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Abstract

Shear is known to be the dominant mode of deformation in woven fabric composites when forming
complex, doubly-curved parts. Picture frame (PF) testing has been widely employed in the
literature to quantify the mechanical properties of woven fabrics under shearing, albite a number
of uncertainty factors present during this test set-up. In the present study, common sources of such
uncertainties (imperfections) are first classified and their effects on characterization data are
studied, through both analytical and numerical approaches. Namely, the mechanical response of
fabrics under PF testing is recognized to be highly sensitive to the imperfections stemmed from
either misplacing the fabric into the fixture, or deviation of fixture from an ideal shearing frame.
In addition, to prevent the fabric/fixture contacts, corner cut-offs are usually introduced to the
fabric by experimenter during PF testing, exacerbating the shear angle mismatches between the

sample center and fixture frame.

Upon the above general, theoretical assessment of PF test imperfections, their adverse effects on
shear characterization of fabrics have been experimentally demonstrated through novel sensors
integrated within the yarns of a typical polypropylene/glass plain weave, capturing the local tensile
deformation of the material during the shear tests. Finally, a novel frameless picture frame (FPF)
shear testing approach was introduced for mitigating of imperfections as seen in the conventional
PF test. In the new set-up, the frame is inscribed on the sample itself by locally consolidating the
fabric at regions corresponding to the clamping areas in the conventional PF. A high controllability
was realized over the sample during preparation and installation phases of the new test set-up.
Furthermore, high shear strain deformation behavior as well as normalized force-shear angle
response of the fabric was assessed during the FPF testing and was proven to be more consistent
than the PF test, by means of eliminating sample size effects and significantly improving the data
repeatability under cyclic loads. The embedded PDMS/CCF sensor into the fabric further
confirmed the performance of the new test by monitoring local yarn strain level; it was

significantly lower in a needle integrated version of FPF test when compared to the PF test.



Lay Summary

Woven fabric composites have recently received a great deal of attention by industries as they
offer superior mechanical properties, specifically regarding the impact resistance of lightweight
structures. Designing optimal forming processes is usually obtained through basic characterization
tests at the laboratory (test coupon) level. However, due to the complex multi-scale nature of
deformation in such materials, the current testing methods have been unable to fully reflect the
fabrics” mechanical properties. In addition, some of the conventional methods suffer from a high
amount of manipulations (sources of uncertainty). In this study, a simple fabric shear testing
method has been introduced and its functionality was analytically and experimentally assessed,
through locally monitoring the material deformation via sensors integrated into the fabric during
the tests. Results suggest that the proposed test method can provide a much more realistic
quantification of shear behavior of woven fabrics compared to the conventional methods.



Preface

This work has been organized and developed through regular discussions with my supervisors over
the past two years. The thesis consists of multiple chapters derived from a series of papers
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woven fabrics”. (submitted)

Chapter 2 is mainly from the above review paper (Paper I) that | wrote during my initial literature
search in this research. The introductory parts of this chapter pertinent to the common

characterization approaches for shearing behavior of woven fabrics are also included in Paper IlI.

A version of Chapter 3 is under publication as a paper (Paper II1), in which | have been responsible
for analytical analysis, implementation of numerical procedure and programming, reporting and
analyzing the data. This chapter basically emphasizes the necessity of moving towards a new
approach for shear characterization of woven fabrics, by highlighting the severe effects of some

common flaws seen in the current shear test methods.

Chapter 4 is the answer to the primary question/goal we attempted to focus on in this research:
designing and evaluating a new shear testing method wherein the previous imperfections could be
obviated. This chapter is mainly published as Paper Il and | have contributed to the design,
brainstorming, implementation, and experimental parts of the work, as well as analyzing and

reporting the data.

Chapter 5 is mainly based on Paper Ill and outlines the methods that sensors were fabricated and

tailored experimentally for monitoring local deformation (along the yarns) in woven fabrics. In
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this chapter, a throughout characterization for the utilized sensors has also been provided and |

conducted the entire research including executing the experiments, writing and analyzing the data.

Chapter 6 provides an experimental evidence and proves the functionality and effectivity of the
proposed new test method. This chapter is primarily a summary of the final sections of Papers Il
and Ill. Mr. Armin Rashidi and Mr. Arash Dalili assisted me with the experimental works

undertaken in the above mentioned papers.
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Chapter 1: Background and thesis organization

1.1 Introduction

The superior mechanical and thermal properties of composite materials have made them a
promising material candidate in several industrial sectors including aerospace, automotive, marine,
and sports. This high interest is originated from the superior design solutions provided by
composites due to their lightweight and high strength properties [1, 2]. However, their complex
(multi-scale) material structural nature under mechanical loads has left many questions for the

researchers and process designers in terms of predicting their mechanical response [3].

In particular, when it comes to manufacturing and forming woven fabric reinforced composite
parts, a combination of shear as well as axial deformations develop over the fabric contribute to
conform the fabric to the shape of interest (Figure 1.1). In order to design the optimal
manufacturing process, predictive tools are required to reduce time and cost. Today, numerical
predictive methods such as finite element analysis (FEA) are the main tools for process design in
forming complex-shaped composite parts, which are employed to find the optimum fabrication
parameters and yield defect-free forming processes [4]. For an accurate prediction of
manufacturing defects such as wrinkles, realistic mechanical responses of the material under shear

or axial loading are required in order to define material models as an input for FEA.



Fabric IEEN Die

Material Model: €——
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Figure 1.1. The deformation mechanism during forming process of composite woven fabrics and FE
optimization procedure for designing the manufacturing parameters. FE analysis requires an accurate
material model to precisely predict the manufacturing defects. This can be achieved through an ideal

characterization results especially shear behavior of the fabric due to its significant role during the forming.

Severe deformation defects, e.g. wrinkling when forming woven composite fabrics, is basically
stemmed from local deviations of the desired deformation modes (e.g. pure shear) as a result of
e.g. rotational slippage at the fiber yarns cross-overs [5]. Understanding such defect mechanisms
and establishing proper post-processing methods for characterization/test data analysis, such as
appropriate force normalization approaches, are mostly sought in the laboratory-scale studies and

are yet to be generalized for industrial applications.

Since the lower shear rigid the shearing mode, the deformation in woven fabrics when forming is
primarily originated from shear mode of deformation. A few test methods including bias extension
test (BET) [6] and picture frame test (PFT) [7] have been widely employed in the literature to
characterize shear properties of the fabrics. These methods, however, have been reported to be also
vulnerable to multiple test imperfections, the effects of which can be magnified in the
characterization/output results. In turn, this can inhibit developing accurate material models for

FEA of woven fabrics.



