These results underline the fact that
the elastic consistency of fabric D (the elastic one) mainly concern the horizontal stretching and does
not affect the vertical mechanical properties.

Even though the creep recovery test gives relevant information about the fabric elastic properties,
it does not represent their actual behavior in the textile pressure sensors during a dynamic operation
mode. For this reason, we performed a cycle of compression and decompression stress-strain test.
The stress-strain curves, in which the stress value represents the pressure, are reported in Figure 4.
The fabrics show a substantial variation on the stress-strain curve after the first cycle. This is in
agreement with the previous results, in which a complete recovery has not been observed for any fabric
(Figure 3). The stress-strain test confirms that fabric A has good elastic properties, indicated by the
linearity of the compression curve for each cycle. However, it does not have enough time to complete
the recovery and after each cycle the strain curve does not overlap the previous one.

On the other hand, fabric B does not show proper elastic properties and the compression curve is
not linear. However, apart for the first one, the strain curves are increasingly overlapping in subsequent
cycles. Fabrics C and D do not show a linear compression curve. After the first cycle, both fabrics remain
compressed but each strain curve almost overlaps that of the previous cycle. To better evaluate this
aspect, the insets of Figure 4 show the strain against time (right axis) while cycled pressure is applied
(left axis). In this representation, it is possible to observe the dynamic strain range (the difference
between the maximum and the minimum strain value in a cycle) and the symmetries of the strain
curve during compression and decompression. Ruling out the first cycle, in fabric A the strain value
ranges from —10% to —40% for the second cycle, and from —13% to —43% for the tenth cycle, resulting
in a large dynamic strain range of ~30%. As observed before, fabric B seems to be less elastic than
fabric A but the strain values are more reproducible and range from —15% to —40% with a dynamic
strain range of ~25%. Since the symmetry between compression and decompression curves, we can
consider both fabrics provided with reasonable elastic features. The thinner fabrics behave differently,
underlining the fact that the structure/geometry characteristics of textile can influence the response.
They show a greater thickness variation after the first cycle and a lasting compression during the
others. They have a lower dynamic strain range of about 10%. The strain values range from —35% to
—45% for fabric C and from —40% to —30% for fabric D. Moreover, the compression and decompression
regions of the strain curve are not symmetric and the smallest thickness does not correspond with the
highest stress.
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Figure 4. Stress-strain curve of fabrics: the arrow indicates the curve shift direction from the first to the
tenth cycle. Inset: pressure (black line) and strain (red line) as a function of time for each fabric.

3.3. Pressure Sensor Performance in Dynamic Mode

We fabricated textile pressure sensors with each fabric, following the procedure described in the
experimental method. The textile sensors, based on conductive polymer PEDOT:PSS, consist of two
conductive stainless steel threads that are in contact with each other through a fabric coated with such
a polymer. Increasing the applied pressure, the thickness of the fabric decreases, the piezoresistivity
of conductive polymer changes and the whole pressure sensor resistance decreases (conductance
increase) [22,27].

From now on, we will call sensor A the textile pressure sensor fabricated using fabric A, sensor B
the one realized with fabric B and so on. Due to the differences in thickness, we increased the
volume of the conductive polymer in the drop casting deposition in order to achieve a proper and
comparable vertical coating also in thicker fabrics. For this reason, sensors A and B have a sensitive
area (A = (51.6 + 0.69) mm?; B = (48.5 + 0.6) mm?) larger than the area of pressure sensors C and
D (C = (33.2 £ 0.5) mm?; D = (18.5 + 0.4) mm?). The upper graph of each section in Figure 5 shows
the resistance response (black, on the left) during the application of 10 pressure cycles (red, on the
right). The performance of the textile pressure sensor has been evaluated in the same condition as
the stress-strain test. The resistance curve is inversely proportional to the applied pressure because,
when the pressure increases, the device resistance decreases. A linear response of the electrical
properties with the applied external pressure is more suitable for real-life applications. Thus, for our
textile pressure sensor, it is useful to evaluate the conductance instead of the resistance. Plotting the
conductance, a linear shape in some regions can be achieved. Figure 5¢,d,g,h show the conductance
trend under compression for each pressure cycle.
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Figure 5. Comparison of the four fabrics. (a,b,e,f) Resistance sensor response in dynamic mode for 10
cycles with an applied pressure from 0 to 100 kPa with a frequency of 5 kPa/s. (c,d,g,h) Conductance
trend during compression for every single cycle.

Sensors A and C, even if the fabrics used are substantially different, have a stable and reproducible
response. Sensor C shows a strong variation after the first cycle because woven polyester fabric needs
a first compression cycle to stabilize the vertical structure of its fibers. This behavior is also confirmed
from the stress-strain test for this fabric. The conductance response for sensor B presents a small
spread through 10 cycles that increases in the high pressure range. Sensor D, with a single layer of
knitted cotton fabric, is the least stable because an increase in the resistance with the number of cycles
is observed.

As already observed, the change of the conductive polymer formulations affects both its electrical
and its piezoresistive properties and we assessed the effects of varying the conductive polymer
formulation on the performance of textile pressure sensors. The consequences in the textile pressure
sensors can be identified as a different performance and a different pressure operating ranges. We added
to the PEDOT:PSS formulation 10% /v of ethylene glycol which is a well know second dopant that
enhance the conductivity of the organic compounds [31]. The cyclic conductance of the sensor response
with the addition of EG is reported in Figure S3.

Figure 6 shows the average values of conductivity at each cycle with and without the presence of
EG for textile pressure sensors fabricated with comparable geometry and structure onto the 4 different
fabrics here tested. The linear working range, sensitivity and reliability are indeed affected by EG,
the conductivity enhancement agent. The sensors based on the more conductive formulation have
a greater sensitivity regardless of the fabric and a wider linear working range. However, the sensors
with ethylene glycol present a less reliable behavior, as highlighted by larger standard deviation values.
In these dynamic tests, we have not observed any saturation in the conductance as a function of
pressure up to values of more than 70 kPa. This behavior is usually observed in a static characterization
of the sensors realized with a more conductive ink in which the large number of conductive points
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between the PEDOT-rich zone that covers every single fiber enabling the achievement of a maximum
conductance value before the application of the highest pressure.
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Figure 6. Average trend over ten cycles of the conductance response during compression stress for
both formulations.

The linear conductance response (G) is modeled as G = S:P + G, with S the sensitivity
expressed in nS/kPa. Gy is the intercept value that is not zero because a preload force of 0.05 N is
applied. Figure 54 shows the derivative of the conductance for every fabric in both formulations.
The derivative represents the point sensitivity values and the constant region of these curves identify
the sensors linear operation range. For a better estimation of this working range, the statistical y>-test
was taken into account as descibed in the Supplementary Information.

The most relevant parameters to interpret the sensors performance are summarized in Table 2:
(i) the conductance Gy at the lowest applied pressure of 0.5 kPa; (ii) the conductance Giop when the
pressure is 100 kPa and the sensitivity values calculated with the weighted least mean squares method.
The sensitivity of a sensor is an essential parameter that describes how the estimated output varies
when there is a variation in the input values. In this case, the output variable is the conductance
which yields a different value according to the pressure variation (the input parameter). The sensitivity
coefficient allows to know the effect on the measured output conductance due to a pressure change.
The relation between the independent variable and the measured quantity is used as a calibration
curve for developing the optimized sensor. The presence of an uncertainty in the conductance value
during the dynamic mode operation gives information about the sensor reliability. The elastic behavior,
the material of the fabric and the conductive formulation affect the sensor response after several
working cycles. For example, the three-polyamide-layers (fabric A) and woven polyester fabrics (fabric
C) are those that show the more stable response. The knitted-cotton based sensor (fabric D) is very
unstable through the cycles and even if its sensitivity value calculated by analytical tools is comparable
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with that of polyester based sensors, it exhibits an excessive instability. In order to highlight the
best materials and formulations for a real-life application of textile pressure sensors in a non-static
framework, we computed the pressure uncertainty value 5P; in each single applied pressure as:

Table 2. Main parameters of textile pressure sensors useful to evaluate their performances.

5G;

5P = —t
%

Clevios P Clevios P + EG

Sensor Gy (uS) G0 (uS) Go (uS) Gioo (uS)
A 0.09 £ 0.02 1.01 £ 0.02 21+04 44+02
B 14+0.1 3.03 +0.09 1.1+0.2 40+04
C 0.314 + 0.003 0.70 + 0.01 0.35 + 0.03 1.35 + 0.07
D 0.05 + 0.03 0.54 +0.07 0.05 + 0.03 1.2+0.1

SriT (nS/kPa) Linear Range SriT (nS/kPa) Linear Range

A 490 + 0.04 60-100 kPa 16.2 +0.1 30-100 kPa
B 7.70 £ 0.07 50-100 kPa 25.6 +0.2 30-90 kPa
C 3.47 +0.03 40-80 kPa 83+0.1 30-80 kPa
D 2.54 +0.03 40-100 kPa 79 +0.1 40-90 kPa

Using this formula, we take into account the single point sensitivity %i calculated differentiating
the curves in Figure 6, and the conductance uncertainty values 6G; This equation allows the extraction
of information about the pressure uncertainty even if the sensitivity coefficient is not constant over
all the studied pressure range. Figure 7 reports the 6P values for each sensor using both conductive
formulations. The large instability in the dynamic operation with a subsequent huge uncertainty in the
pressure estimation forced us to reject fabric D as a candidate for real pressure sensors. The presence
of etylhene glycol also gives a similar instability, with an associated relative error >30%. A possible
reason could be that cotton fibers coated with the conducting polymer increase their stiffness and this
can lead to a delamination or to cracks during the compression and decompression cycles, resulting in
a variable trend. Similar results have been reported in the literature for similar mechanical stress
levels [32]. The relative error associated to sensor A with EG, indicates how it is not reliable when
the second dopant is present in the solution, even if it has an average better performance than sensor
B without EG. Finally, the sensor based on polyester fabric (C), even if it is poorly elastic (either in
vertical and horizontal direction), is the more reliable one, both with and without ethylene glycol.
Fabric C is therefore the best candidate among those considered by us in order to realize pressure
sensors able to monitor and record a dynamic pressure variation.
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Figure 7. Pressure uncertainty values against the applied pressure (a,b). Here, for the sake of clarity,
are reported the 6P values only every 10 kPa. The inset in (a) also shows the trend of sensor D for the
solution without ethylene glycol. The figures (c,d) report the pressure relative error for each sensor and
for both formulations (excluding the sensor D with pristine formulation).

4. Conclusions

This work investigates the physical mechanisms controlling the performance of textile pressure
sensors directly fabricated onto different fabrics realized with natural and synthetic fibers. It presents
a detailed study of how the fabric type, weaving and structure influences the pressure sensors
performance in dynamic operation mode. It demonstrates how the mechanical properties of the fabric
substrates affect the textile pressure sensor fabricated onto them.

We studied the mechanical and sensing features of textile based pressure sensors directly fabricated
onto four different types of textile substrates such as polyamide (A and B), polyester (C) and cotton
(D), and with different structures.

The elastic properties of the fabric used to realize the textile pressure sensor resulted in having
a relevant impact on the sensor performance. Fabrics with good elastic properties and wide dynamic
strain range during compression result in a highly sensitive sensor (fabric A and B).

However, also fabrics with poor elastic features can be used to realize good textile pressure sensors
that, indeed under compression respond with a lower strain dynamic range and thus have a limited
sensitivity, but guarantee a high reliability and stability in dynamic operation mode (fabric C).

Textile pressure sensor A, based on a three-knitted layer of polyamide, shows good performance
and high sensitivity in an high dynamic range (30%) due to its elastic behavior. Sensors based on fabric
B show a lower reproducibility for each cycle due to the intermediate elastic properties of the pristine
fabric. In this case, the macroscopic geometrical change during compression and decompression
affects the sensor performance in terms of reliability even if it presents the highest sensitivity value.
Sensor C, based on polyester, is the fabric with the worst elastic properties and it shows a very good
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stability, except for the first compression cycle. After the first compression, the thickness of fabric C
varies under stress with a very low dynamic strain range (10%) that, however, results in a reasonable
electrical output signal. Its sensitivity is lower with respect to sensor A, but it can still be very useful
for real life applications. Fabric D, the elastic cotton fabric, shows similar mechanical properties along
the vertical direction to fabric C but sensors D and C exhibit a very different behavior. In the case of
sensor D, it may be the microscopic level which affects the performance and, as suggested from the
conductance plots in Figure 7, after each cycle delamination or cracks occurring in the coating may
lead to a deterioration of the PEDOT:PSS on the surface [29]. We thus conclude that textile sensors,
fabricated onto fabrics with good elastic properties in the vertical direction, indeed show a greater
sensitivity but could be less reliable if compared to similar sensors deposited onto a stiffer fabric.

We also assessed the effects of varying the conductive polymer formulation. Textile pressure
sensors realized onto four fabric substrates (A, B, C and D) with a PEDOT:PSS formulation containing
ethylene glycol show on average a higher sensitivity, associated with a lower stability and lower
reliability with respect to comparable pressure sensors fabricated onto identical fabric substrates but
with a pristine PEDOT:PSS formulation.

In summary, the results we report in this work underline how to understand and validate the
performance of textile pressure sensors in a dynamic operation mode. The sensitivity is not the
only parameter that must be taken into account and the sensor’s response after multiple, repetitive
compression cycles should also be considered. Fully textile pressure sensors are complex systems
and in order to optimize them for real life applications it is important to consider several aspects,
from the macroscopic to the microscopic scale. Reliability is an important and fundamental issue that
should drive and guide the research and development of textile pressure sensors towards actual needs.
We believe the results reported here open the way to a full optimization of textile pressure sensors in
terms of most suitable fabrics, the range of linear pressure responses, sensitivity and dynamic operation
behaviors to better fit the requirements of a large variety of dedicated real-life applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/21/4686/s1,
Figure S1: Differential Scanning Calorimetry (DSC) thermogram pattern for the four fabric., Figure S”: DSC
pattern for Fabric D (polyester) after washing, Figure S3: Compression cycles for textile pressure sensors realized
with the addition in the conductive formulation of 10% v/v of ethylene glycol, Figure S4: Local sensitivity for each

single sensor calculated differentiating the conductive curve, Figure S5. )(fe duceq fOT the sensors based on Clevios P,
Table S1: )(fe duceq Values for choose a linear operation range.
Author Contributions: Conceptualization, M.T. and B.F,; Data curation, L.P. and L.M.; Formal analysis, L.P. and

L.M.; Investigation, L.P.; Methodology, M.T. and E.G.C.; Supervision, E.G.C. and B.F,; Writing—Original draft, L.P.
and M.T.; Writing-Review & editing, E.G.C. and B.F.

Funding: This research was funded by project PO—MIUR ARS01_00996 “TEX-STYLE” (2019-2022).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, S.; Zhang, Y.; Jia, L.; Mathewson, E K ; Jang, K.I; Kim, J.; Fu, H.; Huang, X.; Chava, P.; Wang, R.; et al.
Soft microfluidic assemblies of sensors, circuits, and radios for the skin. Science 2014, 344, 70-74. [CrossRef]

2. Lee, H, Song, C.; Hing, Y.S.; Kim, M.S.; Cho, H.R.; Kang, T.; Shin, K.; Choi, S.H.; Hyeon, T.; Kim, D.H.; et al.
Wearable/disposable sweat-based glucose monitoring device with multistage transdermal drug delivery
modul. Sci. Adv. 2017, 3, €1601314. [CrossRef] [PubMed]

3. Gao, W,; Emaminejad, S.; Yin, H.; Nyein, Y,; Challa, S.; Chen, K,; Peck, A.; Fahad, HM.; Ota, H.; Shiraki, H.; et al.
Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 2016, 529, 509-514.
[CrossRef] [PubMed]

4. Hwang, B.U.; Lee, ].H,; Trung, T.Q.; Roh, E.; Kim, D.I,; Kim, SW.; Lee, N.E. Transparent stretchable
self-powered patchable sensor platform with ultrasensitive recognition of human activities. ACS Nano
2015, 9, 8801-8810. [CrossRef] [PubMed]

58



Sensors 2019, 19, 4686

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Trindade, I.; Machado da Silva, J.; Miguel, R.; Pereira, M.; Luca, ].; Oliveira, L.; Valentim, B.; Barreto, ].;
Santos Silva, M. Design and evaluation of novel textile wearable systems for the surveillance of vital signals.
Sensors 2016, 10, 1573. [CrossRef]

Lamberti, F;; Sanna, A.; Rokne, J. Sensors for Entertainment. Sensors 2016, 16, 1102. [CrossRef]

Hwang, B.H.; Zabeeb, A.; Trung, T.Q.; Wen, L.; Lee, ].D.; Choi, Y.I; Lee, H.B.; Kim, ].H.; Han, ].G.; Lee, N.E.L.
A transparent stretchable sensor for distinguishable detection of touch and pressure by capacitive and
piezoresistive signal transduction. NPG Asia Mater. 2019, 11, 23. [CrossRef]

Jacobs, J.V.; Hettinger, L.J.; Huang, Y.H.; Jeffries, S.; Lesch, M.F,; Simons, L.A.; Verma, S.K.; Willetts, J.L.
Employee acceptance of wearable technology in the workplace. Appl. Ergon. 2019, 78, 148-156. [CrossRef]
Tessarolo, M.; Gualandi, I.; Fraboni, B. Recent progress in wearable fully textile chemical sensors.
Adv. Mater. Technol. 2018, 3, 1700310. [CrossRef]

Carvalho, H.; Yao, Y.; Gongalves, L.M. Flexible force sensors for e-textiles. In IOP Conference Series: Materials
Science and Engineering; IOP Publishing: Bristol, UK, 2017; Volume 254, p. 072007.

Zhou, B.; Sundholm, M.; Cheng, J.; Cruz, H.; Lukowicz, P. Measuring muscle activities during gym exercises
with textile pressure mapping sensors. Pervasive Mob. Comput. 2017, 38, 331-345. [CrossRef]

Lin, X.; Seet, B.-C. Battery-Free Smart Sock for Abnormal Relative Plantar Pressure Monitoring. IEEE Trans.
Biomed. Circuits Syst. 2017, 11, 464-473. [CrossRef] [PubMed]

Biischer, G.H.; Koiva, R.; Schiirmann, C.; Haschke, R.; Ritter, H.]. Flexible and stretchable fabric-based tactile
sensor. Rob. Auton. Syst. 2015, 63, 244-252. [CrossRef]

Kirthika, S.K.; Ponraj, G.; Ren, H. Fabrication and Comparative Study on Sensing Characteristics of Soft
Textile-Layered Tactile Sensors. IEEE Sens. Lett. 2017, 1, 1-4. [CrossRef]

Maziz, A.; Concas, A.; Khaldi, A.; Stalhand, J.; Persson, N.K.; Jager, E.W.H. Knitting and weaving artificial
muscles. Sci. Adv. 2017, 3, e1600327. [CrossRef]

Kinkeldei, T.; Zysset, C.; Cherenack, K.H.; Troster, G. A textile integrated sensor system for monitoring
humidity and temperature. In Proceedings of the 2011 16th International Solid-State Sensors, Actuators and
Microsystems Conference, Beijing, China, 5-9 June 2011; pp. 1156-1159.

Gualandi, I.; Marzocchi, M.; Achilli, A.; Cavedale, D.; Bonfiglio, A.; Fraboni, B. Textile Organic Electrochemical
Transistors as a Platform for Wearable Biosensors. Sci. Rep. 2016, 6, 33637. [CrossRef]

Gualandi, I; Tessarolo, M.; Mariani, E; Cramer, T.; Tonelli, D.; Scaveta, E.; Fraboni, B. Nanoparticle gated
semiconducting polymer for a new generation of electrochemical sensors. Sens. Actuators B Chem. 2018, 273, 834-841.
[CrossRef]

Jia,J.; Xu, C.; Pan, S;; Xia, S.; Wei, S.; Noh, H.; Zhang, P; Jiang, X. Conductive Thread-Based Textile Sensor for
Continuous Perspiration Level Monitoring. Sensors 2018, 18, 3775. [CrossRef]

Pani, D.; Dessi, A.; Gusai, E.; Saenz-Cogollo, ].E,; Barabino, G.; Fraboni, B.; Bonfiglio, M. Evaluation of novel
textile electrodes for ECG signals monitoring based on PEDOT:PSS-treated woven fabrics. In Proceedings of
the 2015 37th Annual International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC), Milan, Italy, 25-29 August 2015; pp. 3197-3200.

Castrillon, R.; Pérez, ].].; Andrade-Caicedo, H. Electrical performance of PEDOT: PSS-based textile electrodes
for wearable ECG monitoring A comparative study. Biomed. Eng. Online 2018, 17, 38. [CrossRef]
Saenz-Cogollo, J.; Pau, M.; Fraboni, B.; Bonfiglio, A. Pressure Mapping Mat for Tele-Home Care Applications.
Sensors 2016, 16, 365. [CrossRef]

Meyer, J.; Lukowicz, P; Troster, G. Textile Pressure Sensor for Muscle Activity and Motion Detection.
In Proceedings of the 2006 10th IEEE International Symposium on Wearable Computers, Montreux,
Switzerland, 11-14 October 2006; pp. 69-72.

Pizarro, F; Villavicencio, P.; Yunge, D.; Rodriguez, M.; Hermosilla, G.; Leive, A. Easy-to-Build Textile Pressure
Sensor. Sensors 2018, 18, 1190. [CrossRef]

He, Y,; Li, W,; Yang, G.; Liu, G.; Lu, J.; Zheng, T.; Li, X,; He, Y.; Li, W.; Yang, G.; et al. A novel method
for fabricating wearable, piezoresistive, and pressure sensors based on modified-graphite/polyurethane
composite films. Materials 2017, 10, 684. [CrossRef] [PubMed]

Tian, H.; Shu, Y,; Wang, X.F.; Mohammad, M.A_; Bie, Z.; Xie, Q.Y,; Li, C.; Mi, W.T,; Yang, Y.; Ren, T.L.
A graphene-based resistive pressure sensor with record-high sensitivity in a wide pressure range. Sci. Rep.
2015, 5, 8603. [CrossRef] [PubMed]

59



Sensors 2019, 19, 4686

27.

28.

29.

30.

31.

32.

Tessarolo, M.; Possanzini, L.; Campari, E.G.; Bonfiglioli, R.; Violante, ES.; Bonfiglio, A.; Fraboni, B. Adaptable
pressure textile sensors based on a conductive polymer. Flex. Print. Electron. 2018, 3, 034001. [CrossRef]
Byrnes, C.; Horrocks, A.R.; Anand editors, S.C. Technical Textile Market-An Overview. In Handbook of
Technical Textiles; CRC Press: Boca Raton, FL, USA, 2000.

Silverstein, R.M.; Bassler, G.C.; Morrill, T.C. Spectrometric Identification of Organic Compounds, 7th ed.; John
Wiley and Sons Inc.: New York, NY, USA, 2005.

Strain, LN.; Wu, Q.; Pourrahimi, A.M.; Hedenqvist, M.S.; Olsson, R.T,; Andersson, R.L. Electrospinning of recycled PET
to generate tough mesomorphic fibre membranes for smoke filtration. J. Mater. Chem. A 2015, 3, 1632-1640. [CrossRef]
Zhang, S.; Kumar, P; Nouas, A.S.; Fontaine, L.; Tang, H.; Cicoira, F. Solvent-induced changes in PEDOT: PSS
films for organic electrochemical transistors. APL Mater. 2015, 3, 014911. [CrossRef]

Del Agua, I.; Mantione, D.; Ismailov, U.; Sanchez-Sanchex, A.; Aramburu, N.; Malliaras, G.G.; Mecerreyes, D.;
Ismailova, E. DVS-Crosslinked PEDOT:PSS Free-Standing and Textile Electrodes toward Wearable Health
Monitoring. Adv. Mater. Technol. 2018, 3, 1700322. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

60



ﬂ SeNnsors @\py

Article

Comparative Performance of Four Electrodes for
Measuring the Electromechanical Response of
Self-Damage Detecting Concrete under Tensile Load

Hyeon Woo Noh, Min Kyoung Kim and Dong Joo Kim *

Department of Civil and Environmental Engineering, Sejong University, 209, Neungdong-ro, Gwangjin-gu,
Seoul 05006, Korea
* Correspondence: djkim75@sejong.ac.kr; Tel.: +82-2-3408-3820; Fax: +82-2-3408-4332

Received: 23 July 2019; Accepted: 19 August 2019; Published: 21 August 2019

Abstract: Self-damage or/and stress-sensing concrete is a promising area of research for measuring the
electromechanical response of structural materials using more robust sensors. However, the copper
and silver paste sensors widely used in such applications can be expensive and have detrimental effects
on the load carrying capacity and durability of the structural systems upon which they are installed.
Accordingly, this study compared the performance of four electrode types—conventional copper tape
with silver paste (CS), copper film with type 1 carbon tape (CC1), copper film with type 2 carbon
tape (CC2), and copper wire and film with type 2 carbon tape (WC2)—to develop an economical
and practical electrode for measuring the electromechanical response of self-damage-detecting
concrete. The CC1 electrode exhibited comparable performance to the CS electrode in measuring the
electromechanical response of self-damage-detecting concrete, despite requiring a longer polarization
time (80 s) than the CS electrode (25 s). The CS electrode exhibited a higher damage-sensing capacity
(GF,), whereas the CC1 electrode exhibited a higher strain-sensing capacity (GF;), as well as good
damage-sensing capacity. Therefore, the CC1 electrode using copper film with type 1 carbon tape
was determined to be the best alternative to the conventional CS electrode.

Keywords: self-sensing; attached electrode; self-damage detecting concrete; copper material; carbon
material

1. Introduction

Catastrophic collapses of civil infrastructure and buildings have brought about increased attention
to the necessity of structural health monitoring (SHM) systems [1-3]. Current SHM systems mostly
utilize embedded and/or attached sensors [4-6], but these types of sensors have exhibited relatively low
durability and very limited sensing capacity. Accordingly, over the last two decades, much research
has been performed on the self-sensing capacity of cement-based construction materials containing
conductive fillers, such as steel fibers, carbon fibers, multi-walled carbon nanotubes, carbon black, and
graphite powder under various loads [7-23]. The electrical impedance or resistivity of self-sensing
concrete containing electrically conductive fillers is well-known to change under stress and/or due to
the occurrence of damage, including cracks. In this application, it is important to correctly measure the
pure electrical response of the self-sensing concrete under load.

The correct evaluation of damage or stress based on the electromechanical response of self-damage
and/or stress-sensing concrete requires suitable electrodes that have the following properties
recommended by Han et al. [24] and Azhari [25]: electrode materials should be electrically conductive
and durable under severe environmental exposure and repeated mechanical loads; the addition of the
electrode should not negatively affect the concrete strength; and the electrode should be easily connected
to a data acquisition system. Azhari [25] recommended copper and silver paste as suitable electrode
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materials. Indeed, many researchers have used copper and silver paste in electrodes when investigating
the electro-mechanical responses of various self-sensing concretes [13,15,17,26-30]. However, current
embedded-type electrodes utilizing copper materials can possibly generate negative effects on both
the load-carrying capacity and durability of the structural systems that contain them. Additionally,
attached-type electrodes utilizing silver paste are very expensive and are not reusable. A suitable
electrode should be highly conductive, affordable, and easily attached to the surface of self-damage
and/or stress-sensing concrete.

The objective of this study is accordingly to determine a suitable electrode for the measurement
of the electromechanical response of self-damage detecting concrete by utilizing or combining
common electrically conductive materials. The specific objectives are (1) to investigate the electrical
polarization depending on the type of electrode, and (2) to measure the electromechanical response of
self-damage-detecting concrete under tensile load using the evaluated electrodes.

2. Current Electrodes

2.1. Embedded-Type Electrodes

Current embedded-type electrodes mostly include steel or copper wire mesh or wire gauze
consisting of grid structures. Han and Ou [30] embedded copper wire meshes in self-sensing concrete
containing carbon-based fillers to measure the electrical response under repeated compressive loads.
They reported an 8% decrease in the electrical resistivity of self-sensing concrete containing these
carbon-based fillers. Sun et al. [31] utilized steel wire meshes as embedded electrodes to measure the
electromechanical responses of self-sensing concretes containing graphite. As the magnitude of the
applied compressive load increased, the electrical resistivity of the graphite-reinforced self-sensing
concretes decreased—the reduction in electrical resistivity was 15.6%. Both steel and copper wire
meshes demonstrated good performance as embedded type electrodes. Azhari [25] investigated the
effects of curing time on the electrical resistivity of cement-based materials by using different electrodes
(copper plate, copper mesh, and copper wire with silver paste)—the embedded-type electrodes (copper
plate and copper mesh) produced a smaller change in the measured electrical resistivity than the
attached-type electrode (copper wire with silver paste).

2.2. Attached-Type Electrodes

Current attached-type electrodes generally utilize silver paste, silver paint, copper wire, or copper
tape. Song et al. [15] applied an attached-type electrode using copper tape and silver paste on the
surface of high performance fiber-reinforced cementitious composites (HPFRCCs) to measure their
electromechanical response during direct tensile tests. They reported that the electrical resistivity of the
HPFRCCs clearly decreased as the number of micro-cracks increased within the gauge length. Azhari
and Banthia [13] also used attached-type electrodes with copper wire and silver paste to measure the
electromechanical response of self-sensing concretes containing carbon materials, which exhibited a
noticeable decrease (25%) in the electrical resistivity under repeated compressive load.

Han et al. [24] compared the electrical polarization of an embedded-type electrode (copper gauze)
and an attached-type electrode (copper foil). The embedded electrode generated a lower polarization
potential than the attached electrode, although both electrodes produced different polarization potentials
corresponding to different amounts of current. They reported that the polarization potential was
affected by the different effective areas between the electrode and the matrix—copper foil with a larger
effective area exhibited higher polarization potential than copper gauze with a lower effective area.
Thus, different electrodes have been observed to produce different electrical and/or electromechanical
responses in cement-based composites according to their different geometric and material properties.
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3. Experimental

The experimental program in this study, described in Figure 1, was designed to compare the
performance of four different electrodes when measuring the electrical response of self-damage detecting
concrete. The configuration of the electrode can be divided into two components: the probe component,
which measures the electrical impedance or resistance of the self-damage detecting concrete, and the
adhesive component, which transfers the applied electrical current into the self-damage-detecting
concrete. Materials evaluated in this study included copper film and copper wire, and two different
types of carbon tape were evaluated as the adhesive component.
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Figure 1. Experimental program. HPFRCCs = high performance fiber-reinforced cementitious composites.

Table 1 summarizes the properties of the electrode materials evaluated in this study. By combining
different materials in the probe and adhesive components, three types of electrode were investigated as
follows: 1) copper film with type 1 carbon tape (CC1); 2) copper film with type 2 carbon tape (CC2); and
3) copper wire and film with type 2 carbon tape (WC2). A conventional electrode consisting of copper
tape with silver paste (CS) was also evaluated as a control. The performance of each electrode was

evaluated by measuring the polarization effect and by investigating the electromechanical response of
the HPFRCCs under tension.

Table 1. Properties of electrode materials.

Electrode Material Thickness, Width, Length, Cross-Section, Electrical Resistivity

t (mm) w (mm) 1(mm) A (mm?) t (x 107 kQ-cm)
Copper tape 0.12 10 100 1.20 0.058 @
Copper film 0.30 5 50 1.50 0.023°
Carbon tape type 1 0.16 10 100 1.60 132
Carbon tape type 2 0.18 5 100 0.90 132
Copper wire 0.16* 1000 0.02 0.000017 2

T A =t x w, * diameter of copper wire, * manufacturer obtained the measured electrical resistivity, b measured
electrical resistivity using the four probe method.

3.1. Materials and Specimen Preparation

Specimens of HPFRCC containing 1 vol% long and 1 vol% medium smooth steel fibers were
investigated to evaluate the performance of the three electrodes (CC1, CC2, and WC2). The composition
of the matrix and its compressive strength are provided in Table 2. The diameter of the silica sand was
0.36 mm on average and the water-to-cement ratio was 0.35. The compressive strength of the matrix
was measured to be 95 MPa by 100 x 200 mm cylinder specimen tests. The properties of the steel
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fibers are summarized in Table 3—the length and diameter of the long smooth steel fibers were 30 and
0.3 mm, respectively, while those of the medium smooth steel fibers were 19.5 and 0.2 mm, respectively.

Table 2. Matrix composition and compressive strength.

Cement Silica Sand Fly Super-Plasticizer Water Compressive Strength
(Type III) (#40) * Ash ** (MPa)
1.0 1.0 0.15 0.0055 0.35 95

* average particle size of silica sand is 0.355 mm, ** super-plasticizer contained 25% solid content.

Table 3. Properties of steel fibers.

Fiber Type Diameter Length Density Tensile Strength Elastic Modulus Electrical Resistivity
M (mm) (mm) (g/cc) (MPa) (GPa) (x 10-10 kQ-cm) *
Long smooth 0.3 30 7.90 2447 200 6.9
Medium smooth 0.2 19.5 7.90 2942 200 5.4

* measured electrical resistivity using four probe method.

A 20 L capacity Hobart-type laboratory mixer was used to mix the specimens. Cement, silica
sand, and fly ash were first dry mixed for 10 min. Then, water was added and further mixed for
5 min. When the mortar mixture exhibited suitable workability and viscosity to provide uniform fiber
distribution, the shorter fibers were first carefully dispersed, then the longer fibers were added in by
hand. The mortar mixture with the fibers was then further mixed for 1-2 min.

The mortar mixture containing the steel fibers was poured into molds for both the polarization
and tensile test specimens, as can be seen in Figure 2a. Two layers of steel wire mesh were used to
reinforce both ends of the specimen, as can be seen in Figure 2b. The specimens were then covered
with a plastic sheet and kept in a laboratory at room temperature for 24 h. Next, the specimens were
demolded and cured in water for 2 weeks. After curing, the specimens were kept in dry conditions for
2 h, then the surfaces of the specimens were ground to accommodate the attachment of electrodes.
At least three specimens (SP1, SP2, and SP3) were prepared for each electrode test series.

unit: mm
40 | GL:100 40 J
] 17
i o T
& il 1
— '\I I i | EE
[ . Electrode \
< 1 I I
! 1 — 5 4 |
162.5 J 200 k 162.5 '

(b) geometry of tensile specimen

Figure 2. Tensile specimen mold and geometry.
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3.2. Test Set-Up and Procedure

The four-probe measurement method proposed by Wenner [32], which requires two outer input
current electrodes and two inner output current electrodes, was employed to measure the electrical
polarization and electromechanical response of the self-damage-detecting concrete, as shown in Figure 3.
The distance between the two inner electrodes was 100 mm, while that between the inner and outer
electrodes was 40 mm. The geometry of tensile specimens and test set-up in this study were referred to
relevant previous studies [17,33].

Il f}\ i fﬁ
T I
e Copper tape —~ o Copper film
v
5 ) k Silver paste // o/ / /‘/Carbon tape 1
i 40 | 100 40 } ‘75 ﬁ ( 100 c ) \/%[
) 200 I 200

(a) CS (silver paste) (b) CC1 (copper film with type 1 carbon tape)
(1) I

I}

' = Copper film U Copper film and wire
‘/(_arbon tape 2 \Y) ) Carbon tape 2

H 40 1 c ir ] 00 6 1 j

200

(c) CC2 (copper film with type 2 carbon tape)  (d) WC2 (copper wire and film with type 2
carbon tape)

Figure 3. Electrode arrangement with different types of electrodes.

A commercial multimeter (Keysight 3458A, Santa Rosa, California, USA) was used to measure
the change in electrical resistance during the tests. The electrical resistivity of the HPFRCCs was
measured by using direct current (DC) measurements to obtain a more accurate electrical resistivity [34].
The magnitude of the input current was maintained at 50 puA for 14 min to monitor the electrical
polarization. During the polarization tests, the specimens were kept in a chamber with a constant
temperature (25 °C) and humidity (60%). The test setup is illustrated schematically in Figure 4.
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Figure 4. Polarization effect stabilization test set-up and details about the specimen.

Figure 5 shows the test set-up for measuring the electrical resistance of the HPFRCCs during
the direct tensile tests. A universal testing machine (UTM) was used to apply a constant 1.0 mm/min
rate of displacement. The tensile elongation of the specimens was measured by two linear variable
differential transformers (LVDTs) installed in an aluminum cage, while the tensile stress was measured
by a 50 kN capacity load cell. To measure the electrical resistance of the specimens under tension, the
Keysight 3458 A multimeter was connected to the specimen, as shown in Figure 5. Prior to tensioning,
the electrical resistance was measured for at least 15 min to stabilize the effects of electrical polarization.
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Figure 5. Set-up for measuring the electrical resistance of HPFRCCs during direct tensile tests.
LVDT = linear variable differential transformers.