During the last decade, embedded sensors have been exploited to get insight into the structural
evolutions of advanced composites under mechanical loads. Although the emphasis of the current
state-of-art research in this area has been primarily on the health monitoring of structures during
’service’ [8], their unique capability in addressing the composites behavior during characterization
tests has been neglected or received minimal attention. In particular, it is believed the stretchable
strain sensors can be a good potential to uncover some of the unknown mechanisms behind the

deformation of woven composite materials at large deformation ranges.
1.2 Motivation and objectives

For shear characterization of woven fabrics, the PFT is believed to have several advantages over
BET, as in the latter case the sample is formed into three regions with different shear angles and
hence a more complicated force normalization procedure is required [7]. In PFT, however, the
effect of potential imperfections such as unintentional axial tension/compression along the yarns
can cause deviations from ‘pure’ global shearing. It is of great importance that the standard shear
tests reflect the pure shear behavior of woven fabrics for material design and FEA purposes. In
addition, it is believed that the accuracy of fabric characterization tests can be better verifies at
local deformation levels by application of embedded sensing techniques. Hence, the main

objectives of the present study are defined as:
(1) better identify and model the sources of uncertainty (imperfections) in the PFT;

(2) propose an enhanced alternative characterization test to relieve most of the above uncertainty

sources; and

(3) design and fabricate stretchable yarn-like sensors that can be embedded into the fabrics with
sufficient gauge factors to show the effectiveness of the proposed test, and correlate the local yarn

axial deformations to the global force measurements.
1.3 Thesis Framework

This thesis is organized based on the objectives outlined above. Chapter 2 defines the basic

concepts of mechanical characterization in woven fabrics in details. In addition, a detailed review
3



of the sensor fabrication, characterization, and application based on piezoresistive materials is
presented. Chapter 3 is focused on the classification and identification of the sources of
imperfections in PFT followed by an analytical study of their effects in terms of the induced
mechanical strains due to the identified imperfections. A new testing method has also been
proposed in Chapter 4, with an emphasis on mitigating the influence of imperfections. In order to
develop an experimental tool for experimentally monitoring and verifying the new testing
approach, a yarn-like sensor has been fabricated and fully characterized in terms of its sensitivity
and stretchability in Chapter 5. The practical results of the sensors integrated with the fabrics
subjected to shear loading in the presence of interpretations, are presented in Chapter 6, which led
to new understandings of the fabric deformations. Figure 1.2 demonstrates the organization and

flowchart of the chapters presented in this thesis.

Chapter 1: Chapter 2: Literature
Background and Review
Thesis Organization (OBJECTIVE 1)

Chapter 3: Analytical
analysis of imperfection
effects in conventional
picture frame test
(OBJECTIVE 1)

Chapter 7:
Conclusions and
Future Perspectives

Chapter 5: Sensor

Chapter b: Sensor
Chapter 4: Frameless fabrication and integrated picture
picture frame test setup: charactenzation for ’ frame test: Monitoring
An enhanced approach integration with yarm tension

for mitigating the woven fabrics (OBIECTIVES 3)

imperfection effects (OBIECTIVE 3)

(OBIECTIVE 2)

Figure 1.2. Organization of the thesis.



Chapter 2: Literature review

2.1 Characterization of shear behavior of woven composites

In the current state-of-art of composite fabrics’ research and technology, the need for highly
accurate prediction of the material behavior is increasingly growing for applications such as
forming process development [9-13]. Particularly, when it comes to woven fabric structures
wherein the yarns undergo large, multi-scale deformations, gaining a deep insight into the
underlying mechanical characteristics and deformation mechanisms is essential for developing the
predictive material models [14-17]. The forming process of woven composites from two-
dimensional plies to three-dimensional composite parts is essentially facilitated by large shear
deformation within the fabrics [5, 18-21]. Hence, the shearing properties, as well as deformation
analysis of fabrics, have been extensively addressed in the literature, primarily through the bias
extension and picture frame test setups. Despite many attempts made to normalize the fabrics shear
responses and provide data comparability between these tests [22], there still exists no fully
standardized testing procedure for fabric shearing characterization owing to the contribution of

deformation mechanisms other than pure shear in the current test setups.
2.1.1 Bias extension test

In the bias extension test (BET), a fully clamped rectangular specimen (normally with the aspect
ratio > 2) is subjected to tension while the warp and weft yarns initially form a +45°/-45° angle
relative to the loading direction [23-25]. As a result, a non-homogeneous deformation involving
three distinct regions (i.e. no shear, half-sheared, and fully sheared) are developed over the fabric
sample during loading [26]. Besides, a significant yarn slippage [27-29] (or relative motions at
fabric crossovers), as well as intra-tow deformations [30], can lead the shear angle in the central
region not to fully follow the gauge length, especially at higher shear angles (e.g. after around 35°
for a thermosetting and 50° for a thermoplastic fabric reported in [31]). Thus, time-consuming and
costly visual methods such as digital image correlation (DIC) are often recommended for
correlating the force to shear angle during fabric shear tests [32-35]. Nonetheless, the image-based

results may not be reliable enough once out-of-plane deformation, namely wrinkling, starts
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forming in the test specimens (for instance, at shear angles as low as 18° in “B1 fabrics” reported

in [32]).
2.1.2 Picture frame test

Picture frame test (PFT) involves a pin-jointed square frame where the shearing is directly applied
to the fabric boundaries mounted on the fixture arms and by pulling the frame diagonally in one
direction [22, 36]. Many researchers are of the opinion that PFT provides a more fundamental
understanding of the fabrics ‘pure’ shear behavior [31]. Besides, in this test, it is feasible to directly
control the shearing rate through the cross-head displacement speed (for the normalization
purposes). Nevertheless, the PFT is not also free of drawbacks: not only the test results are highly
sensitive to the type of clamping (e.g. full clamping vs. needle clamping, etc.) [37], but also even
small amounts of imperfections during the sample preparation and mounting (e.g. misalignment
or loose/tight mounting etc.) can bring about a high tension/compression into the yarns additional

to the desired pure shear, especially at higher shear angles [31, 32, 38, 39].
2.2 Imperfections in picture frame test