4. Results and Discussion

Figure 6a,b shows the typical change in electrical resistivity of the HPFRCCs due to electrical
polarization before applying tensile load and under direct tension, respectively. In Figure 6a, under
electric current without load, the electrical resistivity can be observed to rapidly increase until reaching
the polarization time required for stable electrical resistivity. In Figure 6b, it can be observed that as
the tensile strain (¢) increased from O to the first cracking strain (e.), the tensile stress (o) linearly
increased from 0 to the first cracking strength (o, point A) of the HPFRCCs under direct tension,
while the electrical resistivity (p) decreased from the initial electrical resistivity (pg) to that at the first
cracking point A’ (pcc). Even though the slight change in electrical resistance within the elastic limit
prior to points A and A’ cannot be clearly correlated to the change in applied tensile stress, the electrical
resistivities of the HPFRCCs beyond points A and A’ significantly decreased until the post-cracking
points B and B’, as illustrated in Figure 6b. The electrical resistivity considerably decreased from
Pec (point A') to the post-cracking electrical resistivity at point B’ (ppc), while the tensile strain increased
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from e to the post-cracking strain (epc), and the tensile stress increased from o to the post-cracking
strength (opc, point B). Kim et al. [17] reported that the electrical resistance of HPFRCCs under direct
tension with multiple micro-cracks is composed of a non-cracked component and a cracked component.
Since the electrical conductivity of the steel fibers in the cracked portion of an HPFRCC is much
higher than that in the non-cracked portion, the electrical resistance decreases as the number of
micro-cracks increases.
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(a) under electric current without load (b) under direct tensile load

Figure 6. Typical change of electrical resistivity of HPFRCCs.
The electrical resistivity (p) was calculated using the following Equation (1):

A
p= Rf’ (1)
where p is electrical resistivity (k()-cm), R is the electrical resistance (k(2), A is the cross-sectional area
of the specimen (cm?), and L is the distance between the input and output electrodes (cm).

Figure 7 shows the electrical resistivity history of identical HPFRCCs for 840 s (14 min) prior to
loading, measured using the four evaluated electrode types (CS, CC1, CC2, and WC2) under electric
current without any applied load. The multimeter was calibrated to collect data only within a range
of 6 to 0.1 Hz to minimize noise. The electrical responses measured using the CS, CC1, and CC2
electrodes clearly show the typical electrical polarization phenomena for 840 s, as can be seen in
Figure 7, while the response measured using the WC2 electrode did not. Among the three electrodes
that exhibited a typical polarization response, the CS electrode exhibited the shortest polarization time
(25 s). Based on the polarization tests, CC2 and WC2 electrodes were excluded in the investigation of
the electromechanical response of HPFRCCs under direct tensile load, as both electrodes produced
significant polarization and electrical noise.

Figure 8 shows the electromechanical responses of the HPFRCCs under direct tensile load as
measured using electrodes types CS and CC1, both of which exhibit the typical electromechanical
response of HPFRCCs with steel fibers. To quantify the strain- and damage-sensing capacity of the
HPFRCCs, their gauge factors (GF, GF;, and GF;) were calculated using the following Equation (2) [17]:

A
oo ;G = —-2 ()

GF = ; 1
Po - €pc Po " €cc Pec * (Ecc = 8pc)

where GF; represents the strain-sensing capacity within the elastic range prior to first cracking, GF,
denotes the damage-sensing capacity of the HPFRCC from after first cracking to the post-cracking
point, and the overall sensing-capacity can be estimated using GF. Specimen SP1 of the HPFRCC using
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the CS electrode was excluded from the calculation of the average GF values due to the large deviation
of its test results.
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Figure 7. Electrical resistivity history with time for HPFRCCs with different types of electrode (calibrated
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Figure 8. Electro-tensile behavior of HPFRCCs with different types of electrodes.
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The HPFRCCs using the CC1 electrode exhibited a higher strain-sensing capacity (GF; = 2.39) than
those using the CS electrode, as well as good damage-sensing capacity (GF, = 0.65). Consequently, the
electromechanical response of the HPFRCCs measured using the CC1 electrode generated comparable
self-strain and damage-sensing capacity to that measured using the conventional CS electrode.

4.1. Effects of Different Electrodes on the Polarization Parameters

Table 4 summarizes the parameters describing the electrical polarization corresponding to the four
different evaluated electrodes. These polarization parameters consist of the initial electrical resistivity
(po), electrical resistivity at polarization time (pp), fractional change in the electrical resistivity from
Po to pp (pp), change in the electrical resistivity at polarization time (App), slope at polarization time
(p’p), and polarization time (tp). Figure 9 shows the measured change in the electrical resistivity (Ap)
and the variation in the slope (p’) of that change corresponding to the different types of electrodes
evaluated, used to determine the polarization time (t) required to establish stable electrical resistivity,
defined in this study as the time satisfying both of the following conditions: 1) when Ap is less than
0.09 kQ)-cm, and 2) when p” is less than 0.009 kQ)-cm/sec. To minimize noise when determining t,, the
data measured at a frequency of 6 Hz was calibrated to the data measured at a frequency of 0.1 Hz, as
can be seen in Figure 9a,b. The above conditions for determining t, could then be obtained using the
measured data calibrated to 0.1 Hz. As a result, the t;, for the specimens equipped with the CS, CCI,
and CC2 electrodes was determined to be 25 s, 80 s, and 107 s, respectively.

Figure 10 shows the relationships between the fractional change in the electrical resistivity and
polarization time of the CS-, CC1-, and CC2-equipped HPFRCCs. The fractional changes in the
electrical resistivity at the polarization time (p,) of the CS-, CC1-, and CC2-equipped HPFRCCs were
186.7%, 240.7%, and 190.5%, respectively. The value of @ can be observed to be closely related to the
value of t,—the p, of the CS- and CCl-equipped HPFRCCs increased from 186.7% to 240.7%, as the t,
increased from 25 s to 80 s.

Table 4. Polarization response parameters of HPFRCCs with different types of electrodes. SP = specimen.

Electrical Resistivity Fra'ctlonal C.hange S.alop.e at . Polarization
Type of No (kO-cm) in Electrical Polarization Time Time (s)
Electrode . Resistivity (%) (kQ-cm/s) *
Po 3 App Pp dApp/dt, tp
SP1 2.2 4.0 0.10 190.8 0.0020 30
SP2 3.2 5.5 0.12 173.8 0.0020 30
CS SP3 2.7 53 0.06 195.5 0.0040 20
Avg. @ 2.7 49 0.09 186.7 0.0027 25
STDP 0.4 0.7 0.02 9.3 0.0009 4.7
SP1 2.8 8.1 0.13 295.8 0.0010 110
SpP2 3.8 8.1 0.08 211.3 0.0000 90
CC1 SP3 2.8 6.4 0.04 214.9 0.0000 40
Avg. 3.2 7.5 0.08 240.7 0.0000 80
STD 0.5 0.8 0.04 39.0 0.0005 294
SP1 14.6 26.5 0.07 180.3 0.0010 100
SpP2 16.5 34.6 0.11 210.6 0.0010 130
cC2 SP3 15.5 27.7 0.04 180.5 0.0060 90
Avg. 15.5 29.6 0.07 190.5 0.0027 107
STD 0.8 3.6 0.03 14.2 0.0024 17.0
SP1 51.0
SP2 48.8
weC2 SP3 71.3 -
Avg. 57.0
STD 10.1

* absolute value of the calculated value, * Avg.: average values; ® STD: standard deviation.
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Figure 9. Change in the electrical resistivity and slope of change in the electrical resistivity with
calibrated different data frequency.
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Figure 10. Relationship between the fractional change in the electrical resistivity and polarization time
of HPFRCCs corresponding to the electrode types.

The correlation between pp, and tp,, describing the polarization phenomenon, can be explained by
the electron flow at the interface between the electrode probes and the HPFRCCs. Suryanto et al. [35]
reported that the electrical resistance of cementitious composites was affected not only by the matrix
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characteristics (compressive strength, temperature, humidity, etc.) but also the electrical resistance of the
interface. Figure 11a—c illustrates the electron accumulation phenomenon at the interface between each
electrode type and the HPFRCCs. When the input current (i) flows from the probe into the cement based
material, negative electrons (e”) move in the opposite direction [36]. At this time, electron accumulation,
which causes the polarization effect, occurs between the probe (which has a high conductivity) and the
cement based material (which has a low conductivity). As the electron accumulation increases, both
the polarization time (t,) and the fractional change in the electrical resistivity at polarization time (pp)
increase. Therefore, as can be seen in Figure 11a, electrons at the interface between the CS electrode
and the HPFRCC, which exhibited a shorter t,, accumulated less than for other electrodes, whereas
the electrons at the interface between the CC2 electrode and the HPFRCC, which exhibited a longer
tp, accumulated more, as can be seen in Figure 11c. Consequently, the p, and t;, of the CCl-equipped
HPFRCC, which exhibits more electron accumulation between the specimen and the electrode than
the CS-equipped HPFRCC, were higher than those of the CS-equipped HPFRCC. The results obtained
using the CC2 electrode showed the highest t, (107 s), and a py, (190.5%) lower than that when using
CC1 electrode, as the CC2 electrode (which used a smaller-area carbon tape as the adhesive) seemed
to generate significantly more electron accumulation at the interface between the specimen and the
electrode. Thus, the CC2 electrode was determined to be unsuitable for measuring the electrical
resistance of HPFRCCs. Among the evaluated electrodes, the CS electrode exhibited the shortest t,, (25 s).
Among the remaining electrodes, because electrode CC1 exhibited a shorter t;, (80 s) than electrode
CC2 (107 s), CC1 was determined to be more suitable than CC2 for measuring electrical polarization.
Accordingly, the CS and CC1 electrodes were selected as the focus of the remaining investigation.
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Figure 11. Accumulation phenomenon of electrons at the interface between the probe and HPFRCCs.
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4.2. Effects of Electrode Types on Electromechanical Response

Table 5 summarizes the electromechanical response parameters (ecc, Occ, €pes Opes P0, Pec, aNd Ppc)
of HPFRCCs corresponding to the two most effective electrode types evaluated in this study (CS and
CC1). All specimens, regardless of the type of electrode used, exhibited a tensile strain-hardening
response and similar mechanical resistance. The average first-cracking strength (o) was 5.5 MPa and
6.4 MPa for the CS- and CCl-equipped HPFRCCs, respectively; the average post-cracking strength
(0pc) was 14.9 MPa and 15.7 MPa, respectively; and the average strain capacity (epc) was 0.48% and
0.56%, respectively.

Table 5. Electro-tensile parameters of HPFRCCs with CS and CC1 electrodes.

Tensile Strain ~ Tensile Stress Electrical Resistivity Change in the Electrical
Notation (%) (MPa) (kQ-cm) Resistivity (kQ-cm)

Ecc €pc Occ Opc Qo Pcc Ppc Ap Apqy Apy

SP1 0.01 0.44 6.0 13.3 5.1 43 42 0.9 0.8 0.1

Sp2 0.02 0.48 6.0 15.8 7.1 6.9 2.2 49 0.2 47

CSs SP3 0.02 0.51 4.5 15.4 10.4 10.2 4.9 5.6 0.3 5.3
Avg. 0.02 0.48 5.5 14.9 8.8 8.5 3.5 5.3 0.3 5.0

STD 0.00 0.02 0.75 0.20 1.65 1.65 1.35 0.35 0.05 0.30

SP1 0.03 0.50 5.3 15.1 12.8 12.7 8.5 5.2 1.0 4.2

SP2 0.02 0.54 6.4 15.5 12.1 11.4 7.3 4.8 0.6 4.2

CC1 SP3 0.03 0.65 7.4 15.7 17.4 16.4 11.9 5.6 1.1 5.6
Avg. 0.03 0.56 6.4 15.4 14.1 13.5 9.2 49 0.6 43

STD 0.00 0.06 0.86 0.25 2.35 2.12 1.95 0.33 0.22 0.66

There was clear difference in the measured initial electrical resistivity (pg) of the CS- and
CC1l-equipped HPFRCCs, which were 8.8 k()-cm and 14.1 kQ)-cm, respectively. However, as can be
seen in Figure 12, the overall change in electrical resistivity (Ap) was 5.3 kQ)-cm and 4.9 kQ)-cm for the
CS- and CC1-equipped HPFRCCs, respectively, even though the materials used in the CS electrode
exhibited a higher electrical conductivity than those used in the CC1 electrode.
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Figure 12. Change in the electrical resistivity of HPFRCCs with CS and CC1 electrodes under direct

tensile load.

Table 6 compares the effects of electrode type on the gauge factors. The CS-equipped HPFRCCs
showed a higher damage-sensing capacity (GF;), whereas the CCl-equipped HPFRCCs exhibited a
higher strain-sensing capacity (GF;), as well as good damage-sensing capacity—GF; of the CCl-equipped
HPFRCC was 2.39 and its GF, was 0.65. Therefore, the CC1 electrode using copper film with type 1
carbon tape was identified as the best suited for use as a replacement for the conventional copper tape
with silver paste (CS) electrode in measuring the electromechanical response of HPFRCCs.
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Table 6. Gauge factors of HPFRCCs with CS and CC1 electrodes under direct tensile load.

Notation Overall Sensing Strain-Sensing Damage-Sensing
Capacity, GF Capacity, GF; Capacity, GF;
SP1¥ 0.40 15.69 0.05
SP2 1.44 1.41 1.48
cs SP3 1.06 1.44 1.06
Avg. 1.22 1.43 1.23
STD 0.19 0.02 0.21
SP1 0.81 2.60 0.70
SP2 0.73 2.48 0.71
cc SP3 0.50 2.11 0.56
Avg. 0.62 2.39 0.65
STD 0.13 0.21 0.07

¥ the specimen 1 (SP1) of the HPFRCCs using the CS electrode was excluded in the calculation of the average.

5. Conclusions

In this study, we investigated the electromechanical response performance of four electrodes for
use in self-damage detecting concrete: a conventional copper tape with silver paste (CS), copper film
with type 1 carbon tape (CC1), copper film with type 2 carbon tape (CC2), and copper wire and copper
film with type 2 carbon tape (WC2). The CC1 electrode exhibited the best performance among the
three types of electrodes investigated to replace the conventional CS electrode. On the basis of the
experimental results, the following conclusions can be drawn:

e  Both the CC1 and CS electrodes produced a relatively shorter polarization time than the other
electrodes (CC2 and WC2). The polarization times (t) for the specimens using the CS and CC1
electrodes were 25 s and 80 s, respectively.

e The t, was significantly affected by the accumulation of electrons at the interface between the
specimen and electrode. Higher levels of electron accumulation resulted in longer polarization times.

e  The overall change in the electrical resistivity (Ap) upon damage to specimens equipped with the
CS and CC1 electrodes was 5.3 kQ)-cm and 4.9 k()-cm, respectively. The CS-equipped HPFRCCs
showed a higher damage-sensing capacity (GF,), whereas the CC1-equipped HPFRCCs exhibited
a higher strain-sensing capacity (GF;), as well as good damage-sensing capacity.

e The CC1 electrode using copper film with type 1 carbon tape is identified as the best suited for use
as a replacement for the conventional copper tape with silver paste (CS) electrode in measuring
the electromechanical response of self-damage-detecting concrete.

We determined that the CC1 electrode can be used as a replacement for the conventional copper
tape with silver paste (CS) electrode under direct tensile load. This is an improvement in economic
terms as well, as using carbon tape is a third of the cost of using silver paste. In future research, we
intend to demonstrate the suitability of the CC1 electrode for use with HPFRCCs under compressive
load, cyclic load, and other measuring conditions (using alternating current, biphasic direct current,
multiple electrodes, the two probe method, reusability and accounting for temperature influence, etc.)
to more completely capture the capabilities and performance of this electrode type.
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Abstract: Tin(II) monosulfide (SnS) nanosheets were synthesized using SnCl;e5H,0 and S powders
as raw materials in the presence of H,O via a facile chemical bath method. Orthorhombic phase
5nS nanosheets with a thickness of ~100 nm and lateral dimensions of 2~10 um were obtained by
controlling the synthesis parameters. The formation of a SnO; intermediate is key to the valence
reduction of Sn ions (from IV to II) and the formation of SnS. The gas sensors fabricated from SnS
nanosheets exhibited an excellent response of 14.86 to 100 ppm ethanol vapor when operating at 160 °C,
as well as fast response and recovery times of 23 s and 26 s, respectively. The sensors showed excellent
selectivity for the detection of ethanol over acetone, methanol, and ammonia gases, which indicates
the SnS nanosheets are promising for high-performance ethanol gas sensing applications.

Keywords: gas sensors; SnS nanosheets; chemical bath synthesis; oleylamine; ethanol sensing

1. Introduction

Ethanol (EtOH), a typical volatile organic compound (VOC), is a common raw material and has
important applications in the chemical, biomedical, and food industries. However, it is volatile and
flammable, and it can cause health problems such as headache and liver damage [1]. The detection
of EtOH gas/vapor is therefore of particular importance. Nowadays, semiconductor gas sensors
are most widely used due to their high sensitivity, ease of fabrication, simple structure, and low
cost [2]. For example, SnO; [3], ZnO [4], In,O3 [5], and WO; [6] have been employed to fabricate
ethanol gas sensors. However, most oxide semiconductor gas sensors tend to exhibit high operating
temperatures [7-9] which increase the power consumption, accelerate the aging of gas-sensing materials,
and reduce their service life. Recently, TiO, and Fe,O3 have been employed to make gas sensors which
can work at room temperature [10-12]. Bhowmik et al. made an EtOH sensor device based on the
p—n homojunction of TiO, nanostructures [10]; it offered a maximum response magnitude of ~57%
(toward ethanol) at 100 ppm with appreciably fast response and recovery times of ~30 and ~16 s,
while the nano-heterostructure increased the difficulty of device fabrication. Bindra et al. fabricated
multi-layered TiO, nanotube-array-based highly sensitive room-temperature vapor sensors [11],
but the response time was more than 82 s; Lin et al. made an EtOH gas sensor based on y-Fe;O3
nanoparticles working at room temperature [12], but the response time was up to 533 s. In addition,
most oxide semiconductor ethanol-gas-sensitive materials also have strong interference signals for
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other reducing VOCs, among which the most representative interference sources are acetone and
methanol. At present, commercial EtOH sensors are composed of an array of gas-sensing materials
with different selectivity, and the gas recognition and composition analysis are performed by pattern
recognition technology [13,14], but these sensing arrays have complicated structures. So, it is still
necessary to develop a gas-sensing material which has low operating temperature, high sensitivity,
good selectivity, and a fast response time to EtOH gas.