It has been hypothesized that force-displacement in a PFT ideally commences with a low shear
modulus resulted from fiber-fiber friction at crossovers, followed by a significant load increase at
which point the fabric densification (yarn locking) and thereby wrinkles are developed [40].
However, apart from the wrinkling caused by fabric densification, early wrinkling due to the lateral
compression of the fabrics is a common issue in the PFT [37, 41]. Moreover, the architecture of
picture frame fixtures typically implies introducing corner cut-offs in the test specimen to allow
higher shear angles without the fibers touching the fixture arms [37]. This itself divides the fabric
into a central region encompassed with four arm regions, through which fixture/global shearing is
supposed to transfer to the central area. However, depending on the relative size of the arms/cut-
offs and owing to the inherently lower shear rigidity of the arms relative to the central region (since
one family of yarns are free-ended in each arm due to the cut-offs), shearing deformation may not
be fully uniformly distributed over the sample. Namely, compared to the fixture (global) shear

angle, it is possible that the arms undergo a higher shearing while a lower shearing is transferred



to the central region [42]. On the other hand, it has been revealed that bending of fiber yarns close
to the fixture grips can cause a totally opposite effect of heterogeneous shearing in the samples
such that, in comparison with the fixture shear angle, the arms tend to be kept less sheared and
instead, a higher shear angle is transferred to the central region (especially in the case of small
fabric cut-offs) [43]. Although many approaches have been implemented to relieve the yarn
bending close to the grips (e.g. using needle clamping instead of fully bolted clamping [37],
removing the perpendicular yarns from the arms [37] etc.), still there exist the evidence of bending
in the current test setups [15, 41]. It is worth noting removing the yarns after mounting the fabric
remarkably changes the tightness of the fabric [44], yet it is believed to prevent the fabric from
early wrinkling during the test [22]. Due to such imperfections, the wrinkling has been frequently
seen to develop in the arm regions of the fabric instead of the central region (as opposed to what
is usually observed in the case of bias extension test) [45-49].

In order to obviate the above-reviewed issues during shear characterization of fabrics under the
PFT set-ups, a few attempts have been made by manipulating the test/sample structure [50]. For
instance, Lebrun et al. [38] proposed a modified version of the PFT in which the fabric sample
was constrained to the frame through two very narrow strip tabs close to the joints. Their approach
remarkably decreased the misalignment effect in the tests conducted on pre-consolidated fabrics.
The setup introduced by Hubner et al. [51] used a needle-based clamping outside the frame in
order to both let the fibers rotate more freely as well as not require corner cut-offs in the sample.
Nevertheless, there exists evidence of yarn bending adjacent to the arms while in both cases, still,
a metallic picture frame needed to be fabricated, carefully aligned, and installed in a universal

testing machine.
2.3 Experimental analysis of local deformations: Embedded sensors

The advent of stretchable piezoresistive sensors have provided the possibility to fabricate and
implement low cost and sensitive resistive sensors into materials, which can be used to monitor
local deformations in structures of interest. Sensors embedded into structures can reveal how
deformation at local levels develops as specific to the loading applied and the material employed.

It is worth noting that the sensors embedded into a structural material can be used for monitoring
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the health of a structure in service (i.e. after the part is manufactured), and/or to monitor the
material behavior during the manufacturing/forming itself, while the latter is mostly characterized
in the laboratory-scale tests. For this purpose, conventional foil strain gauges, however, are limited
due to the lack of high stretchability, which can significantly affect the characterization test results.
The recent advances in resistive sensor development have suggested new possibilities to tailor
structural sensors in a way that by far they can less perturb the mechanical properties of the
material itself; since these sensors can be made highly stretchable such that once embedded into
the material, they do not much change the magnitude of global loads. In addition, mechanically
compatible electrodes can be applied to further ascertain minimal structural manipulations during
the sensor attachment procedures. In the following sections more details on the principles, basics,

design, and fabrication processes associated with the piezoresistive sensors are reviewed.
2.4 Piezoresistive sensors — design and fabrication

Piezoresistive transducers are described as materials in which the resistance varies under
application of mechanical strains; unlike the piezoelectric materials which are charged under
mechanical loadings. Due to the high conductivity of filler elements (such as carbon, silicon), a
combination of such materials with polymeric as well as cement matrices allows for processing
piezoresistive composites playing the role of either a self-sensing structure or an external sensor
which can be attached or embedded in a material/structure. Therefore, piezoresistive composite
materials have extensively been developed in many ways to optimize their electromechanical
properties (e.g. sensitivity, signal reproducibility, mechanical stretchability). Due to their
composite nature, mechanical properties of piezoresistive materials have been tailored for a wide
range of applications wherein strain sensing is essential. An ongoing research is also being carried
out on the effect of temperature, crystal orientation, and dopant type and concentration on the
piezoresistive behavior of materials. Therefore, processing approaches and their resulted
electromechanical characteristics for different types of carbon and silicon-based piezoresistive

structure are reviewed here after introducing the working principles of piezoresistive materials.



2.4.1 Principles and working mechanism

A variety of techniques are available for experimental measurement of the material resistance to
mechanical strains as illustrated in Figure 2.1. The piezoresistive material is treated as a resistor in
an electrical circuit, and instead of direct measurement of resistance, an output voltage is measured
for characterization purposes. Simply, a constant current can be applied to the material to measure
the resistance through the transduced voltage. Another circuit configuration involves the material
in series with a resistor. A Wheatstone bridge is the most commonly used electric circuit that not
only enables monitoring of the small variations of resistance, but also compensates for temperature
changes [52]. A Wheatstone bridge can also eliminate the capacitive signals in the output of a
piezoelectric resonator [53]. The Wheatstone bridge consists of four resistors and the ratio of the
change in the output voltage to the bridge voltage (in case of equal initial resistances (R)) is given
by Equation (2.1):

AV 1/AR; AR, AR, AR
out =_( 1 2+ 3 4) 2.1)
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Figure 2.1. The electrical configurations used for the measurement of the resistance change in piezoresistive

materials. (a) four-wire (b) voltage divider and (c) Wheatstone bridge circuits.

The theoretical modeling of the piezoresistive behavior of materials is founded based on the
equation correlating the geometry of the material to the electrical resistance (R = pA/L, where p
represents the material resistivity). For small changes of resistance, the first order Taylor-series
expansion of the resistance relation results in Equation (2.2) [54]:

AR Ap AL AA

Rt T T (2.2)
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In most metals, the term %p is negligible, and hence, the relative change in the resistivity under

uniaxial strain (g,) can be expressed as a function of the material Poisson's ratio (v) in the form of
Equation (2.3):

%R = (1+2v)g (2.3)

However, the electrical resistance of semiconductor materials basically changes under load due to
the resistivity variation. The dependency of the relative resistance to the longitudinal (&) and
transverse (e7) components of strain can be written in the form of Equation (2.4):

AR

R YLEL T VTET (2.4)

where y;, and yr are elasto-resistance coefficients in the longitudinal and transverse directions,
respectively. The sensitivity of the piezoresistive materials is characterized with a gauge factor
(GF) which is defined by Equation (2.5) [55].

AR
- /R (2.5)
€L

GF

The piezoresistance coefficient is defined as the ratio of the relative change in the electrical

conductivity per unit of longitudinal stress (a;) as shown by Equation (2.6):

AR/
M= — R (2.6)
L

Combining Equation (2.5) and Equation (2.6) for the linear elastic materials with an elastic
modulus of E results in the relationship between the gauge factor (GF) and piezoresistance
coefficient as shown in Equation (2.7):
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2.4.2 Carbon-based piezoresistive sensors

Carbon-based materials can be found in different shapes and material forms. Due to their superior
electrical conductivity, they have high potential to be combined with various matrix composites.
In the following sub-sections, the piezoresistivity of different types of carbon-based materials is

discussed and the main challenges and solutions are presented:
2.4.2.1  Carbon fibers

Carbon fibers have high strength, stiffness and temperature resistance, and hence, are typically
used to reinforce polymers [56-58], cement [59], and metals [60].They are regarded as self-sensing
or self-monitoring reinforced materials [61]. It is well known that the piezoresistive behavior of
carbon fibers is quite depended on the state of the conductive network formed in a matrix.
Typically, applying epoxy to carbon fiber increases the electrical resistivity due to the compressive
residual stresses induced by epoxy shrunk after curing [62]. For instance, a bare carbon fiber has
a gauge factor of 1.9-2.3 while when it is embedded in epoxy and cured, the gauge factor is
improved to 217. This value increases to more than 500 when carbon fibers are randomly oriented
into a cement-matrix composite [63]. Nevertheless, some conflicting results were reported by
Kalashnyk et al. [64] through Raman spectroscopy measurements suggesting higher gauge factors
for a bare carbon fiber (values of 1.74 and 1.77) compared to the values obtained for those
embedded in epoxy (values of 0.5 and 0.42). This could be, for example, due to the formation of a
poor interface between fiber and matrix constitutions. Many studies have revealed the effect of
matrix characteristics on the piezoresistive behavior of carbon fiber-based composite materials. A
3D-printing technique was recently employed to embed the continuous carbon fiber tows into the
tensile test specimens, resulting in gauge factors ranging from 0.545 to 6.686 [65]. A
representation of the fabrication process and the characterization of the resulted sensor is illustrated
in Figure 2.2(a-d).
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Figure 2.2. Carbon-based piezoresistance materials characterization. (a) Fabrication technique for carbon
fiber embedded in the 3D-printed specimens. The carbon fibers are impregnated with epoxy resin adhesive
and then manually placed on the print layer while applying 2 N tension to make carbon fibers uniformly
placed. Representation of the carbon fiber/PLA interface (b) before and (c) after flexural deformation. (d)
The piezoresistive behavior of the embedded carbon fibers after 5 flexural strain cycle, Reproduced with
permission. [65] Copyright 2017, Elsevier. SEM images of the piezoresistive materials with the cement paste
matrix and chopped carbon fiber lengths of (€) 3 mm, (f) 6 mm and (g) 12 mm, Reproduced with permission.

[66] Copyright 2013, Elsevier.

The volume fraction of carbon fibers in the composite materials is one of the parameters crucially
affecting the piezoresistive properties [67]. For instance, increasing the carbon fiber content from
15 to 20% in the composites with cementitious fillers have been seen to change the gauge factor
from 1250 to 20 [59]. Furthermore, longer fibers are reported to possess greater gauge factors (as
reported by Ref. [66] in the case of carbon fiber reinforced cement composites shown in Figure
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2.2(e-g)). The longer the fibers, the more manufacturing defects (e.g., porosity), and hence, higher
sensitivity. Another parameter affecting the behavior of carbon fiber piezoresistive materials is
possibly the length of fibers. Recently, one study has shown a higher non-linear resistance-strain
behavior for carbon fibers with a wide length distribution [64].

Piezoresistivity in continuous carbon fibers can be either positive or negative in some loading cases
such as in flexural loading due to the presence of compressive and tension regions [68]. Moreover,
applying a higher level of loadings is shown to diminish the gauge factor due to the internal micro-
damages or irreversible resistance changes which have been evident particularly in cyclic loads
[59, 69]. Damage/delamination detection is one of the main applications of carbon fiber contents
in nanocomposite materials [70-74]. It is even feasible to estimate the crack location as well as the
crack size in a carbon composite laminate using methods such as surface voltage distribution [75].
A number of prodigious studies have been conducted to improve strain sensing and signal
processing of carbon fiber based sensors through manipulation of structural parameters and data
acquisition system architecture. Saifeldeen et al. [76] stated that signal error compensation can be
achieved by using two sets of carbon fiber line sensors. Moreover, a post-tensioning (preferably
greater than 200 pe) before applying the resin on the carbon fiber reinforced composite material
was seen to considerably enhance the behavior of the sensor in terms of linearity, repeatability in
cyclic loading, and fluctuation errors [76-78]. The loading mode can significantly influence the
sensing behavior of piezoresistive materials. For instance, an intermittent cyclic loading can result
in a higher gauge factor as compared to a continuous cyclic loading [77]. In addition, the electrical
resistance typically increases at higher loading cycles due to the initiation and development of
internal damages (this behavior was evident in cyclic piezoresistivity of NiNs/Silicone
nanocomposite embedded into carbon fiber reinforced plastics although a more consistent behavior
was observed for NiNs/Epoxy nanocomposite [79]). Employing an elastic loop test setup, Ramirez
et al. [80] addressed the viscoelastic behavior of fibers and its effect on diminishing the electrical
resistance at constant strains. They argued that such a viscoelastic behavior is the result of frictional
movement of fibers relative to each other within a tow. In addition to the type of loading, the rate
of loading can affect the piezoresistive behavior [81]; however, it has shown to have a minimal

effect on the piezoresistive properties of polyacrylonitrile-based carbon fibers (PAN) [66]. In
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addition to loading, the gauge factor for carbon fiber based piezoresistives are also sensitive to
temperature [82]; e.g. a composite made of short carbon fibers and vinyl ester resin is thermally

stable at temperatures up to 50 °C and thereafter the gauge factor increases with temperature [83].
2.4.2.2  Carbon Nanotubes

Over the past few decades, carbon nanotubes have shown an outstanding potential for
piezoresistive devices and materials. Excellent mechanical properties along with thermal and
electrical characteristics have made carbon nanotubes one of the best candidates to be used as a
filler element in composite materials [84-87]. In the carbon nanotube-based composites,
piezoresistivity is basically obtained via sliding/displacement of the nanotubes. Either positive or
negative piezoresistivity can be obtained for structures containing carbon nanotubes depending on
its wrapping indices [88]. Single wall carbon nanotubes (SWCNT), as well as multiwall carbon
nanotubes (MWCNT), are the main elements used to induce piezoresistivity to the composites

with polymeric matrices.