Recently, flak-like sulfide materials have attracted great interest because of their excellent
electrical, optical, and mechanical properties [15-17], as well as their planar crystal structure, large
surface-to-volume ratio, and low electronic noise [18,19]. These properties make sulfide nanosheets
very suitable for gas-sensing materials; this has not received the deserved attention. In most
cases, sulfide-nanosheet-based gas sensors have a lower operating temperature than do metal oxide
semiconductor materials [19-21]. This is mainly due to the S atoms exposed on the surface of sulfide
nanosheets that have less electronegativity and more easily absorb oxygen in the air. At the same time,
the narrower band gap of the sulfide material (<2.5 eV), compared with that of oxide semiconductor
materials (~3.0 eV), can reduce the power consumption of gas sensors. Additionally, previous research
based on first-principles calculations and experiments has shown that physisorption-based charge
transfer functions more easily between the surface of flaky sulfide gas-sensitive materials and target
gas molecules at lower temperatures, which may result in better gas sensing selectivity for a particular
target gas [20,22,23].

As a new 2D material with a black phosphorene structure, SnS has an energy band gap of about
1.3 eV [24,25], which is suitable for a gas-sensing material. Recently, Rana et al. fabricated a gas sensor
based on SnS nanoparticles [26] which had high sensitivity and a fast response time to EtOH gas.
This confirmed that SnS is a very promising ethanol gas-sensing material. Three kinds of methods have
been used to synthesize SnS nanomaterial: top-down exfoliation from bulk materials, chemical vapor
deposition (CVD), and solution synthesis [27-32]. However, the nanosheets obtained by exfoliation
methods from bulk materials are not controllable in terms of their uniformity, size, and thickness,
which is not suitable for large-scale production. Although O’Brien et al. prepared SnS thin films
via CVD [29], the complex precursors and strict synthesis conditions limited the application of this
method. Herron et al. prepared SnS nanosheets by a solution method, but the particles were small and
thick [30]. Deng et al. synthesized ultrathin single crystalline SnS in oleylamine (OAm) but with the
addition of 1-dodecanethiol (DDT), which is a highly toxic pesticide [31]. Cui et al. prepared large-sized
SnS thin crystals by solvothermal methods; however, the reaction pressure was up to 200 MPa, which is
hard to achieve and dangerous in operation [32]. Therefore, there is still a significant need to explore
a simple, efficient, and environmentally friendly process to grow large-sized SnS nanosheets.

In the present work, we report a facile chemical bath method to synthesize large-sized SnS
nanosheets from cheap and environmentally benign chemicals. The gas sensing results of the synthesized
SnS nanosheets show a high response, great selectivity, and fast response and recovery times towards
EtOH gas.

2. Materials and Methods

2.1. SnS Nanosheet Synthesis and Characterization

Tin (IV) chloride (SnCly5H,0, >99.9%, Aladdin) and sulfur powder (5N, Aladdin) were used as
the tin (Sn) and sulfide (S) precursors, respectively; oleylamine (OAm, >90.0%, Aladdin) was used
as a surfactant; and octadecene (Ode, >90.0%, Aladdin) was the solvent. All the chemical reagents
were used as received without further purification. Figure 1 shows a diagram of the synthesis process.
A simplified Schlenk line was used to protect the reaction from oxygen/air, and the whole synthesis
process should be performed under a persistent flow of high-purity N; gas with constant stirring.

In a typical experiment, SnCl;5H,0 (1 mmol) was dissolved into distilled water (10 mL), then the
above solution and Ode (20 mL) were added into a 50 mL three-neck flask. This mixed solution was
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degassed at 130 °C for 1 h to fully hydrolyze SnCl;#5H,0 and evaporate excess water. Subsequently,
the solution was heated to 280 °C within 15 min. The S-OAm solution (1 mmol of sulfur powder
dispersed into 10 mL of OAm) was injected into the reaction system, and the reaction was maintained
at 280 °C for 30 min. After cooling the solution to room temperature naturally, a gray-black product
was collected and separated from the solution by centrifugation. The product was further washed
three times using an ethanol and cyclohexane mixed solvent (1:1 volume ratio) and finally dispersed
in cyclohexane. The morphology of the products was examined by scanning electron microscopy
(SEM, JEOL 54800) equipped with an energy-dispersive X-ray (EDX) spectroscope and a transmission
electron microscope (TEM, JEM-2100F, JEOL). Powder X-ray diffraction (XRD) patterns were taken on
an X'Pert Pro MPD (Philips PAN analytical) with Cu Ko radiation at 45 kV and 40 mA. The XRD data
were collected with the 0-20 scanning scope starting from 20 = 5° to 80° with a step of 6° per second by
using Cu Ko radiation (1.5418 A). The composition of the reaction liquid was characterized by Fourier
transform infrared spectrometry (FT-IR, 8400 Shimadzu).

S-OAm solution

130°C,1h
—_—
heating

280°C 280°C, 0.5 h
heating

Ode +SnCl,*5H,0 + H,0

Figure 1. Diagram of the chemical bath synthesis process of SnS nanosheets.
2.2. The Gas Sensing Test

To make the gas sensing device, 0.1 g of as-prepared SnS nanosheets and 5 mL of cyclohexane
were added into a centrifuge tube with 5 mL capacity. This mixture was ultrasonicated for 10 min
to form a concentrated suspension. An alumina ceramic tube (Figure 2) with two ring-shaped gold
electrodes and two platinum wires connected to each electrode were put into the suspension such
that the surface of the tube was coated with SnS nanosheets and then dried in ambient air naturally.
Repeating the above processes five times, a gas sensing test tube whose surface was completely and
evenly covered by SnS nanosheets was prepared. Then, a Ni-Cr alloy filament was put into the ceramic
tube as a micro heater. The operating temperature of the gas sensor is controlled by the voltage across
the heating wire. The final gas sensing test unit was assembled by soldering the ceramic tube with SnS
nanosheet sensing material and electrodes onto a connector base with six probes.
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Pt wire

Sensing film

Pt wire

Gold signal
clectrodes

Pt wire

Ni-Cr heater

Figure 2. Schematic diagram of the device for gas sensing performance testing.

The gas sensing tests were carried out using a commercial HW-30A measurement system (Han Wei
Electronics Co., Zhengzhou, China) using ambient air as the dilute and reference gas. For details on
this test system, please see the Supplementary Materials. A hygrometer showed a humidity of 60%
at room temperature (25 °C). The response time (tres) or recovery time (trec) is expressed as the time
taken for the sensor output to reach 90% of its saturation after the test gas is applied or deactivated in
a function step. The response S was defined as

S= Rg/ Rq, (1)
where R, and R, are the steady-state resistances in air and the testing gas, respectively.

3. Results and Discussion

3.1. Microstructural Characterizations of the SnS Nanosheets

Figure 3a shows the crystal structure diagram of SnS. Figure 3b is the XRD pattern of as-prepared
typical SnS nanosheets, which share the same structure as orthorhombic phase SnS (JCPDS No. 39-0354)
with a space group of Pbnm(62). All sharp peaks match the JCPDS card, and no impurities were
identified. In this crystal structure, S atoms and Sn atoms in the same two-atom-thick layer are alternately
arranged in a zigzag (Figure 3a), and two adjacent layers are held together by van der Waals forces [33].
Each unit cell contains two of these two-atom-thick layers along the b axis. The primary diffraction
peak at the 20 value of 31.97°, ascribed to the (040) plane, is consistent with the SEM and TEM images
in Figure 4. The SEM images (Figure 4a,b) display the morphology of typical SnS nanosheets. Most
as-prepared SnS particles are sheet-like with lateral sizes of 5~20 pm and a thickness of about 100 nm.
Figure 4c shows a TEM image of a monodisperse SnS nanosheet, and Figure 4d is a high-resolution TEM
(HRTEM) picture of the square area in Figure 4c. The corresponding selected area electron diffraction
(SAED) pattern reveals the single-crystalline structure of orthorhombic phase SnS nanosheets with the
extending direction parallel to the (040) plane. Figure 4e shows an HRTEM image of the region circled
by the frame in Figure 4d, and the inset is a profile intensity image along the line, in which a lattice
fringe spacing of 0.293 nm is identified. It should correspond to the (101) or (101) lattice planes of
orthorhombic phase SnS. EDX analysis was performed and strong signals from Sn and S were detected,
as shown in Figure 4f. The peaks related to Cu came from the copper mesh substrate used in the
TEM analysis. The calculated composition ratio was 1.03(Sn):0.97(S), with a slight sulfur deficiency
compared to the stoichiometric SnS. It is important that the deficient S atoms make the as-prepared
SnS nanosheets exhibit n-type semiconducting characteristics. The high aspect ratio and large area of
the high-quality (040) surface endue it with promising applications like catalysis and gas sensing.
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Figure 3. (a) Crystal structure diagram of orthorhombic phase SnS. (b) XRD pattern of typical SnS nanosheets.

Intensity (a. u.)

Energy (keV)

Figure 4. (a) and (b) SEM images of SnS nanosheets. (c¢) TEM image of SnS nanosheets. (d) and
(e) HRTEM images of SnS nanosheets. (f) The EDX spectrum of SnS nanosheets.
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3.2. Synthesis Process and Mechanism

To understand the reaction process, especially the valence conversion of Sn ions from +4 to
+2, we conducted a series of characterizations to different time-dependent intermediate products.
Firstly, a series of samples were prepared with different volumes of water (2mL, 4 mL, 6 mL, 8 mL,
and typical 10 mL) while the other conditions remained unchanged. Figure 5 shows the XRD patterns
of these samples. When there is no water addition during the reaction, the main products are hexagonal
crystal SnS, flakes. However, the main product changed to orthorhombic crystal SnS when even
a small amount of water was introduced into the reaction system. With an increasing amount of
water, the yield of SnS in the product increases. Pure SnS nanosheets were obtained when 10 mL water
was added in the reaction. This demonstrates that the added water is not only a solvent but also
participates in the chemical reaction.

5000 - M SnS,
4000 -

2mL

g 4 mL

3000 - % 6 mL

2000 ~

Intensity (a. u.)

1000 -

0+ | | | | SnS (PDF #39-0354)

10 20 30 40 50 60 70 80
20 (degree)

Figure 5. XRD patterns of samples synthesized with different volumes of water.

The intermediate product was further analyzed in order to understand the function of water in the
reaction process. Figure 6 shows an SEM image of a sample obtained by heating the reactants at 130 °C
for 1 h and then by centrifugation. It is apparently not a crystallized substance. The EDS analysis
results indicate that it contains Sn, O, and CI elements with an atom ratio of about 1(Sn):3(O):1(CI).
In addition, we passed the effluent gas through a flask with deionized water. After the reaction,
the testing water became acidic, which indicates the formation of hydrochloric acid (HCI). It is possible
that SnCly was hydrolyzed during the heat preservation process following the chemical reaction

SnCly + H,O 2 Sn(OH)sCl + HCI 1. 2)
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Figure 6. SEM image of SnCl; hydrolyzates and the element composition of the circled area measured by EDX.

Moreover, the reaction was stopped when the reaction temperature had just reached 280 °C and the
S-OAm solution had not been injected into the reaction flask. The reaction mixture was centrifuged and
washed with EtOH. Finally, reddish-black powders were obtained. The XRD pattern shown in Figure 7
indicates that the powder is a tetragonal crystal of SnO, (JCPDS No. 41-1445) with a low degree of
crystallinity. It is possible that the intermediate compound Sn(OH);Cl was decomposed to form SnO, at an
elevated temperature (280 °C). After injection of the SSOAm solution into the reaction system, both reactions
(4) and (5) may take place [34]. The SnS nanosheets can be formed following reaction (6).

Sn(OH);Cl — SnO, + HCl + H,0 3)
R-CH,-NH, + SnO, & R-CO-NH; + SnO + H,O 4)
R-CHy-NH, + Sy & R-CS-NH, + H,S )
SnO + HyS 2 SnS + H,O 6)
400
(110) —8Sn0O,
(101) (PDF #41-1445)

Intensity (a. u.)

20 (degree)

Figure 7. XRD pattern of the intermediate product before S-OAm reactant was added.
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In order to verify this assumption, the suspension was allowed to stand for 6 h after completion
of the reaction, and then the supernatant liquid was taken for FT-IR analysis. The FTIR spectrum is
shown in Figure 8. The obvious peaks at 1560 and 1647 cm™! are attributed to the R-CO-NHj, stretch
of amide, which confirms the formation of amide during the chemical bath reaction [35]. As discussed
above, it could be concluded that reactions (2)—(4) are the key to the valence conversion of the Sn ion
from +4 to +2.

80

60 -

R-CO-NH,

Trel (%)

40+

20 T T 1 T
500 1000 1500 2000 2500 3000 3500
Wavenumbers (cm™)

Figure 8. FI-IR spectrum of the final reaction solution.
3.3. Gas Sensing Properties

A large number of studies have demonstrated that the operating temperature of a gas sensor is
the most influential factor which affects the gas response of semiconductor sensors [36]. It is known
that sulfides are unstable in air at high temperatures, so we examined the temperature stability of
the as-prepared SnS nanosheets by heating the samples to different temperatures. With the help of
XRD characterization, we could clearly observe the transition from orthorhombic phase SnS to SnOy
after heating the nanosheets to 180 °C in air for 10 days, but this phenomenon did not appear with
the same process at 160 °C, as shown in Figure 9a,b. Therefore, we tested the gas sensing response
of SnS nanosheets to 100 ppm EtOH at operating temperatures from room temperature to 160 °C,
and the results are shown in Figure 9c. At room temperature, there is no acceptable signal because the
resistance of the sensing device is too big for the measurement range of the instrument. With increasing
operating temperature, the response is enhanced, suggesting that increased temperature facilitates
the adsorption of EtOH gas molecules onto the surface of SnS nanosheets and promotes the charge
transfer [17]. This positive correlation between response S and operating temperature is valid until the
temperature of 160 °C, at which the response S is 14.86. At present, some of the conversional metal
oxide semiconductor (ZnO, WOj, etc.) gas sensors work at over 250 °C [1,37]. The low operating
temperature of the SnS nanosheet gas sensor may be due to the following reasons. On one hand,
the electronegativity of the S atom is lower than that of the O atom. Thus, compared with the surface
of metal oxides, oxygen molecules are more easily adsorbed on the surface of tin sulfides and then
capture electrons from the conduction band to form oxygen ions; this makes sensing signals based on
chemical adsorption easy to produce. On the other hand, the physisorption-based charge transfer also
contributes significantly to the gas sensing properties of flaky sulfide materials, which can work at
lower temperatures [18,38].
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Figure 9. (a) XRD pattern of SnS samples which underwent heat treatment at 180 °C for 10 days in
air. (b) XRD pattern of SnS samples which underwent heat treatment at 160 °C for 10 days in air.
(c) The response S of sensors made of SnS nanosheets in the presence of 100 ppm of EtOH gas operating
at different temperatures.

Figure 10a shows the dynamic response-recovery curves of the sensors to EtOH gas with
concentrations ranging from 1 ppm to 100 ppm at 160 °C. Resistances of 35.7, 11.9, 7.9, 5.6, and 3.7 MQ)
were recorded at EtOH gas concentrations of 1, 10, 20, 50, and 100 ppm, respectively. With decreasing
EtOH concentration, the response signal is getting weaker and weaker. This is due to fewer ethanol
molecules being adsorbed on the surface of the sensing material, and the resistance of the SnS
nanosheets changes less. When the concentration of EtOH gas decreases to 1 ppm, the gas sensor
still shows an obvious response S of 1.54, revealing that the resistance of the SnS nanosheets is very
sensitive to EtOH vapor. The relationship between the response S and concentrations of NO; is shown
in the Supplementary Materials.

In order to study their reversibility characteristics, the sensing devices were exposed to 100 ppm
of EtOH and air alternately for five or more cycles. It can be seen in Figure 10b that the resistance
of the sensor in 100 ppm EtOH gas was steady and could return to the no-load level after each
desorption. This result confirms that there is a minuscule amount of residual gas molecules during
desorption process, and the SnS nanosheets gas sensors have a good performance in reversible cycle
tests. The response and recovery times of the sensors to 100 ppm EtOH at 160 °C are shown in
Figure 10c. As can be seen, the response and recovery times are 23 s and 26 s, respectively. These results
are much better than those of most EtOH gas-sensing materials reported previously, such as BiyS;
nanowires [39], CuxO films [40], WO3 microflowers [1], and V,O5 nanobelts [41].

Figure 11 shows the response S of SnS-nanosheet-based sensors to 100 ppm of different gases
at 160 °C. Compared to EtOH, other gases (including acetone and methanol gases, which are the
most common sources of signal interference) have little response with the SnS-nanosheet-based gas
sensor. In this work, the response S to EtOH is more than 10 times larger than those to the other gases.
This indicates the SnS-nanosheet-based sensors exhibit a superior selectivity to EtOH gas. Ethanol gas
is considered a representative of the reducing organic gases. According to previous studies, for volatile
organic compounds (VOCs), the optimal operating temperatures depend on their molecular orbital
levels [40]. When the lowest unoccupied molecular orbital (LUMO) level of the gas is low, the energy
required for the gas sensing reaction is reduced. Since the LUMO level of ethanol (0.12572 eV) is
lower than those of methanol (0.19728 eV) and acetone (0.20525 eV), electrons in the ethanol molecule
are more prone to transfer than those in methanol and acetone molecules at low temperature [42,43].
In addition, physisorption-based charge transfer may play an important role in the gas sensing process.
In this case, the more the electron cloud density shifts, the higher the molecule-surface binding energy
becomes; this is reflected in the macro phenomenon in which the material resistance changes more
and the gas sensing signal is stronger. Therefore, we speculate that the SnS nanosheets we prepared
have higher binding energy to ethanol molecules than other tested organic molecules, especially
methanol and acetone. This requires further experimentation or calculation to verify. As shown above,
the SnS-nanosheet-based gas sensor in this study showed excellent selectivity to ethanol molecules.
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4. Conclusions

In this work, SnS nanosheets were prepared using a simple solution reaction method. Orthorhombic
phase SnS nanosheets with a thickness of ~100 nm and lateral dimensions of about 2~10 um were obtained
by controlling the synthesis parameters. The formation of a SnO, intermediate is key to the valence reduction
of Sn (from IV to II) and the formation of SnS nanosheets. The gas sensing properties of the SnS nanosheets
were investigated at different operating temperatures. The SnS-nanosheet-based gas sensors exhibited
excellent properties in sensing EtOH gas with a maximum response S of 14.86 at 160 °C, and a response
time of 23 s and recovery time of 26 s. The response factor to EtOH is more than 10 times those to other
VOCs. This study demonstrates the potential of SnS nanosheets for EtOH gas sensing applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/11/2581/s1,
Figure S1: Photo of (a) the test circuit board and (b) HW-30A gas-sensing test system, Figure S2. Relationship
between response S and concentrations of NO2 at 110 °C.
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Abstract: Piezoelectric and dielectric materials have attracted much attention for their functional
device applications. Despite its excellent piezoelectric properties, the content of lead in piezoelectric
materials should be restricted to prevent future environmental problems. Therefore, reduced lead
content in piezoelectric materials with similar piezoelectric properties is favorable. In our research,
piezoelectric materials with decreased lead content will be studied and discussed. Even though the
lead content is decreased in Bi(Mgg 5Tig5)O3—PbTiO3 ceramics, they show piezoelectric properties
similar to that of lead zirconate titanate (PZT)-based materials. We believe this high piezoelectric
behavior is related to the relaxation behavior of Bi(Mgp 5Tig 5)O3-PbTiO3 (BMT-PT) ceramics. In this
study, 0.62Bi(Mgq 5Tig5)O3-0.38PbTiO3 ceramics were prepared by the conventional sintering process.
These piezoelectric ceramics were sintered at varying temperatures of 975-1100 °C. Crystallinity and
structural properties were analyzed and discussed. X-ray diffraction pattern analysis demonstrated
that the optimal sintering temperature was around 1075 °C. A very high Curie temperature of 447 °C
was recorded for 0.62BMT-0.38PT ceramics sintered at 1075 °C. For the first time, we found that the
origin of the high Curie temperature, ds3, and the dielectric constant is the relaxation behavior of
different dipoles in 0.62BMT-0.38PT ceramics.

Keywords: piezoelectric; BMT-PT; ceramic

1. Introduction

Since the discovery of Pb(Zr,Ti)O3 (PZT) in the 1950s, it has been applied in piezoelectric
transducers, actuators, and sensors because of its excellent piezoelectric properties [1]. PZT is also
important in new high-precision switchable measurement methods, where dielectric properties are
highly important. These methods compensate for environmental effects, voltage offset, frequency drift,
and temperature influence, as previously reported in [2—4]. Due to its outstanding piezoelectric and
mechanical properties, ceramic-based PZT actuators have received a great deal of attention in the
industry. However, it is desirable to use materials with a low lead content to avoid environmental
problems [5-8]. Therefore, there is a great need to discover piezoelectric materials that have a low lead
content while still having favorable characteristics like those of PZT ceramics.

Recently, BiFeO3-based (BF) perovskite materials have been intensively investigated, owing to
their complex electric properties resulting from ferromagnetism and ferroelectricity [9-11]. For high
temperature device applications, BF-based materials, (1 — x)BiMeO3;—xPbTiO3 (Me3* = Fe, Sc, Mg,
In, Y, Yb, Ga), are attractive. These materials contain metallic components in a distorted perovskite
structure, which has a higher Curie temperature between the ferroelectric and paraelectric states than
that of PZT ceramics [12]. In particular, bismuth-based perovskite system Bi(Mgq 5Tip 5)O3—PbTiO;
(BMT-PT) ceramics are expected to have a higher Curie temperature with relative polarization and
piezoelectric charge coefficient. Since the origin of the BiMeO3-PTiO3 system is multiferroic material,
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it is expected to have weaker piezoelectric and dielectric properties than the PZT-based system.
Despite the higher Curie temperature than that of the PZT system, lower piezoelectric and dielectric
properties can be an obstacle for device applications. However, as a lead-containing material, BMT-PT
piezoelectric material has similarly excellent piezoelectric properties as PZT, even though it has a low
level of lead compared to PZT [13]. The multiferroic and relatively weak ferroelectric properties in the
BiMeO;-PTiO3 system, which is usually observed in the electric field-dependent polarization process,
can be the main obstacles for its future piezoelectric applications. However, as we have mentioned
before, a relatively high piezoelectric charge coefficient of more than 200 pC/N with a higher Curie
temperature range over 400 °C can improve its prospects for future multifunctional applications,
including actuators and sensors.

In this study, we will prepare a BMT-PT system by optimizing the sintering temperature.
The main advantages of a BMT-PT piezoelectric system are summarized in Table 1. As seen in
Table 1, this system has high piezoelectric properties, a high Curie temperature, and a moderate
price. However, as a representative lead content-reduced material, BiScO3-PbTiOs3 also has a high
piezoelectric coefficient and a high Curie temperature, but this material is very expensive and not
feasible for application in electronic devices. The optimized composition of the BMT-PT system
was selected through the phase diagram, and then the morphotropic phase boundary (MPB) was
extracted to achieve the maximum piezoelectric properties [14]. In our assumption, we believe that
0.62Bi(Mg 5Tip 5)O3—0.38PbTiO3 ceramics have a mixture of rhombohedra and tetragonal structures.
This assumption will be tested and discussed after X-ray diffraction (XRD) analysis. Therefore, the
composition of 0.62Bi(Mgq 5Tip5)O03-0.38PbTiO3; was selected in this experiment [15]. Crystalline
properties, including XRD patterns, and electrical properties, including piezoelectric and dielectric
properties, will be investigated and discussed.

Table 1. Comparison of piezoelectric properties of BiMeO3-PbTiO3 and other lead content-reduced ceramics.

. . . . . Piezoelectric
Sintering Dielectric Curie
crpr s Charge Cost Reference
Temperature Permittivity Temperature Coefficient
BiFeO3-PbTiO; 1100 °C . 3?3%0_{)();” 500 °C 165pC/N  Moderate  [12,16]
BiScO3-PbTiO; 03 61329({21” 450 °C 460 pC/N Very High [12,17]
. . 600 for o
BilnO3-PbTiO3 0.1BilnO3-0.9TiO5 541 °C Moderate [12,18]
BiYbO,-PbTiO; 1140 °C I SoR . 590 °C 18pC/N  VeryHigh  [12,19]
BNT-PT
0.55Bi(NiyTi)O3— 1050 °C 400 °C 293pC/N  Moderate [12,20]
0.45PbTiO;
BMT-PT . 625 for .
(our samples) W075°C gemmT-03spT  477°C 237pC/N - Moderate

2. Materials and Methods

The 0.62Bi(Mgq 5Tip 5)03—0.38PbTiO3 (0.62BMT-0.38PT) ceramics were prepared by a standard
ceramic sintering technique using the blended oxides method. The raw materials, BiyO3,
4MgCO5-Mg(OH),-5H,0, TiO,, and PbO, were weighed and combined by ball-milling with a ZrO,
ball in ethyl alcohol for 24 h. The blended powders were calcined at 900 °C for 2 h in a furnace. The
desiccated powders were blended with polyvinyl alcohol (PVA) and compressed into a disk with a
diameter of 10 mm and thickness of 1 mm. The sample was then sintered at various temperatures
ranging from 975 to 1100 °C (975, 1000, 1025, 1050, 1075, and 1100 °C) for 2 h in a sealed alumina
crucible to avoid loss of Bi,O3 and PbO due to sublimation. Silver electrodes were formed on both
sides of the ceramic plates by screen printing. The poling process was performed in a silicon oil bath at
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100 °C with an applied electric field of 1 kV/mm. The crystalline properties were analyzed by XRD
using a Cu Ko radiation source (Bruker ARS), and the electric properties were analyzed by an HP
4294 impedance analyzer. Field emission scanning electron microscopy (FESEM) was used to examine
the microstructure. To characterize its piezoelectric and dielectric properties, the piezoelectric charge
coefficient and electric field-dependent polarization processes were performed, in this experiment, by
employing the Sawyer—Tower method with 0.1 Hz.

3. Results and Discussion

Figure 1 shows the XRD patterns for the 0.62BMT-0.38PT systems, which were sintered at various
temperatures. The specimens were sintered from 975 to 1100 °C in steps of 25 °C. Figure 2 displays the
(001) XRD peaks of 0.62BMT-0.38PT piezoelectric ceramics according to the sintering temperature
range. As shown in Figures 1 and 2, the XRD patterns show very weak variation in peak intensities
and positions. This means that the degree of crystallization and d-space of lattice parameters were
slightly changed after the sintering process. As observed in Figure 2, the (001) peak position of
0.62BMT-0.38PT ceramics were shifted to lower angles as the sintering temperature increased. It means
that the lattice parameter c increased as the sintering temperature increased. Furthermore, it seems that
0.62BMT-0.38PT piezoelectric systems have good crystalline structure without a pyrochlore phase.

1100 °C
— 1075°C
— 1050 °C
— 1025 °C
— 1000 °C
— 975°C

110
|
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002
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220

Intensity (A.U.)
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Figure 1. X-ray diffraction (XRD) patterns of Bi(Mgg5Tip5)O3-PbTiO3 ceramics according to
sintering temperature.

Figure 3 depicts the degree of crystallization for the (001) direction in the 0.62BMT-0.38PT ceramic.
The crystallization degree of (001) approached or even exceeded 10% at the sintering temperature of
1075 °C. This means that the distorted perovskite structure of 0.62BMT-0.38PT ceramics has a high
degree of c-axis orientation as sintering temperature increases, which corresponds to the added thermal
energy to form the crystalline structure. However, when the sintering temperature was increased
beyond 1100 °C, the peak ratio of (001) decreased. We believe this maximum value of peak ratio (001)
at 1075 °C and decreased peak ratio at 1100 °C are probably related with the crystallization degree.
Therefore, we can argue that a sintering temperature of 1075 °C is the optimized sintering temperature
owing to the increased (001) relative intensities.
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Figure 3. Peak ratio (001) of Bi(Mg 5Tig5)O3-PbTiO3 ceramics according to sintering temperature.

Figure 4 shows the FESEM images for the 0.62BMT-0.38PT ceramics, which were sintered at various
temperatures. As shown in the FESEM images, the grain size of 0.62BMT-0.38PT ceramics increased as
the sintering temperature increased. At a sintering temperature of 1075 °C, 0.62BMT-0.38PT ceramics
showed a large grain size with a dense structure. Due to this highly dense structure, 0.62BMT-0.38PT
ceramics that were sintered at 1075 °C showed the highest piezoelectric and dielectric properties among
the specimens. However, as the sintering temperature of 1100 °C was attained, the grain shape was
distorted, and the size was decreased.
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1050 °C 1075 °C 1100 °C
Figure 4. Field-emission scanning electron microscopy (FESEM) images of Bi(Mg 5Tig 5)O3-PbTiO3
according to sintering temperature.

Figure 5 reveals the bulk and theoretical density of 0.62BMT-0.38PT ceramics depending on the
sintering temperature. As the sintering temperature increased, the density increased up to 1075 °C
and then decreased. This behavior is similar to that of grain size as observed in the FESEM images.
As the sintering temperature increased, 0.62BMT-0.38PT ceramics became crystallized, therefore, the
density was increased. However, as the sintering temperature was further increased up to 1100 °C, the
density decreased. We believe that this decreased bulk density comes from the oversintered phase of
0.62BMT-0.38PT ceramics. It also seems that the bulk density of 0.62BMT-0.38PT ceramics correlated

with the FESEM images, which is described in Figure 4.
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Figure 5. Bulk density and relative density of Bi(Mgg5Tig5)O3-PbTiO3 ceramics according to
sintering temperature.

Figure 6 shows the frequency-dependent dielectric permittivity of 0.62BMT-0.38PT ceramics
from 1 kHz to 1 MHz. Clearly, 0.62BMT-0.38PT ceramics sintered at the 1075 °C showed the highest
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dielectric permittivity of 625 at 1 kHz, whereas those sintered at 975 °C showed the lowest dielectric
permittivity of 480 at 1 kHz.
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Figure 6. Frequency-dependent dielectric permittivity of Bi(Mgg 5Tig5)O3-PbTiO3 ceramics according
to sintering temperature.

It seems that 0.62BMT-0.38PT ceramics have high dielectric permittivity ranges at room
temperature. The solid lines indicate the simulation fitting from the measured samples with the
power law. The power law of ¢, = Af™™ was employed to fit dielectric relaxation behavior [21].
Ceramics of 0.62BMT-0.38PT sintered at 1075 °C showed the highest exponent of 0.219 among the
specimens. Compared to other specimens, this means that the variance of dielectric permittivity for
0.62BMT-0.38PT ceramics sintered at 1075 °C has the highest exponent of 0.219 and highest dielectric
permittivity of 625. The high exponent value of 0.219 from the power law equation means that many
different dipoles were involved in the relaxation process with continuous freezing out of dipoles
with increasing frequency range. Therefore, 0.62BMT-0.38PT piezoelectric ceramics showed rapid
change in the dielectric constant when increasing the frequency range. Owing to this high relaxation
behavior, 0.62BMT-0.38PT ceramics sintered at 1075 °C have the highest piezoelectric properties. The
dielectric permittivity of 0.62BMT-0.38PT ceramics sintered at 1075 °C also have the highest dielectric
permittivity values.

Figure 7 shows the electric field-dependent polarizations for 0.62BMT-0.38PT ceramics with
different sintering temperatures. As the sintering temperature was increased, the polarization increased.
In particular, 0.62BMT-0.38PT ceramics sintered at 1075 and 1100 °C showed higher ferroelectric
properties compared to other specimens. It seems that the higher the sintering temperature, the
larger the polarization behavior. In the case of the electric field-dependent polarization case, sintering
temperature dependencies are more clearly observed.

Figure 8 shows the piezoelectric charge coefficient and electromechanical coupling coefficient of
0.62BMT-0.38PT ceramics depending on the sintering temperature range. The piezoelectric charge
coefficient and electromechanical coupling coefficient of 0.62BMT-0.38PT ceramics sintered at 1075 °C
showed the highest values of 240 pC/N and 47%, respectively. These high piezoelectric charge
coefficient and electromechanical coupling coefficient coincided well with the dense behavior observed
in FESEM images and bulk densities.

94



Sensors 2019, 19, 2115

975 °C

30
20
10+

0

P(uClem?)

10+
20

30

P(uC/em?)

L L
-100-80 -60 40 20 0 20 40 60

P(uClem?)

L L
-100 -80 -60 -40 20 0 20 40 60

E(KV/em)

E(kV/em)

-100-80 -60 40 -20 0 20 40 60 80 100 80 100
E(kV/cm) E(kV/cm) E(kV/cm)
o o o
1050 °C 1075 °C 1100 °C
30t 30 30
20+ 20+ 20¢
K™ 10) & 10F &10F
E = g
) ) =~ 0
O Q — L:i _;
=1 = J—) = —
= 10t I 10t = | &1 _
20t 20t _ 201 _
—_—T —_7
230+ 230+ —3 -30 8
100 -80 -60 40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100

E(KV/cm)

Figure 7. Electric field-dependent polarization properties of Bi(Mgp 5Tig5)O3-PbTiO3 according to

sintering temperature.

240 + 450
210 445
z :
2 <
. 180 140 8
-c ~—~
150 435
120 - o 430
I 1 I 1 I 1 I 1 I 1 I I
975 1000 1025 1050 1075 1100

Sintering Temperature (°C)

Figure 8. Piezoelectric coefficient d33 and kp of Bi(Mgp 5Tig 5)O3-PbTiO3 according to sintering temperature.

Figure 9 displays the piezoelectric voltage coefficient and figure of merit (FoM) of 0.62BMT-0.38PT

ceramics.

As shown in Figure 9, the highest value of the piezoelectric voltage coefficient of

41 x 1073 Vm/N and FoM of 9.8 pm2/N were obtained for the 0.62BMT-0.38PT ceramics. Since
the piezoelectric voltage coefficient was derived from the piezoelectric charge coefficient and dielectric
constant, gs3 = ds3/er, we can expect that the piezoelectric voltage coefficient of 0.62BMT-0.38PT
ceramics sintered at 1075 °C has the highest values of 41 x 1073 Vm/N and FoM of 9.8 pmz/N.
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Figure 9. Piezoelectric voltage coefficient and figure of merit (FoM) of Bi(Mgg 5Tig5)O3-PbTiO3
according to sintering temperature.

Figure 10 shows the temperature-dependent dielectric permittivity e, of the 0.62BMT-0.38PT
ceramic sintered from 975 to 1100 °C. At sintering temperatures of 975, 1000, 1025, 1050, 1075, and
1100 °C, the Curie temperature was 346.9, 374.5, 386.5, 389.2, 447.2, and 428.5 °C, respectively. As the
sintering temperature increased from 975 to 1075 °C, the Curie temperature increased from 346.9 to
447.2 °C. As the sintering temperature reached 1100 °C, the Curie temperature suddenly decreased.
Compared to other specimens, BMT-PT ceramics sintered at 975 °C had the lowest Curie temperature
of 346.9 °C, whereas those sintered at 1075 °C had the highest Curie temperature of 447.2 °C.
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Figure 10. Temperature-dependent relative dielectric constant &, of Bi(Mgg 5Tip 5)O3—PbTiO3 ceramic
according to sintering temperature.
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4. Conclusions

In this research, the piezoelectric and dielectric properties of 0.62BMT-0.38PT ceramics with
different sintering temperatures were investigated and discussed. A very high Curie temperature of
447 °C was recorded for 0.62BMT-0.38PT ceramics sintered at 1075 °C. 0.62BMT-0.38PT piezoelectric
ceramics have a reduced lead content and high piezoelectric charge coefficient of 237 pC/N and
can, therefore, be used in piezoelectric applications where the environment is harsh. Even though
0.62BMT-0.38PT ceramics had a lower lead content compared to Pb(Zr( 5Tij 5)O3-based conventional
piezoelectric ceramics, 0.62BMT-0.38PT piezoelectric ceramics still have excellent piezoelectric and
dielectric properties with a high Curie temperature. We believe that the high piezoelectric properties
of 0.62BMT-0.38PT are related to relaxation behavior. We believe 0.62BMT-0.38PT ceramics, with their
lower lead content, can act as alternative materials for lead-based piezoelectric materials. Reducing
the lead content of piezoelectric materials is expected to help not only by preventing environmental
pollution on Earth but, also, by being more useful as a piezoelectric material because of its excellent
characteristics compared to lead-free piezoelectric material. For example, 0.62BMT-0.38PT ceramics
can be applied in piezoelectric transducers or as a sintering aid, using ferroelectricity, that does not
change at a high temperature.
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Abstract: With the application to engineering practice, the study of the scattering of thermal waves
using innovative and comprehensive methods is becoming increasingly important. The thermal
wave scattering by an elliptic subsurface hole in a block with two boundaries is discussed based
on the non-Fourier heat conduction equation, employing the complex function method and the
conformal mapping method, and a general solution for the thermal wave scattering is given. The
numerical results of temperature distributions around a subsurface hole are presented and the effects
of geometrical and physical parameters on the temperature distributions were analyzed. The wave
number, the shape and position of the hole, the scale of the block, and the frequency of the heat load
were found to have great effects on distributions and variations of temperature. The findings of this
study could be helpful in providing better understandings of infrared thermal wave imaging, the
physical inverse problem, and the evaluation of internal holes in materials.