Piezoresistive properties of composites fabricated using carbon nanotubes have been studied in
combination with different polymeric matrices including epoxy, PDMS, PMMA, polystyrene,
polycarbonate [89]. Table 2.1 summarizes the range of sensitivity of piezoresistive materials under
full/cyclic tensile loadings for different composites fabricated using carbon nanotubes. As it can
be seen, sensitivity highly depends on the matrix material, conductive mass fraction, the type of
loading, sample size, as well as the fabrication process. Generally, a higher mass fraction of the
conductive filler leads to lower sensitivity. It also diminishes the mechanical properties of the
matrix polymer. Hence, an ongoing research is devoted to the development of fabrication processes
for composite piezoresistive materials with low percolation threshold [90-92]. For instance, the
solvent casting method [93] and aligning carbon nanotubes [94-97] have been successfully
employed to form the conductive network at a lower filler mass fraction. Apart from sensitivity,
repeatability of CNT-based nanocomposites in cyclic loading is a major concern. The study in Ref.
[88] has shown high repeatability in cyclic tensile/compression loadings for MWCNT/epoxy
nanocomposites; namely in a small strain range (0.2%) with a gauge factor of up to 78. In another
study, the gauge factor for an MWCNT/poly (glycerol sebacate) was found to be significantly
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dependent on the loading condition (a gauge factor range of -0.5 to -0.8 was reported under tensile

loading while a maximum of 42 was observed under 3-point bending) [98].

Table 2.1. The piezoresistive sensitivity of conductive composites containing carbon nanotube (CNT) fillers

with respect to the effects of carbon mass fraction, the range of applied strain, and sample sizes.

Matrix CNT mass | Applied | Sample Approx. Ref.
fraction strain size reported
(wt. %) (mm) | gauge factor
Segmented polyurethane 4 0-0.1 | 70x10x% 10-5 [99]
(SPU) 0.13 | (varying with
cycles)
Segmented polyurethane 2-6 0.1,0.5, | 120x12 | 2.16-5223 [100]
1 0%0.13 | (varying with
strain)
Polydimethylsiloxane 2.45 0.1 30x5x1 4.36 [101]
(PDMS)
Thermoplastic polyurethane 2.3-7.1 0-5 20%0.0 0.2-0.5 [102]
(TPU) 03 (varying with
fibers strain)
Elastomeric triisocyanate- 15 0.01-5 - 10-8491 [103]
crosslinked
polytetrahydrofuran (ETC-
PTHF)
poly(vinylidene fluoride) 0-5 0.006 | 45%x6x1 upto4.4 [104]
(PVDF)

The fabrication processes for integrating carbon nanotubes into other matrices (for the purpose of
inducing piezoresistive property) significantly affects the configuration of conductivity network
inside the composite materials, and consequently the piezoresistive behavior. There are a large
number of fabrication processes (such as mixing and spray coating) for CNT integration into
different matrices. For instance, a spray coated SWCNT on the biaxially stretched polyethylene
terephthalate (PET) and a polydimethylsiloxane (PDMS) has been shown by Luo et al. [105],
wherein they reported a compounding effect of the film thickness when the tensile strain ranged
between 20 and 30%. A vast majority of the studies have simply mixed the carbon nanotubes with
the matrix in its liquid form and consolidated the composite structure through curing methods. One
approach for introducing carbon nanotubes into the thermoplastic polyurethane (TPU) fibers isto
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disperse CNT in CHCIs and immerse the fibers into the solution in order to adhere CNTSs to the
TPU fibers [102]. Moreover, TPU nanocomposites can be obtained by compression molding [106],
where TPU is first dissolved into Dimethylformamide (DMF) and then mixed with the carbon
content. Then, adding methanol while stirring results in flocculate of the composite that can then
be subjected to hot pressing for forming the piezoresistive sensor. Microfabrication techniques can
also be employed to fabricate MEMS structures comprising carbon nanotubes for sensing
applications. For instance, MWCNT arrays have been formed as cross-contacted electrodes by Li
et al. [107] for fabrication of an ultra-high sensitive pressure sensor (with -9.95 kPa® sensitivity).
Carbon nanotube/polymer composites are also adapted to 3D-printing techniques by introducing
electrically conductive composite filaments. It has been shown that using spray deposition
modeling (SDP), carbon nanotubes can be also printed on the polyurethane substrate and play the
role of a piezoresistive material, with gauge factors ranging from 0.61-6.42 (depending on the
number of deposited layers) [108]. The piezoresistive behavior is also studied for the fabricated
porous nanocomposite structures comprising CNT-thermoplastic polyurethane by Liu et al. [109].
In this study, a moderate piezoresistive recoverability was obtained over a compressive strain
range up to 90%, after a mechanical stabilization was applied through cyclic loadings. A few
studies also attempted to enhance the piezoresistive behavior by manipulating the dispersion of the
conductive filler in the composite. In this regard, the application of an AC electric field (7 kV/m
and 60 Hz) to the MWCNT/polysulfone/CHCIs solution aligned the carbon nanotubes to the
direction of the electric field which led to an improved electrical conductivity as well as the sensor
sensitivity with respect to the randomly oriented MWCNTSs [110]. Furthermore, other methods
have been employed for aligning the CNTs in the polymer matrix composites [111] involving
magnetic field [112], infiltration [113], shear force [114], mechanical stretching [115] and in-situ
polymerization [116].

In the piezoresistive behavior of nano-carbon based composites (especially those with stretchable
matrix elements), a positive to negative piezoresistivity transition is a common phenomenon [85,
117, 118]. An example of such a behavior is represented in Figure 2.3 for an MWCNT/segmented
polyurethane composite. A decay in the relative change of the electrical resistance due to the

frequent application of strain can be explained by the time-dependent/viscoelastic behavior of the
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matrix material (Figure 2.3 (b, d, f)). However, the piezoresistivity alteration (negative to positive
piezoresistivity) is seen in some cases/material combination systems as shown in Figure 2.3(g).
When these materials are subjected to cyclic loads, on one hand increasing the load cause the
electrical network to disconnect along the loading direction leading to increasing the resistance,
and on the other hand, the Poisson's effect causes the material to transversely shrink and enhance
the conductive network thereby electrical conductivity. At the onset of tension, resistance
reduction shows that the transverse shrinkage effect overcomes the unidirectional tension effect.
This causes the resistance to drop down to a point where the negative to positive piezoresistivity
transition strain occurs. After this transitional point, the resistance starts increasing to a maximum
value with loading. Conversely, as the load is removed, the resistance decreases down to another
transitional point where piezoresistivity switches from positive to negative. Such a behavior
repeats during each cycle of loading and unloading as shown by previous studies (see Figure 2.3).