Keywords: non-Fourier law; two boundaries; elliptic hole; thermal wave scattering; complex
function method

1. Introduction

Subsurface defects can be detected and evaluated by tuning the temperature in the thermal
wave field, since the frequency and amplitude of ultra-short laser pulses can be controlled [1-3]. It
is an accessible way to get the subsurface micro-structure information and to realize thermal wave
detection according to the real-time measurement of the temperature field on the solid surface. When
the temperature increases quickly, the heat conduction process in solids should be described by a
hyperbolic equation, which means that only wave equations can be used to illustrate the features
and properties of the heat conduction process [4-6]. It has been proven that results calculated based
on the non-Fourier equation are more consistent with engineering practices [7-9]. In most cases,
the classical Fourier heat conduction law is an excellent description of heat conduction physics. In
practical engineering, heat sources such as lasers and microwaves with extremely short durations, very
high frequencies, or quite high heat-flux densities are widely used. The non-Fourier heat conduction
phenomenon has been found in these media. Many researchers have attached much importance to the
potential practical values of non-Fourier heat conduction in many applications, and non-Fourier heat
conduction has become one of the hotspots in the field of heat transfer.

It can also evaluate the applicable conditions for the classic heat conduction equation, which has
great prospects in theory and engineering for analyzing the thermal wave multiple scattering and
temperature distribution with the hyperbolic heat conduction equation.

Most recently, with the advantages of non-contact accuracy and sensitivity, infrared thermography
is frequently used in the nondestructive evaluation of solid materials containing subsurface
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inclusions [3,5,10]. Thermal wave detection technology using the infrared lock-in thermography
method adopts the heat source of the single-frequency modulation intensity of the sine law [11]. The
scattering of thermal waves can also have applications in other fields, such as thermal recovery from
heavy oil reservoirs [12,13] and the sensing property of defective temperature sensors. Consequently,
investigations into the scattering of thermal waves are becoming increasingly important. Nevertheless,
most studies on the scattering of thermal waves are aimed at infinite body models or semi-infinite
body models with a single structure boundary [14-16]. These models are usually applied to the
structures in which the scale along the thermal perturbation propagation direction is much larger than
the thermodynamics thickness [17]. Besides, the shapes of scattered bodies are almost always assumed
to be circular and the effects resulting from the finiteness of other scales in project practice are also
ignored [16,18]. This means that the applications of the theories outlined above have limitations in
engineering practice. Therefore, it is necessary to pursue innovative and comprehensive methods.

The main objective of this paper was to investigate the multiple scattering of thermal waves by a
subsurface, non-circular hole in an infinite block with two boundaries, based on the non-Fourier heat
conduction hyperbolic equation. The problem can be reduced to the solution of an infinite system of
algebraic equations. Compared to previous theoretical study, the outstanding novelties of this study are
given as follows. The non-Fourier heat conduction equation can be used to calculate the temperature
and thermal stress of materials and structures in extreme environments, but the traditional Fourier
equation is not invalid. The Fourier equation is applicable in an infinite body, but the calculation error
is larger in structures with boundaries. Our theory can be used to calculate the thermal wave scattering
around non-circular subsurface holes. First, the wave equation of heat conduction and its general
solution are described. Then, as examples, numerical results of thermal wave scattering in the block
with an elliptical hole are computed. Lastly, the effects of incident wave number, physical dimensions,
and parameters on the temperature distribution are analyzed, especially those of the incident wave
number. Given proper mapping functions, this paper brings about an important significance in solving
the problem of the scattering of thermal waves by holes in any shapes [19].

2. Wave Equation of Heat Conduction and Its General Solution

An infinite block with a hole was considered, and is depicted in Figure 1. An elliptic hole was
embedded in an adiabatic solid. An ultra-short laser pulse, modulated at a frequency f, hit the surface
of the heated materials along the z direction. Providing the temperature field distribution along the z
direction is homogeneous, the temperature is determined by x and y only.

Based on the non-Fourier law of heat conduction, the governing equation of temperature in the
solid can be written as:

1°T 19T
V= =+ =—, 1
c2 ot? "D @
where V2 is the Laplace operator, and V2 = ;_xzz + ;—;2; A, ¢p, and p are the thermal conductivity, the
specific heat at constant pressure, and the density, respectively. The thermal diffusivity is D = A/ pcp,

c = VD/z is the thermal wave propagation velocity, 7 is the heat relaxation time, and T is the
temperature of the solid medium.

This divides the solution of a wave propagation problem into both a time domain solution and
a frequency domain solution. By means of the Fourier transform, the two kinds of solutions can be
transformed. To detect the position, direction, and size of flaws in the materials, employing the phase
and amplitude of thermal response, as well as wave number and the space attenuation coefficient,
periodic thermal waves are excited in the materials.

According to the Fourier decomposition theorem, the periodic heat conduction process is
considered to be the composition of several simple harmonic waves. Periodic steady conduction can
be analyzed in light of the format standardization of wave theory.
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Figure 1. Laser pulse heating on specimen.
As the solution to Equation (1) is investigated, the temperature field can be described as
T = T + Re[S exp(—iw t)] ()

where 9 is the temperature amplitude, which should meet with the Helmholtz equation as follows:

V29 + 129 =0 ©)
In which Re denote real part; T}, is the ambient mean temperature; w is the incident frequency,
1/2
w = 2nf;i = V-1istheimaginary unit; x is the wave number of complex variables, x = (%2 +if) =

a +ip; and a, p are the wave number and the absorption coefficient of thermal waves, respectively.
Without loss of generality, after normalizing and taking @ < 0, f < 0, we can obtain

1, [0t @? @2 1 1 1
_ - - - I 14 . —12
a_\/z[Vc4+D2+c2] Tttt
1, |0t @? ? 1 1 1
= — _ _———| = — — _ZJ2
P \/2[\/ e e R R

Here, k is the wave number of thermal waves without diffusive effect. When the propagating
speed of the thermal wave is ¢ — oo, the non-Fourier equation degenerates into the classical Fourier
equation, and then

a— Vw/2D = \nf/D=1/u, p— Jo/2D =1/yu
while k = a +if = (14+1i) Vw/2D = (1 +i)/p.

Consequently, there exists the wave motion with the form 8™ = Ae~F¥el(®=®!) wwhich denotes
the propagating thermal waves with their vibration amplitude attenuating in the z direction.
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Here, a complex function method is employed, with the complex variable
z=x+1y, z =x—1iy; 4)
that is,
x=1(z437), y= ~(z-2) 5)
~2 AT
In this way, Equation (3) is converted into the form:

%9 K\2
-— =) 3=0. 6

020z * (2) ©)
The general solution to the scattered field of thermal waves in the solid medium determined by

Equation (6) can be described as

9= i AnHD (r)ein® — i AnH,S”(K|z|){|§—|}n, @)

n—=——oo n—=—-—oo

where A; are the mode coefficients resulting from the subsurface cylinder hole and are determined by
the boundary conditions, and H,gl) (+) is the Hankel function of the first kind.

3. The General Solution for the Scattering of Thermal Waves by Subsurface Holes Buried in an
Infinite Block

In the process of solving the problem of the scattering of thermal waves by elliptically shaped
holes, the conformal mapping method is a feasible way to provide access to meet with the boundary
conditions of the hole. The boundaries of non-circular holes in the z plane can be mapped into a unit
circle in the C plane by using the following equation:

z=0Q(0). 8)

As the polar coordinates system is mentioned, there is z = r¢'? in the z plane, while C = pel? is in
the C plane. In this way, the general solution to the scattered field of thermal waves by non-circular
holes in the C plane can be described as:

9= :Z‘ Am,ﬁ”(ﬂ()(g))){%} . )

For an ellipse with a major radius r; and a minor radius r;, the conformal mapping function is
denoted as:

a e
—0®0) = ( —), 10
2=0(0) = [0+ (10)
wherea = (r1 +12)/2,e = (r1—12)/ (11 +12).

4. The Incidence of Thermal Waves and Total Wave Field

Thermal waves can be generated at the fore end of the block by a laser beam with a modulated
ultra-short pulse. It propagates along the positive x direction. Based on the interference theory of wave
tield, the temperature distribution in the infinite block is described as:

9 = f(y) exp[i(px — wt)], (11)

which needs to meet with Equation (2); then, Equation (12) is accessible as:

f(y) = Acos(q y) + Bsin(qy), (12)
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where p and g are longitudinal wave number and lateral wave number, respectively, and p? = «? — ¢°.
Meanwhile, the upper and lower signs refer to

fler) exp(ipx) = 0; f(~c2) exp(ipx) = 0. (13)
In this way, the lateral wave number is derived:

nrt
— -0,1,2--- 14
1= 54 (n=0,1,2---00) (14)

Substituting Equation (14) into Equation (6), the following equation is obtained:

S = B%};y)] expli(px — wt)]. (15)

The thermal wave can be described as:

[Se]

90 =9, sin[g(cy + y)]eipx_‘”t = o sinfg(c2 + v)] Z i, (pr)ei”(’e_i‘“t, (16)

n=-—oo

where 9 is the temperature amplitude of the incidence thermal wave, that is, excess temperature 99 =
To—Twm; q = 1/ (c1 + c2), p is the wave number along the x direction, and J,(+) is the Bessel function.
Correspondingly, under the adiabatic conditions, the thermal wave can be described as:

9 = 9 cos[g(cy + y)]eP¥e i, (17)

Taking the multiple scattering by the solid boundary when y = ¢y and y = —c2 (c1 < 0,¢c2 < 0)
into consideration, the scattered field of thermal waves by non-circular holes can be described in the
polar coordinates system as:

86 = Y AHY (ke + Y Y AH (i) e, (18)

n—=-—oo m=1n=—oo

By means of the complex function method, we can obtain the complex function expression of
Equation (18) in Appendix A.
Consequently, the total wave field is composed of the incidence and scattering fields, which is
conveyed by Equation (20):
9 = 50 4 96, (19)

5. Mode Coefficient of Waves and Temperature Distribution

Substituting Equation (19) into the Dirichlet boundary condition of heat conduction, the following

equation is obtained:
—+00

Y nXu =, (20)

n=-—oo

the expression of which is shown in Appendix B.
When Equation (20) is multiplied by e at both ends, and by evaluating its integrals from —7 to
7, the infinite algebraic equation is described as:

Z X =s (n=5=0, £1, £2---). (21)

n=-—oo

Equation (21) is the infinite algebraic equation determining the mode coefficients of thermal waves.
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Let the major radius r; of the subsurface ellipse hole be the characteristic length, and the
amplitude of the incident temperature be |9g|. During computation, the following dimensionless
variables were adopted: the ratios between the major radius and the minor radius of ellipse hole were
r1/r2 = 3/4,1.0,4/3, respectively. The wave number of the non-diffusive propagating waves was
ka = 0.01 - 2.0, the relative length of thermal diffusion was u/a = 0.1 — 5.0, the distance from the center
of the ellipse to the upper and lower signs of the block was c /a = 5.0 —10.0, ¢; /a = 5.0 — 30.0, and the
ratio of the excess temperature was 9 /9.

Thus, the expression of the temperature distribution at the surface is written as:

9 = Sosinfglca + »)]e?E ) 4+ ¥ AHD (k) {Z}

o0 4w 1) INC (22)
+ X AY X (-D)'H, (xlz- Zlm|){‘|z—zlm|}
n=-—0o0 I=1m=1 "

6. Numerical Examples

Figures 2 and 3 illustrate the temperature distributions of thermal scattering by a subsurface
hole in an infinite block. It can be seen that the peak temperature on the surface of the material
appeared right ahead of the elliptical hole. Note that when the wave number of the non-diffusive
incident wave was small (e.g., ka < 0.3), the wave characteristics of heat conduction were weak. In
this case, the temperature distribution was approximately the same as in the results from the classical
heat conduction equation, which implies the applicability of the classical heat conduction equation.
Furthermore, it was observed that the temperature varied slowly when the wave number was small
(e.g., ka = 0.1). Otherwise, the temperature varied drastically.

Figures 4 and 5 illustrate the temperature distributions of thermal scattering corresponding to
different eccentricities of the ellipse. Specifically, ¢ = 0, |e| = 1/7, and |¢| = 1/3 represent the cases of a
circular hole, a small eccentricity ratio, and a large eccentricity ratio, respectively. It is shown that the
temperature corresponding to the case of a circular hole was the highest among the three at any point.
In addition, when the major radius of the ellipse was along the lateral scale (i.e., ¢ < 0), the temperature
fluctuated mildly and its peak value dropped slowly, and vice versa (¢ < 0). Furthermore, only when
the center of the hole was on the median of the block was the temperature distribution symmetrical.

2
J T T T T T T T T T

ka:
25 o 0.1
2—1.0
3—2.0
2r 9 c=-1/2
ula=1.2
c,/a=5
2 L3 3 c,/a=5
1-
0.5p
G L 1 il L 1 1 L L 1
S 4 3 2 1 0 1 2 3 4 5

Figure 2. Temperature on the surfaces of the block.
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Figure 3. Temperature on the surfaces of the block.
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Figure 4. Temperature on the surfaces of the block.

4 T T T T T T T ¥
1 =
35 , o
3L —1 77
i 3—1/5
ka=2.0
% 2r ula=1.2
c/a=5
1.5f c,/a=5
1_
0.5
G 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4

Figure 5. Temperature on the surfaces of the block.

As shown in Figures 6-8, the peak temperature appeared at the median of the block when the hole
was eccentric to the block, which indicates that the temperature directly in front of the hole decreased.
When the size of the block was small, the peak temperature on the surface was relatively high.
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Figure 6. Temperature on the surfaces of the block.
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Figure 7. Temperature on the surfaces of the block.
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Figure 8. Temperature on the surfaces of the block.

Finally, according to Figure 9, a large wave number resulted in a high-frequency vibration (i.e., a
short wave case), in which case the thermal wave propagation exhibited the properties of microparticles.
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Figure 9. Temperature on the surfaces of the block.

7. Conclusions

In this paper, the propagation of thermal waves by an elliptical hole in an infinite block was
investigated based on the non-Fourier law of heat conduction. A general solution of the scattering
field of thermal waves based on the wave model of heat conduction was presented. The distributions
and variations of temperature amplitude under different parameters were analyzed and discussed.
The following conclusions can be drawn:

(1) When the wave number was comparatively large, the effects of varying temperature were
great. Otherwise, the effect was narrow.

(2) The eccentricity of the ellipse had a great effect on the temperature distribution. When the
eccentricity was greater, the temperature drop from the circular case was greater. When the major
radius of the ellipse was along the lateral scale, the temperature showed great fluctuation, and along
the longitudinal scale, the temperature showed small fluctuation.

(3) The position of the hole in the block was another factor that influenced the temperature
distribution. When the center of the hole was on the median of the block, the temperature curve was
symmetrical; otherwise, the curve was asymmetrical.

(4) When the scale of the block was small, the maximum temperature at the surface of the materials
was great.

(5) The shallower the hole was, the greater the effect of the hole on the temperature.

(6) The thermal wave propagation characteristics showed microparticle properties under
higher-frequency heat load.

Furthermore, the elliptical hole is only an example, and if proper mapping functions Q(() are
given, the application range of this method to solving the problem of the scattering of thermal waves
can be spread to arbitrarily shaped holes. Of course, our above study also has some limitations. The
object in this research was a block with two boundaries, and increasing the number of boundaries
would mean that the results from using this theory would not be sufficiently accurate. An experimental
verification system should be established in any future studies. The theory and numerical results
of this paper can be used for infrared thermal wave imaging, the physical inverse problem, and the
evaluation of internal holes in materials.
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Appendix A

The complex function form of the scattering field of thermal waves by non-circular holes:

e oo =1 [z=z1m

o0 o —1)? @ Z—2 -1)°n
+ L (—1)2[H,<11)(K|z—22m|){|z_—z§2|}( )"]+ Zl(—1)3[Hy(zl)(K|Z—Z3m|){ 2 ]
m= m=

[z=z3ml
o] Z—Z (_1)1n

0 o & — -1
36) :n_z_ AnHSll)(Klzl){é}n+ y An{ Y (-1 1[H,S1)(Klz—zlm|){z . }( )n]

m=1

For the convenience of the calculation, we took I = 4, and the scattered field of the thermal wave
field can be described as:

00 4 — (_l)ln
H_ZOOA AP E] + Y L L n{ 22}

where z1,, = i2(mL—c3), 2oy = i2mL, z3y, = —i2[(m—1)L+ 3], 24y, = —2imL; L = ¢1 +cp; m =

1,2, o0; exp(ip) = Q(0)/|QQ)], r = |Q(0)], z = Q(0), 2 = ' (Q).

Appendix B

The expression of E;, and E:

w = beRelFHIHLY, (clzl) - LY, ()& + mitm[ 2] H,Y (2| )

o 4 o (5 o Ll
41k lezl( )Re[%][HS_)l(Klz—zlml)— HLY, (k2 = 2l 22}
z—z (—l)n
+ni Z Z Im|z; )]H( (K|Z—Zlm|){|z_zlm|}
m=11=1 "

= —Yo{gsing cos[q(ca + y)] + ip cos p sin[g(c2 + y)]} exp[ip(x + b)]
X — A,

where z = rel?, z = Q(0); C = pe'?; cosp = Ref, sing = Im;
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Abstract: The conductive polymer complex poly (3,4-ethylene dioxythiophene):polystyrene sulfonate
(PEDOT:PSS) is the most explored conductive polymer for conductive textiles applications. Since
PEDOT:PSS is readily available in water dispersion form, it is convenient for roll-to-roll processing
which is compatible with the current textile processing applications. In this work, we have made
a comprehensive review on the PEDOT:PSS-based conductive textiles, methods of application onto
textiles and their applications. The conductivity of PEDOT:PSS can be enhanced by several orders of
magnitude using processing agents. However, neat PEDOT:PSS lacks flexibility and strechability
for wearable electronics applications. One way to improve the mechanical flexibility of conductive
polymers is making a composite with commodity polymers such as polyurethane which have high
flexibility and stretchability. The conductive polymer composites also increase attachment of the
conductive polymer to the textile, thereby increasing durability to washing and mechanical actions.
Pure PEDOT:PSS conductive fibers have been produced by solution spinning or electrospinning
methods. Application of PEDOT:PSS can be carried out by polymerization of the monomer on the
fabric, coating/dyeing and printing methods. PEDOT:PSS-based conductive textiles have been used
for the development of sensors, actuators, antenna, interconnections, energy harvesting, and storage
devices. In this review, the application methods of PEDOT:SS-based conductive polymers in/on to
a textile substrate structure and their application thereof are discussed.

Keywords: PEDOT:PSS; wearable electronics; e-textile; conductive textile

1. Introduction

With the emergence of new fibers, fabrics and innovative processing technologies, the growth of
the textile market has increased in recent years and has been instrumental in bringing about significant
technological advances. Starting with groundbreaking research on how to integrate conductive lines
and circuits into textiles in the late 1990s, rigorous researches resulted in sensor additions, actuators,
user interfaces, and complicated textile circuits that could provide extra functionality to make smart
textiles. Smart textiles can be defined as textiles capable of sensing and responding to changes in their
environment by external factors. In response to stimuli, they are able to show significant changes in
their mechanical and/or chemical properties (such as shape, color, and stiffness), or in their thermal,
optical, or electromagnetic properties. Examples include fabrics that change their color with changes
in temperature and fabrics that regulate garments’ surface temperature to achieve physiological
comfort. Smart materials can be incorporated into the textile structure by different technologies such

Sensors 2020, 20, 1881; d0i:10.3390/s20071881 www.mdpi.com/journal/sensors
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as embroidering [1], non-woven textile [2], knitting [3], weaving [4], braiding [5], yarn spinning [6],
fiber spinning [7], polymerizing [8], coating [9], plating [10] and printing [11].

Societal needs such as new functionality, comfort, and aesthetic values from daily use to critical
health-related applications are the driving forces for the development of smart textile materials.
The recent developments in the fields of textiles, electronics, information technology, advanced
materials and polymers are paving the way for the development of smart textile materials and their
application [12-19]. The fact that textiles are an interface between the wearer and the surrounding
with large and permanent surface contact make them ideally suitable for large scale and long-term
health monitoring. In addition, textile is easily accessible anywhere and has versatile applications from
dressing to household products and coverings.

The primary step in smart textiles is making conductive textiles. From a textile perspective, it is
suggested that the overall objective of smart textiles would be to convert all related components, such
as sensors, actuators, transmission lines, etc., into 100% textile materials [20]. However, conventional
textiles are intrinsically non-conductive so they need to be converted to become conductive in some
way. The earlier method of making textiles conductive was inserting thin metal fibers/yarns in the
textile/garment which primarily was developed for antistatic treatment. A later development and
more convenient way to make conductive textiles is to treat them with conductive inks at the polymer
(man-made fibers), fiber, yarn, fabric or readymade garment stage. Conductive textiles can be classified
into bulk and surface conductive textiles [21]. Bulk conductive textiles include intrinsically conductive
polymer textiles, textiles twisted/embedded with metallic filaments and textiles filled with conductive
additives such as carbon blacks (CBs), carbon nano-tubes (CNTs), or conductive polymers. Surface
conductive textiles are the textiles coated with conductive layers. The conductive coatings may
consist of metals, conductive polymers, or other conductive materials such as CNTs or CBs. From
a technological point of view, the challenge is to develop a method suitable for the current textile
processing, with high conductivity, durability and maintaining the desired textile properties such as
flexibility. Coating with metal nanoparticles/nanowires could give high conductivity; however, it may
come at the expense of flexibility and lack of durability. The focus will therefore be on enhancing
durability, textile character, and conductivity. The use of electrically conductive polymeric materials
have recently attracted considerable interest from academic and industrial researchers to explore
their potential in sensors [22], biomedical [23], wireless communication patch antenna [24], energy
harvesting [25] and energy storage [26] applications. Conductive polymers are light weight and flexible
and can be applied on the textile without affecting its flexibility. Solution-based conductive polymers
are especially convenient for the roll-to-roll processing which can easily be integrated with the current
textile processing technologies like dyeing and printing. There are several reports [27-29] on the use of
conductive polymers for conductive textile for different applications. Recently reported conductivities
of over 6000 S/cm [30] are signaling their practical potential use in the smart textiles applications.

For this review, we made a comprehensive electronic document search according to the preferred
reporting items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines from the web of
science database and the Google search engine. ‘Conductive + textiles’, "textile + sensor’, "textile
+ antenna’, ‘textile + energy harvesting’, ‘textile + energy storage’, 'textile + interconnections’,
‘conductive + polymers’, ‘conductive + polymer + composites’, ‘e-textile’, ’'PEDOT’, 'PEDOT:PSS’,
‘EDOT’, ‘poly(3,4-ethylenedioxythiophene)’, "poly(3,4-ethylene dioxythiophene):polystyrene sulfonate’,
have all been used as primal keywords for the search.

2. Conductive Polymers

Traditional commodity polymers are intrinsically insulators. The discovery of conductive polymers
started with the path breaking discovery that halogen doped polyacetylene (-CH=CH-),, show high
electrical conductivity, which led to the 2000 Nobel Prize in Chemistry award [31]. Since then, there
have been several fundamental studies and applications of conductive polymers. The carbon atom
in saturated polymers, such as polyethylene, form four covalent o-bonds (saturated sp3-carbon).
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Whereas the carbon atom in conjugated polymers has sp’p, (7) orbitals which form three o-bonds
and the remaining p, orbitals engage in the 7t system. The common feature in conductive polymers is
conjugation, i.e., the alternation of single and double bonds, and hence the synthesis of m-conjugated
chains is central to the science and technology of conductive polymers. The charge carriers are
delocalized in conjugated systems and provide the “highway” for charge mobility along the backbone
of the polymer chain. The conductivities of conjugated polymers can be enhanced by doping, which
is basically either reduction or oxidation [32]. The conductivity of doped polyacetylene can reach
10° S/cm which is comparable to that of copper [33]. However, polyacetylene is difficult to synthesize
and is unstable in air which prevented its commercialization. The most important conductive polymer
candidates currently are polypyrrole (PPy), polyaniline (PANI), and polythiophenes (PTh) whose
chemical structures are shown in Figure 1. Poly(3,4-ethylenedioxythiophene) (PEDOT), which is the
main topic of this article, is the most studied and successful PTh derivative polymer due to its higher
electrical conductivity and chemical stability which make it suitable in the development of smart
textiles [34]. In contrast to PPy and PANI, the exploration on PEDOT is comparatively recent.

L Ty 1o

(a) (b) (©)

Figure 1. Chemical structure of the most common conductive polymers: (a) Polypyrrole; (b) Polyaniline;
(c) Polythiophene.

Conductive polymers exhibit novel properties such as solution processability, high elasticity,
toughness, and low-temperature synthetic routes. Some examples conductive polymers and their
properties are presented in Table 1. Due to these interesting properties, conductive polymers are used
for several applications such as photovoltaic devices [35], organic light-emitting diodes [36], organic
tield-effect transistors [37], sensors [38], antennas [39], conductive textiles [40], supercapacitors [41]
and many more.

Table 1. Non-exhaustive conductivity and properties of common conductive polymers.

Conductivity

Polymer (S/em)

Doping Properties Limitations Ref.

High electrical conductivity,
PPy 2000 P ease of preparation and ease of ~ Rigid, brittle and insoluble ~ [42]
surface modification

. Hard to process,
Diverse structural forms, p ’

PANI 112 P environmentally stable, low cost n(?n-}olodegraq%ble, [43]
limited solubility
High electrical conductivity,
PTh 560 P ease of preparation, good Hard to process [29]
optical property
PEDOT-PSS 4700 P High electrical conductivity Needs additional steps to [44]
used as transparent electrode process
3. PEDOT

Among conductive polymers, PEDOT is the most extensively explored, successful and widely
used for many applications due to its high conductivity, its stability in air up to high temperatures and
resistance to humidity including moist air, and because it is also processable in water. PEDOT can
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be polymerized from 3,4-ethylenedioxythiophene (EDOT) chemically or electrochemically. However,
PEDOT synthesized this way and doped with small molecule counter ions is insoluble in any solvent
and large size sample preparations are a challenge [32]. When polymerization is carried out in the
presence of aqueous polyelectrolyte poly(styrenesulfonate) (PSS), it becomes water dispersible which
is stable, easy to process, with good film forming properties, and with high visible light transmittance.
PSS acts as a template during polymerization and charge balancing counter ion hence keeping the
cationic PEDOT segments dispersed in aqueous medium. The molecular weight of PEDOT and PSS is
about 1000-2500 g/mol (around 10 to 20 monomer units) and 400,000 g/mol, respectively. PEDOT:PSS
in the aqueous media (and the as-prepared film too) has core-shell structure (Figure 2) where the
core is conductive PEDOT-rich and the shell is insulator PSS-rich. The hydrophobic PEDOT and
hydrophilic PSS nature led to the core shell structure [45]. PEDOT:PSS films prepared from aqueous
dispersions have lower conductivity (<1 S/cm) than PEDOT films prepared by oxidative and vapor
phase polymerization and stabilized with small molecule counter ions. The main reason for the low
conductivity is the core-shell structure which leads to an increase in the energy barrier for charge
transport across PEDOT chains by the insulator PSS-rich shell and charge localization due to the coiled
PEDOT-rich core [46].

The conductivity can be enhanced up to four orders of magnitude by treatment with polar solvents
like dimethyl sulfoxide, ethylene glycol, acids and alcohols called “secondary dopants”. Secondary
dopants are different from primary dopants in that they are apparently “inert” and the newly enhanced
property persists even upon complete removal of the secondary dopants. Generally, the treatment
methods can be grouped into three types: mixing secondary dopant in to the aqueous PEDOT:PSS
dispersion, film treatment after drying with secondary dopant or a combination of both methods.
The exact mechanism of conductivity enhancement is still a topic of intense investigation. Shi et al.
have nicely reviewed treatment methods for conductivity enhancement and mechanism of conductivity
enhancement [28]. The additives bring about charge screening between PEDOT and PSS due to their
high dielectric constant leading to phase separation. The PEDOT chains will be free to be linearly
oriented (from coiled structure), and hence, have a more compact structure (smaller 7— stacking
distance), leading to stronger inter chain coupling and better crystallinity with larger crystal size [47].
In the case of post treatment, the excess PSS will also be removed [48]. All these combined effects will
lead to increases in carrier concentration and mobility [49,50].

There are different grades of PEDOT:PSS commercially available with different conductivities,
may be due to the molecular weight difference of PEDOT. Recently, the most extensively used high
conductivity grade is Clevios PH1000. Rigorous work has shown very high conductivities of 4700 S/cm
for PEDOT:PSS [44] and 7619 S/cm for single crystal PEDOT nanowires [51]. With such improved
conductivities, further advancements in different applications are expected.
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Figure 2. (a) Chemical structure of PEDOT:PSS; (b) core-shell structure of PEDOT:PSS, adapted
from [52].
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4. PEDOT:PSS Based Conductive Polymer Composites

4.1. Conductive Polymer Composites

Metal-based interconnects have been reported to have the highest conductivity, but are not
stretchable enough, while elastomeric interconnects are not conductive enough. Conventional
conductive polymers such as PPy and PEDOT show promising conductivity for these applications;
however, their mechanical properties, biocompatibility and processability still needs improvement [34].
This has led to more attention being directed towards conductive polymeric composites at improved
electrical conductivity and mechanical stability. One way to increase the mechanical robustness of
conductive polymers is by making a composite with commodity polymers. Composite materials
based on conjugated conducting polymers and non-conducting polymers often show a low percolation
threshold and improved environmental stability with respect to the conjugated polymer. For instance,
compounding techniques used for processing of conventional thermoplastics have been applied to
prepare composites of PPy with certain thermoplastics which provided a drastic increase in oxidation
stability [53]. In particular, composite of conductive polymer with elastomers have been demonstrated
for stretchable/elastic conductive materials/devices. Typical examples of conductive polymer
composites for different applications include an electrically conductive PEDOT:PSS-polyurethane
(PU) [54]. Table 2 presents non-exhaustive lists of common conductive polymer composites with their
suggested application areas.

Table 2. Properties of common conductive polymer composites.

Conductive Polymer Conductivity . Suggested
Composite (S/cm) Properties Application Ref.
Can support tissue growth and Tissue engineering and
; ; -3 pp g g g
PPy/Hyaluronic Acid 31x10 stimulate specific cell functions wound-healing (551
PANI . Scaffold Materials for
Nanofibers/Collagen 0.27 Well suited for cell culture biomedical [56]
PPy/Chitosan 1073-1077 Radical scavenger Food packaging and [57]
v & biomedical
PEDOT:Tos/Glycol 1486 Soft, flexible and biocompatible Implantable devices [58]
PPy/Cellulose Acetate 6.9 x 1074-360 Soft and flexible and Wearable electronics [59]
PANI Hydrogel, biocompatible, good
Nanoparticles/Polyacrylic 0.04-0.06 mechanical strength and good Strain sensor [60]
Acid/Polyvinyl Alcohol swelling properties
Polythiophene 5 Suitable for supporting electrically ' . .
derivative/PU 22x10 stimulated cell growth Tissue engineering (23]
PEDOT:IPSS./PU/Iomc 8.8 % 10-5 Mechanically flexible and Actuating devices [61]
iquid stretchable
PPy/poly(D,L-Lactic 5.7 x 1073-15.7 x Nerve tissue regeneration, Synthetic nerve [62]
Acid) 1073 biocompatibility conduits
. 6 Cytocompatible, elastomeric . . .
PPy nanoparticles/PU 23x10 Tissue engineering [63]

properties

4.2. PEDOT:PSS Based Conductive Polymer Composites

PEDOT:PSS is well known for its high conductivity and applications in conductive textiles and
has been used with encouraging results for different applications. Unfortunately, the use of pure
PEDOT:PSS is currently constrained by its brittleness. As outlined earlier, one way to improve its
mechanical flexibility is to make a composite with traditional commodity polymers. Giurietal. reported
are GGO-PEDOT composites with thermal stability up to 270°C for super capacitors [41], Hilal and
Han developed a graphene (G) and PEDOT:PSS composites with improved electrical conductivity by
63% of a pristine PEDOT:PSS for solar cells [64]. Taroni et al. reported a thermoelectric PEDOT:PSS/PU
blend [38] with improved ductility while maintain reasonable conductivity. A polyvinyl alcohol (PVA)
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combined with phosphoric acid and PEDOT:PSS and silver flakes that withstands about 230% strain
before fracture was reported by Houghton et al. [65]. Furthermore, a PEDOT:PSS-based multi-layer
bacterial composite was developed by embedding an electro-active bacterium inside a conductive
three-dimensional PEDOT:PSS matrix to increase the electron transfer through the PEDOT:PSS [66].
Table 3 presents non-exhaustive lists of PEDOT:PSS composites with their preparation technique,
properties and proposed applications.

Table 3. Properties of common PEDOT:PSS based conductive polymer composites.

Conductive Polymer

Resistivity, ()
cm (Resistance,

Properties

Manufacturing Technique

Proposed Application

Ref.

Composite Q/sq)
GO/rGO filled Ve . . . . .
PVA/PEDOT:PSS 10 Highly flexible free-standing Solvent casting Strain sensor [67]
PEDOT:PSS/PU (35-240) Highly flexible, stretchable Electrospinning Strain sensor [2]
20 times more steady-state Embedding bacteria into
. . a current than native biofilms electro-polymerized . .
PEDOT:PSS/Bacteria 103 baseline with signal level of PEDOT:PSS on carbon felt Bioelectronics [66]
6.31 pA/cm® anodes
Sensitivity to different stimuli
PEDOT:PSS/PU 1.26 x 10-2 including strain, amjblent Dispersion mixing Stretchable self-powered 138]
temperature and/or air flow sensors
high electrical conductivity
Strong resistance against Data storage and
PEDOT:PSS/graphene (25) fatigue upon repeated Spray coating transmission, biosensors  [68]
folding-unfolding and actuators
3D 41 %102 Good resistance retention Graphene networks coated Next-generation [69]
Graphene/PEDOT:PSS : capability under deformations by PEDOT:PSS stretchable electronics
. Vacuum assisted filtration . .
CNT/PEDOT:PSS 3% 10-3 Good thermoelectric method and H,SO, Flexible thermoelectric 170]

performance generator

treatment

2 The unit for the value of Ref. [66] is Q).

5. Methods of Treating Textiles with PEDOT:PSS

PEDOT:PSS can be applied on textile materials by carrying out an in-situ polymerization of
3,4-ethylenedioxythiophene (EDOT) on the textile substrate in the presence of PPS or by applying the
polymer PEDOT:PSS dispersion onto a textile substrate. In general, adding the polymer into a polymer
solution during fiber spinning, coating/dyeing textile substrates (fibers, yarns, fabrics) and/or printing
textile fabrics, can be used to produce PEDOT based conductive textiles.