This effect needs to be diminished in nano-carbon based piezoresistive composites [99, 119-124].
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Figure 2.3. Piezoresistive and mechanical behavior of MWCNT/SPU composites. The results for 4 wt%
MWCNT/SPU composite are shown for the samples with rigid segment contents of (a,b) 15 wt% (c,d) 30wt%
and (e,f) 50%. Negative-to-positive piezoresistivity along with degradation of relative resistance change with
strain is due to the permanent deformations caused by viscoelastic behavior as well as the microstructural
evolution of conductive network in the composite, Reproduced with permission. [99] Copyright 2016, Elsevier.
(9) schematic representation of the fibers at different uniaxial strain stages. Fibers tend to get oriented and
compacted due to the Poisson's effect as a result of tensile loading Reproduced with permission. [122] Copyright
2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.4.2.3 Graphene

Graphene is a 2D carbon nanostructure consisting of highly thin sheets of sp? bonded carbon atoms
packed densely in a honeycomb lattice structure [125]. Such structure offers promising
mechanical, thermal and electrical properties, thereby graphene has found widespread applications
in strain sensors, energy technology, aerospace applications, among others [126]. However, one
of the main challenging characteristics of graphene is related to its limited stretchability. To
overcome this problem, a buckled form of the original graphene structure is used [127]. For
instance, graphene ribbons are formed with a uniform and periodic buckled structure on a pre-
strained PDMS substrate after removing the pre-strain condition [128]. Integrating rubbery
materials with graphene has been used extensively as a promising way for fabricating pressure and
load sensors. As an example, elastic graphene-based cellular composites have been fabricated for
measuring compressive loads due to its high resistance sensitivity to mechanical compression
[129].

One way of fabricating the graphene foam/polydimethylsiloxane (PDMS) composite is infiltrating
PDMS into the graphene form, synthesized through chemical vapor deposition on the nickel foam
as a template (Figure 2.4(a)) [130, 131]. Furthermore, the thermal induced phase separation (TISP)
technique is used to fabricate conductive highly porous (90%) graphene/TPU foams [117]. Given
the feasibility of graphite to be grown using methods such as chemical vapor deposition (CVD), a
wide variety of fabrication schemes can be developed to control the morphology and structure of
graphite in the piezoresistive materials. For instance, gauge factors in the range of 3 orders of
magnitude for strain ranges of 2-6% were obtained for graphene woven fabrics integrated into
PDMS through the fabrication process shown in Figure 2.4(b) [132]. Such high gauge factor values
are extremely desirable specifically for human motion detection and health monitoring
applications. Graphite-based nanocomposites have attracted much attention for their high gauge
factors. For instance, an epoxy-based nanocomposite with a graphene filler [133] has been used in
different applications such as electromagnetic interference, stealth composite coating, and strain
sensors. Dispersion properties of graphene and its interface with matrices crucially affect the
electromechanical properties of the graphene-based nanocomposites, which are governed by the

fabrication process. Moreover, highly stretchable strain sensors (up to 150%) were obtained by
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dispersion of graphene nanoplatelets (GNP) and stretchable yarns through a layer-by-layer
assembly as shown inFigure 2.4(c). In this way, depending on the yarn structure, highly sensitive
sensors with a negative sensing response and gauge factors increasing with strain (up to 2000 pe)
were achieved [134]. A layer-by-layer spray fabrication method of graphene/polyurethane
nanocomposite with magnetite nano-spacers has proven to enhance the sensitivity and robustness
of flexible sensors [135]. In another study, cotton fiber films playing the role of supporting
substrate for silver nanowires and reduced graphene oxide (that provides dynamic bridging effect),
has shown to enhance piezoresistive sensitivity to 5.8 kPa* [136]. A superparamagnetic composite
consisting of PDMS/graphene and FesOs (G-F nanosheets) at slightly above the percolation
threshold of 3.3 wt.% has shown the high piezoresistive sensitivity of 870. For this purpose, a
simple one-step hydrothermal process has been utilized, which is quite advantageous for
combining the graphene with various polymeric matrices, and hence, achieving multi-functional

composites [137].
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Figure 2.4. Methods utilized for fabricating and processing graphene-based piezoresistive sensors. (a)
Graphene-PDMS-poly(ethylene terephthalate) composite fabrication process. The Nickle foam is placed into a
furnace and heated to 1000 °C. Ethanol is used as a carbon source by passing it into the furnace. The nickel
substrate is then etched by HCI and integrated with PDMS, Reprinted with permission from [130] Copyright
2014, American Chemical Society. (b) Fabrication processes for graphene woven fabric (GWF)-PDMS-tape.
GWEFs are prepared by growing graphene on copper meshes using CVD. Copper is then etched in a FeCls/HCI
solution and transferred to a pretreated film composite with a medical tape and PDMS, Reproduced with
permission. [132] Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Steps for
fabricating graphene using a stretchable yarn. The thickness of the graphene layer can be controlled by the
number of poly(vinyl alcohol) and graphene nanoplatelets coating, Reprinted with permission from [134]

Copyright 2015, American Chemical Society.
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2.5 Integrated sensors with composites for SHM

SHM in composite materials has been implemented by integrating the sensing elements with the
composite material either through bounding them on to or embedding them into the material
structure. Using the in-situ sensing methods, the performance of composite materials has been
evaluated through detecting a wide range of parameters from stress/strain measurement to
vibration, temperature, humidity and crack propagation. In the following sub-sections, first, the
negative impact of integration of sensors into the material is discussed. Then, applications of three
types of sensors explained in the previous sections (piezoelectric-, piezoresistive-, and optical
fiber-based sensors) in SHM are exemplified. The applications of these types of sensors are limited
to the measurement of temperature and strain in structures. Thus, given the high potential of
MEMS for sensing/monitoring a wider range of physical quantities (like humidity, vibration,
acceleration, and viscosity), examples of the development and implementation of these sensors

into the structures for SHM are also included in this section.
2.5.1 Structural degradation of composites due to embedded sensors

Mechanical degradation due to the poor mechanical properties at the sensor/composite material
interface is a common issue in SHM, especially when it comes to the soft and flexible composite
structures such as dry woven fabric reinforcements used for forming of doubly-curved parts [138].
In particular, laminar composite materials are extensively suffering from delamination or matrix
cracking when it comes to out-of-plane loading conditions [139]. Given the soft nature of
unconsolidated textile reinforcement fabrics, the mismatch between mechanical properties of the
embedded sensor structure and the fabric is a challenging issue from the perspectives of both
sensor measurement and fabric properties. To show this issue, the effect of integrating dummy
inclusions into a multi-layered flat-bed weft-knitted fabric (MKF) containing glass fiber (55 vol.%)
and polypropylene filaments were compared against the bare fabrics in [329]. In terms of stiffness,
the presence of the sensor showed a substantial impact on bending deformation especially on the
compressive side of the material. Moreover, inter-laminar fracture toughness was considerably
weakened implying vulnerability of shear strength when the sensor is embedded into the composite
layers (see Figure 2.5) [140]. Nevertheless, three-point bending tests on the unidirectional glass-
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epoxy composite with a G-10/FR4 Garolite (a common material used, for instance, in-board
circuits) placed at mid-palate has demonstrated the negligible effect on the shear strength [141].
Overall, integration of the sensors with the same chemical and mechanical properties as the

monitored material can help to reduce the degradation caused by the embedded sensors.