5.1. Conductive Fiber Spinning

In this technique, PEDOT:PSS is added to a conventional polymer solution during fiber wet
spinning or electrospinning (Figure 3a) in order to produce a conductive fiber or filament, or the
PEDOT:PSS alone can be spun in to a fiber. In 2003, Okuzaki and Ishihara presented their first study on
the manufacture of 4.6 to 16 um PEDOT:PSS microfibers using wet-spinning technique with an electrical
conductivity of 0.1 S/cm [7]. The Young’s modulus, tensile strength, and elongation at break for the
resulting microfibers were 1.1 GPa, 17.2 MPa, and 4.3%, respectively. Jalili et al. reported a simplified
wet-spinning process for continuous PEDOT:PSS fibers which showed a conductivity up to 223 S/cm by
post treatment of the fibers with ethylene glycol [71]. In another approach, they used an aqueous blend
of PEDOT:PSS and poly(ethlylene glycol) and the conductivity of the fibers increased by a 30-fold (from
9 to 264 S/cm) without the need of a post treatment. Okuzaki et al. developed PEDOT:PSS microfibers
with diameter of ca. 5 pm by wet-spinning [72]. They improved the electrical conductivity of the fibers
from 74 S/cm to 467 S/cm by subsequent dip-treatment of the fibers in ethylene glycol. The mechanical
properties of the microfibers were also improved by the dip-treatment; the Young’s modulus and
tensile strength increased from 3.2 GPa and 94 MPa to 4.0 GPa and 130 MPa, respectively. Zhou
et al. further enhanced the electrical conductivity of wet spun PEDOT:PSS microfibers to 2804 S/cm
via wet-spinning followed by post treatment with ethylene glycol and hot-drawing [73]. This high
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conductivity is due to the combined effects of the vertical hot-drawing process and doping/de-doping
of the microfibers with ethylene glycol. Moreover, they had a semiconductor metal transition at 313 K
with superior mechanical properties with a Young’s modulus up to 8.3 GPa, a tensile strength reaching
of 409.8 MPa and a large elongation before failure (21%). J. Zhang et al. also carried out a wet spinning
of PEDOT:PSS fiber and obtained better conductivity of PEDOT:PSS fiber, 3828 S/cm, by decreasing
the fiber diameter using a fine gauge needle [74]. The wet-spinning set-up was modified as shown in
Figure 4a. Liu et al. also reported composite conductive fibers based on PEDOT:PSS blended with
polyacrylonitrile [75] by wet spinning. Fibers with 1.83 wt% of PEDOT:PSS showed a conductivity
of 5.0 S/cm. Seyedin et al. demonstrated a scaled-up fiber wet-spinning production of electrically
conductive and highly stretchable PU/PEDOT:PSS fibers which were then used in knitting for a knee
sleeve prototype with application in personal training and rehabilitation following injury [3]. The fiber
showed a conductivity of 166 S/cm very close to pristine PEDOT:PSS film with a wide strain sensing
capability up to a 260 % strain.

Jin et al. employed an electrospinning and in-situ synthesis process to fabricate silver nanoparticles
coated PEDOT:PSS/PVA flexible self-supporting nanofibers with greatly improved electrical conductivity [76].
Q. Zhang et al. also used an electrospinning to fabricate a PVA/PEDOT:PSS nanofiber with an average
diameter of 68 nm for a gas sensor (Figure 3b) [77].

PEDOT:PSS fibers
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Figure 3. Fiber spinning process: (a) schematic illustration modified set-up used in wet-spinning
PEDOT:PSS fibers. Inset shows the schematic illustration of the alignment of PEDOT:PSS chains during
fiber formation and the outward diffusion of excess PSS to HySO, coagulation bath. Adapted from [74];

(b) schematic diagram of electrospinning setup; the distance between the needle and collector was
120 cm. Adapted from [77].
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5.2. Polymerization of PEDOT on the Textile Substrate

The PEDOT monomer can be polymerized on the textile substrate (fiber, yarn, fabric or garment
form) by in situ, vapor phase or electrochemical polymerization by using EDOT and appropriate
chemicals like oxidants [78]. This method combines polymerization of the PEDOT and coating of
the textile.

The attachment of PEDOT on the fabric surface depends on the chemistry of the fiber as well
as the surface roughness of the fiber. Though direct polymerization of PEDOT on the textile seems
straight forward, it is difficult to control the parameters. Moreover, it is used for small sample size and
a challenge for industrial requirements. Hong et al. carried out five cycles of in-situ polymerization of
PEDOT on poly(trimethylene terephthalate) fabrics in the presence of ferric p-toluenesulfonic acid
and ferric chloride as oxidants followed by butane treatment and obtained an electrical conductivity
of 3.6 S/cm [79]. Bashir et al. reported an electrically conductive polyester fabric with an electrical
resistance of ~2000 (), coated by PEDOT through oxidative vapor phase polymerization (VPP) in the
presence of Fe (IIT) chloride hexahydrate oxidant [80]. They also obtained electro-conductive aramid,
viscose and nylon fabrics by the same approach. In another work, they produced a conductive viscose
yarn with electrical resistance 6 k() by oxidative chemical vapor deposition, by removing the impurities
like acetone and ethyl acetate, prior to the oxidant enrichment and polymerization steps [81]. Trindade
et al. also coated a polyester fabric by PEDOT through VPP and obtained a lower sheet resistance
of~20 ()/sq by increasing the concentration of the oxidant, Fe (III) chloride hexahydrate [82]. L. Zhang
et al. coated textile fabrics (silk, linen, wool, pineapple, bamboo rayon) by PEDOT through VPP and
obtained a sheet resistance from 200 to 9.46 k() depending on the porosity of the fabric; porous fabric
gives higher sheet resistance than tight-fabric [83]. Overall, the electrical and mechanical properties
of conductive textiles are determined by the concentration of oxidants, pretreatment of the original
pristine fabric and post-treatments of the conductive fabric, type and form of textile substrate and the
polymerization conditions. The illustration of vapor deposition system is shown in Figure 4.

Silk pristine

Silk PEDOT-coated

(a) (b)

Figure 4. (a) The schematic illustration of vapor deposition system for PEDOT; (b) SEM images of
pristine silk textile and PEDOT-coated silk textile. Adapted from [83].

5.3. Coating/Dyeing of Textiles with PEDOT:PSS

In the coating/dyeing method, the appropriate form of textile is treated by immersing/dipping in
PEDOT:PSS dispersion with appropriate auxiliary chemicals. This is method mimics either the exhaust
or continuous dyeing method of commercial textile processing. It is the most popular method practiced
for making conductive textiles with PEDOT:PSS. The uniformity as well depth of dyeing/coating
depends on the functional group of the textile. Ding et al. treated cotton, cotton/polyester, polyester and
nylon/spandex fabrics by impregnating with PEDOT:PSS and showed that conductivity is higher for
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fabrics which swell well in water [84]. Ryan et al. dyed up to 40 m long silk yarn with PEDOT:PSS with
conductivity of ~14 S/cm which was durable to machine washing [85]. The reason to wash durability of
PEDOT:PSS on silk is due to the dyeing effect and the presence of a fluorosurfactant Zonyl FS-300 used
during dyeing. When cotton was dyed by the same method, it was too fragile due to hydrolysis of the
cellulose by the strong acidic PEDOT:PSS. The same group further demonstrated a continuous dyeing
process to produce more than 100 m of silk thread dyed with PEDOT:PSS for a wash and wear resistant
functional thread with a conductivity of about 70 S/cm [86]. Ding et al. produced PU fibrous nonwoven
and treated it with PEDOT:PSS by dip-coating [2]. The PEDOT:PSS@PU nonwovens showed sheet
resistance of 35-240 ()/sq (electrical conductivity of 30-200 S/m) by varying the number of dip-coating
times. This conductive nonwoven maintained its surface resistance up to 50% strain, promising for
wearable application. Tadesse et al. also treated polyamide/lycra elastic fabric with PEDOT:PSS by
dipping only once and showed a sheet resistance of ~1.7 ()/sq [87]. The fabric was stretchable up
to ~650% and maintained reasonable conductivity up to washing cycles. The durability to washing
in this case is also due to dyeing effect where there is some kind of chemical interaction between
the fiber and PEDOT:PSS. A schematic representation of discontinuous and continuous PEDOT:PSS
dip-coating/dyeing on a textile fabric are shown in Figure 5.

Textile fabric . .
PEDOT:PSS coated textile fabric

—

PEDOT:PSS

e 9V

PEDOT:PSS coated textile fabric
Textile fabric PEDOT:PSS

(b)

Figure 5. Schematic representation of the setup for dyeing: (a) discontinuous process; (b) continuous

process.

5.4. Printing of PEDOT:PSS on Textile

Printing is a well-developed textile processing method used industrially is also used to apply the
PEDOT:PSS to the textile structure in the presence of thickening agents to obtain an adequate paste
or ink viscosity. Guo et al. demonstrated a fabrication of all-organic conductive wires by utilizing
patterning techniques such as inkjet printing and sponge stencil to apply PEDOT:PSS onto a nonwoven
polyethylene terephthalate (PET) providing a wide range of resistance, i.e., tens of k()/sq to less than
2 ()/sq that allows the resistance to be tailored to a specific application [88]. Sinha et al. demonstrated
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the integration of screen-printed PEDOT:PSS electrocardiography (ECG) circuitry on finished textiles
and recorded an ECG signal comparable to Ag/AgCl connected to copper wires [89]. Zhao et al. also
used screen-printing to produce a PEDOT:PSS and carbon-based disposable electrochemical sensor
for sensitive and selective determination of carmine [90]. Tseghai et al. used a flat screen printing to
coat a PEDOT:PSS conductive polymer composite on to a knitted cotton fabric and obtained a sheet
resistance of 24.8 k()/sq [91]. The conductive textile fabric stays conductive until its infliction point of
stretching. The schematic illustration of screen printing is shown in Figure 6.

Squeegee

PEDOT:PSS

Screen

PEDOT:PSS Textile Fabric

Figure 6. Schematic illustration of PEDOT:PSS screen printing on a textile fabric. Adopted from [91].
6. Applications of PEDOT:PSS-based Conductive Textiles

As outlined earlier, PEDOT:PSS has high electrical conductivity, thermal stability, decent
biocompatibility, and is solution processable. These interesting properties make it attractive for
different textile-based applications including sensors, energy harvesting, and storage devices.

6.1. Sensors

The demand of textile-based sensors is increasing because of their lightweight, flexiblity, and
possibility of washing. PEDOT:PSS-based textiles have been widely used as a sensing component
for strain, pH, humidity, biopotential, and temperature. Zahid et al. applied graphene nanoplatelets
dispersed in PEDOT:PSS solutions for producing a conductive, breathable and lightweight mercerized
cotton fabrics by spray coating which showed a highly repeatable and stable response to cyclic
deformation tests at 5% and 10% strain rates for up to 1000 cycles with ~90% viscoelastic recovery levels
after cessation [68]. Kang reported a resistive memory graphane-PEDOT:PSS coated nylon thread
with a strain response for wearable applications as an example of bio-potential sensors (Figure 7) [92].
Seyedin et al. developed a strain sensor from a PU/PEDOT:PSS fibers with conductivity of 9.4 S/cm [3].
The resistance of this textile sensor stays stable up to 160% strain and up to 500 cycles. The high
conductive textile-based hybrid showed high stability during stretching. Pani et al. developed a new
textile ECG electrode based on woven fabrics treated with PEDOT:PSS for bio-potential recordings
tested on human, both in terms of skin contact impedance and quality of ECG signals recorded at
rest and during physical activity [93]. The electrode was found to be capable of operating under both
wet and dry conditions, which could be an important milestone in wearable monitoring of heart.
Ankhili et al. developed an ECG sensor electrode from a PEDOT:PSS screen-printed cotton fabric and
obtained a clear ECG wave amplitudes up to 50 washing cycles [94]. The same group also produced
washable screen-printed cotton textile electrodes with and without lycra of different PEDOT:PSS
concentration, providing a medical quality ECG signal to be used for long-term ECG measurements
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with a similar result to silver-plated cotton fabric at 12.8 wt% of PEDOT:PSS to pure cotton [95]. Niijima
et al. produced “hitoeCap” from PEDOT:PSS textile electrodes for securing electromyography of the
masticating muscles [96].
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Figure 7. A graphene-PEDOT:PSS coated nylon thread: (a) schematic of the simple two-step dip-and-dry
solution process for the fabrication (right) and the actual picture of the sample with the length reduction
from 80 to 29.48 mm after dip-and-dry; (b) resistive memory strain sensor thread at many stretch and
release cycle under applied a fixed ¢ = 7.1%. Adopted from [92]

Furthermore, Abbasi et al. worked on the use of PEDOT:PSS material for the implementation
of high sensitivity moisture sensor devices, which showed significant frequency shifts [97]. They
demonstrated sensing capacity even for small moisture variations. Smith et al. developed a wearable
pH sensor cotton yarn in PEDOT:PSS and multi-walled carbon nanotubes followed by PANI deposition
that produced electrodes with significant biocompatibility and antibacterial properties that could be
manufactured (alongside quasi-reference electrodes) into wearable solid-state pH sensors and achieved
wearable pH sensors [98].

6.2. Energy Harvesting and Storage

Textiles coated with PEDOT:PSS have been used to manufacture flexible and lightweight energy
harvesting and storage devices. This is quite interesting to power from wearable electronics to medical
implantable devices. PEDOT:PSS is a promising organic thermoelectric material, materials which
change temperature difference into electricity or vice versa [52]. PEDOT:PSS coated textiles have been
studied for wearable thermoelectric applications to harvest the temperature difference between the body
and outer surrounding. Du et al. coated polyester fabric strips with PEDOT:PSS where the flexibility
and air permeability was not affected and attached them on non-coated [99]. The treated fabric showed
electrical conductivity of ~1.5 S/cm and generated thermoelectric voltage of 4.3 mV at a temperature
difference of 75.2 °K. Ryan et al. dyed silk yarn with PEDOT:PSS and made 26 thermoelectric legs by
embroidering on felted wool fabric which showed a thermoelectric voltage output of ~351 nV/K [85].
These PEDOT:PSS dyed silk yarns were stable to machine washing and up to thousand bending cycles.
Recently, Jia et al. coated textile with PEDOT via VPP which combined thermoelectric generation and
strain sensing application [100]. Allison et al. used vapor printing method on commercial cotton fabric
to make all textile wearable band which generated thermovoltages as high as 20 mV when worn on the
hand (Figure 8) [101].

Supercapacitors are alternative energy storage devices for fast charge discharge applications.
Textile based supercapacitors have attracted attention due to their inherent flexibility and their potential
use in wearable electronics. Nuramdhani et al. demonstrated that PEDOT:PSS sandwiched between
two stainless steel conductive yarns showed capacitive behavior as an energy storage device [26].
Ma et al. reported flexible stainless steel/cotton blend yarn coated with PEDOT:PSS and PPy which can
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be cycles up to 5000 cycles [102]. Yuan et al. reported fiber shaped yarn supercapacitors by twisting
wet spun PEDOT:PSS which showed a high areal capacitance of 119 mF/cm? [103]. Li et al. prepared
flexible textile supercapacitors by spray coating of graphene nanosheets and PEDOT:PSS which exhibit
an enhanced specific areal capacitance of 245.5 mF/cm? [104]. Yuksel et al. reported cotton fabric
coated with MnO,/SWNT/PEDOT:PSS ternary nanocomposite supercapacitors that gives a specific
capacitance up to 246 F/g and areal capacitance of 64.5 mF/cm? [105].
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Figure 8. (a) Design schematic of a wearable thermoelectric generator; (b) thermoelectric power and
voltage outputs for a tobacco cotton thermopile at 25 °C. Adapted from [101].

6.3. Other Applications

There is a strong need in flexible and wearable actuators, organic light-emitting diode (OLED)
and antenna. The inherent properties of PEDOT:PSS make it ideal to fabricate these devices on textiles.
For instance, Li et al. developed a screen-printed textile patch antenna capable of operating at 2.4 GHz
by using PEDOT:PSS as a patch and ground on polyester fabric [106]. The antenna is flexible and
breathable which make it well-fit for wearable applications.

Actuation is another application area of smart textiles. Miura et al. developed a foldable
PEDOT:PSS/PVA fiber by wet spinning that exhibits a repeatable contraction motion at air by applying
alternating square-wave voltages between 0 and 8 V [107]. Verboven et al. reported an OLED with
maintained textile properties by screen printing of silver as a bottom electrode, barium titanate as
a dielectric, copper-dopped zinc-oxide as an active layer and PEDOT:PSS as a top electrode on polyester
fabric that requires 3-5 V power supply [108]. The thickness of the OLED on the textile fabric was only
0.5 um which is a good platform for wearable application; the schematic illustration and actual OLED
are shown in Figure 9.
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Figure 9. (a) Build-up of the alternating current powder electroluminescence technology; (b) OLED
stack printed on a textile. Adapted from [108].
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7. Conclusions and Outlook

Current advances in textile technology, new materials, nanotechnology, and miniaturized
electronics make wearable systems more feasible, but fit comfort is the ultimate key factor for
wearable device user acceptance. It is convincing that this objective can only be achieved by addressing
mechanical robustness and material durability in what is recognized as a harsh electronic environment:
the human body and society. Thus, the use of conductive polymer composites for smart textiles
could possibly be the primal solution. Composites of conductive polymers have been explored to
overcome their brittleness and processability, while retaining their electrical conductivity and desirable
biological properties such as cell adhesion. Enhanced mechanical properties of conductive composites
usually come at the expense of desirable electrical conductivity of conductive polymers. On the
other hand, fundamental understanding of the interaction between the conductive polymer filler
and the non-conductive commodity polymer matrix will lead to get synergistic effect in mechanical
performance and electrical properties of the composites. There is a need to achieve reasonable electrical
conductivity with the lowest possible amount of conductive filler, while retaining the properties of the
host polymer. The major challenges thus lie in selection of conductive filler achieving low percolation
threshold and retaining biocompatibility for biomedical applications. PEDOT:PSS-based conductive
polymer composites are promising for the manufacturing of smart textiles with better biocompatibility,
flexibility, conductivity, printability, miscibility and weight, and as such much better suited for wearable
applications compared to the common electrodes such as metallic coatings and others. As a result,
tremendous PEDOT:PSS-based conductive textiles have been developed by different approaches
as sensor, energy harvesting devices, antennas, OLEDs etc. However, the conductivity stability of
PEDOT:PSS conductive polymer composites after being applied on textile substrates still needs an
improvement. This improvement could be on the synthesis of PEDOT:PSS itself, on the combination
and proportion of the polymers in the composite or by seeking new approaches of integration.
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