Figure 2.5. Cross-sectional SEM images of the sensors embedded into a composite structure. Integration of
sensors led to increased waviness of the fibers in the fabric reinforcement, Reproduced with permission. [140]
Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The piezoelectric sensors have been used for detection of strain levels at micron levels with a linear
behavior (without employing pre-amplification circuits) [142]. Also, by applying thin
cyanoacrylate glue and epoxy adhesive layer (<1 pum), mechanical displacements can be well
transferred to the transducer. As a result, these types of sensors have been used for the
determination of shear strain on the surface of the structure [143]. Integration of PZT fibers in
between the flat sheet structures has also been used as a way of health monitoring during
manufacturing processes. One proposed approach to implement this integration involves the use
of the microvoids and cavities on the metal sheet surface to insert and joint PZT fibers prior to
deep drawing a composite into a complex 3D shape [144]. In this work, an array of ten
interconnected parallel PZT fibers were fabricated [144] for evaluating piezoelectric function
during deep drawing of cup-shape samples (with a double curvature radius of 100 mm and 250
mm). This method was successfully used to permanently detect the local failures in a multiple
bolted structure. Despite the fact that embedment itself affects the electrical properties of the
piezoelectric materials, it has been reported that impact detection through PZT materials is much

better since the superior acoustic coupling with the ambient material [145].
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One of the critical issues related to the performance of the piezoelectric-based sensors has been
their degradation due to temperature. Previous experiments on the electrical impedance of 5SH PZT
sensors revealed a frequency-dependent effect of temperature on the amplitude of the impedance
[146]. Experimental data revealed that increasing the temperature leads to higher signal
amplitudes. This effect was seen to be more significant at low-frequency signals [147]. Based on
the aforementioned decays due to temperature, compensatory methods are necessary to be

developed in future studies.
2.5.2 Application of piezoresistive composites for SHM of composites
2.5.2.1  Self-sensing piezoresistive structures

Conductive composite materials are widely used either as self-sensing structures or external
sensors that are integrated with other materials for sensing their physical properties. One example
of self-sensing composites is heterogeneous conductive composites wherein carbon-based fillers
(such as short carbon fibers and nano-graphite platelets (xGnP)) were embedded [148] for
applications such as traffic monitoring [149] and real-time damage detection in civil structures as
shown in Figure 2.6 [89, 150, 151]. Carbon-based fillers have provided a wide range of relatively
simple fabrication possibilities. For instance, graphene (as an attractive conductive element in self-
sensing composites) has frequently been used to induce electrical conductivity into the ceramic-
based composite material. Embedded carbon nanotube sheet layers into the laminated composite
structures are another examples that have been used as a versatile tool for detecting tension and
compression in the composite materials [152]. Combining graphene with pre-polymers and spark
plasma sintering has shown higher conductivity (up to two orders of magnitude) compared to that
obtained using carbon nanotube (see Figure 2.7) [153]. Moreover, through the continuous roll-to-
roll spray coating process [154-156], dip coating [157], and chemical vapor deposition [158],
graphene nanoplatelets and carbon nanotubes have been coated on the fiberglass prepreg laminates
[152]. They give information on not only the curing process of the woven laminates but also
mechanical strains (e.g. a gauge factor of ~17 has been reported for the graphite nanoplatelet spray-

coated fiberglass composite fabric [159]).
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Similarly, carbon fiber reinforced composite materials have been proven to be a good example of
self-sensing structures [160-163]. The carbon fibers are treated as sensor yarns inside the fabric
structure to evaluate mechanical responses not only inside the sensing fibers but also on the
adjacent fiber materials joined via methods such as stitching. In this way, a continuous monitoring
over the entire fiber-reinforced composites can be achieved by one-step integration of the sensor

array into the textile fabrics (examples include the parts used in the wind turbine blades [73, 164]).

Data acquisition
system

Figure 2.6. Application of self-sensing CNT/cement composites in traffic monitoring. (a) The arrangement of
electrodes and design of sensor structure, © I0OP Publishing. Reproduced with permission. All rights reserved.
Copyright 2009 [149]. (b) Four-point electrical measurement setup in data acquisition, Reproduced with
permission. [150] Copyright 2014, Elsevier. (c) Implementation of the sensor for traffic monitoring, © 10P
Publishing. Reproduced with permission. All rights reserved. Copyright 2009 [149].
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Figure 2.7. SEM image of a self-monitoring ceramic-graphene composite fabricated by combining graphene
foams with pre-ceramic polymers and spark plasma sintering. Electrical conductivity was reported to be up to
two orders of magnitude higher than typical conductive ceramic composites, Reprinted from [153], Nature

Publishing Group.
2.5.2.2 Piezoresistive yarns integrated with materials and structures

Numerous fabrication processes have been suggested to integrate the piezoresistive sensor yarns
into composites as seen in Figure 2.8. Detecting curing parameters such as matrix gel point in
vacuum infusion forming the process of the glass fiber woven composites is feasible through
electrochemical doping of carbon nanotube yarns (Figure 2.8 (a)) [165]. The carbon-based yarn
sensors can be easily stitched to the glass fiber laminates with different cross point configurations
as shown in Figure 2.8(b, c). Studies on the electromechanical behavior of conductive yarns during
manufacturing processes have shown that consolidation of the glass fiber fabrics with carbon fiber
in between has relatively low influence on the electrical resistance change of the yarns. However,
the same fabrication process resulted in enhanced conductivity of the carbon nanotube coated glass
fiber yarns (due to the interphase crack healing effects shown in Figure 2.9) [166]. This implies
the significant influence of the chemical and material structure of the yarn and the post-processing
steps required for an optimum integration and metallization of the embedded sensors into glass
fiber based composites. A wet chemical metallization process can also be implemented to the glass
fiber yarns to make them conductive for sensing applications [167]. Another example involves the
use of carbon nanotubes grafted on glass fibers through chemical vapor deposition that makes glass

fibers electrically conductive [168]. In this approach, the shell thickness, the carbon weight
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fraction, and accordingly the piezoresistive properties were controlled through the CVD process
parameters [169]. It has also been shown that continuous spray coating of SWCNT on the
nonconductive fibers (consisted of glass fiber composite) can lead to a gauge factor of 1.25 + 0.16
[170]. In this method, the temperature and velocity of the coating process play crucial roles in the
volume electrical resistance and fiber sensitivity [171]. Graphite nano-platelet thin films are also
deposited through a continuous roll-to-roll spray coating process on glass fiber substrate that has
been integrated into epoxy/fiber composite structures for life-long structural monitoring (both
under mechanical loads and high-temperature manufacturing processes [159]). In-situ
polymerization has shown to produce conductive polyaniline composite fibers. By combining this
method with aniline, plasma oxygen and then acid doping, polyaniline was coated on the ultrahigh
molecular weight polyethylene (UHMWRPE). As a result, the piezoresistive behavior was
controllable through manipulating the concentration of the reaction mixture [172, 173]. Moreover,
a method [174] was developed for metalizing cotton yarns by dipping process in which the cotton
yarns were decorated with gold nanoparticles. Then, silver was grown through surface-catalyzed
chemical growth. In addition to sensing, metalized fiber yarns can be used to control the heat flow

during the cure processes, resulting in high quality manufactured composite parts.
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Figure 2.8. Examples of methods used for integrating yarn piezoresistive materials for health monitoring of
composites. (@) CNT yarn sensors embedded to monitor flow during vacuum infusion. CNT fibers are placed parallel
to the resin flow direction, Reproduced with permission. [165] Copyright 2016, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) Representation of the electrical contacts and configuration of the carbon filament yarns
embedded into the non-crimp fiberglass fabrics. (c) A cross-point design for embedding the carbon filament yarns in
fiber reinforcement plastics, © 10P Publishing. Reproduced with permission. All rights reserved. Copyright 2016
[175] (d) A weft-knitted cylindrical plain fabric with conductive UHMWPE/PANI composite yarns. The electrical
resistance of the knitted-fabric sensors increased and then decreased after a critical point with strain, Reproduced
with permission. Copyright 2016, Elsevier [123]. (¢) Development of yarn sensors based on intrinsically conductive
polymers (PEDOT:PSS doped with N-methyl-2-pyrrolidinone, NMP) combined with PVA for woven sensor
applications, Reprinted from [176] MDPI Open Access Journals. (f) Braids of hybrid yarns containing PEDOT:PSS
polymers. (g) Electrical connections of the sensors embedded into the composite parts before (left) and after (right)
consolidation. The sensors are fixed on the fabric using silver paint, Reprinted with permission of Springer.
Copyright 2015 [177]. (h) Direct carbon fiber yarn sensor integration into glass fiber non-crimp fabrics in the warp
yarn path manipulation (WPM) unit of the knitting machine, © IOP Publishing. Reproduced with permission. All
rights reserved. Copyright 2016 [175].
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Figure 2.9. Integration of the carbon fiber (CF) sensors and glass fibers (GF) coated by conductive silver paint
into the woven reinforcement textile fabrics. No filament failure was observed in both sensor types except the
fact that a densification process was accompanied by transverse crack initiation for the silver-coated GF
sensors. The adhesion strength difference of the silver-coated GFs and CF yarns is a challenging issue in this
sensor configuration, Reproduced with permission [166]. Copyright 2016, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Since some of the conductive yarns (e.g. carbon fibers) are not stretchable enough for high strains
applications, knitting has been done before embedding them into the composite [178, 179]. The
knitting pattern and density can determine the stretchability and sensitivity of the sensors: higher
linearity and sensitivity has been reported when sensor yarns were knitted with higher densities
(Figure 2.8(d)) [123]. Direct integration of carbon fibers in the hybrid PEDOT:PSS can be
implemented during knitting process (Figure 2.8(f, g)) or stitching (Figure 2.8(h)) to monitor the
deformation through the overall resistance of the structure. Figure 2.9 illustrates example
applications of the yarn-like piezoresistive materials embedded into the composites. Integrating
conductive carbon fiber yarns into the glass fiber woven fabrics have resulted in fabricating 3D
parts during vacuum-assisted consolidation processes with fibers embedded in the structure. This
approach has been shown to be applicable for health monitoring of wind turbine blades as shown
in Figure 2.10(a) [175, 180]. Combining knitted structures made of spandex with carbon nanotube
have also shown to enhance the piezoresistive behavior along the elasticity of the sensor while
retaining the sensor performance repeatability [181]. Sensors fabricated by knitted fibers have also

been utilized to characterize mechanical properties of woven reinforcement fabrics. Integration of
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the yarn-like sensors at different regions of a fabric subjected to, for instance, draping process

indicated shearing gradient patterns under forming process (Figure 2.10(b)) [182].

Figure 2.10. SHM application examples by integrating piezoresistive yarns into the woven composite material

structures. (a) Integrating textile-based network with wind turbine blades. Fabrics are placed into the blade
cast and then vacuumed. Electrical contacts are installed within the blade roots by introducing the crossing
points, © 0P Publishing. Reproduced with permission. All rights reserved. Copyright 2016 [175]. (b) Sensors
embedded into the woven reinforcement composite fabrics to detect shear angle at a different point in the
draping process, Reproduced with permission [182]. Copyright 2011, Elsevier. (¢) A 4-layer conductive over
braided mandrel and (d) consolidated crossing of stiffeners made from over braided fabrics, Reprinted with

permission of Springer. Copyright 2015 [177].

One-dimensional nature of conductive piezoresistive yarns makes them suitable for monitoring the
in-situ behavior of composite structures with complex 3D structures such as the cross-shaped body
shown in Figure 2.10(c, d) [177]. However, according to the type of health monitoring application
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(the range of applied strain, load frequency, temperature conditions, etc.), an appropriate
configuration of sensors may be essential for reliable electromechanical responses. For instance,
previous experiments conducted on yarn sensors made of E-glass/polypropylene commingled
through roll-to-roll procedure [183] have shown that utilizing three instead of two roll-to-roll
conductive coatings provides higher sensitivity [184]. Weaving the sensor yarns in a warp
direction has also resulted in higher sensitivity compared to the woven sensors in weft direction
[176, 185]. Furthermore, the piezoresistive yarn orientation and spacing must be taken into account
(for instance, a specific yarn orientation of 70° has experimentally shown to possess the highest
sensitivity in [186]). Previous studies on textile-based strain sensors also suggest that the more
compact the woven structure, the more linear the sensor response. However, the compactness
decays accuracy and sensitivity of the sensor during the relaxation period and due to the higher
contact area, respectively [187].
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Chapter 3: Analytical analysis of imperfection effects in conventional picture

frame test

3.1 Overview

Picture frame test (PFT) setup is frequently employed in the literature for characterizing the shear
behavior of woven fabrics. Albeit it is believed to provide a fundamental understanding of the
fabric shear response in large deformation, there have been frequent reports on the high potential
of imperfections during this test mode, especially regarding the induced unintentional axial forces
along the yarns. In this chapter, the main sources of such imperfections arising from the operator
error during sample installation, to the fixture misalignment, as well as the inherent non-

uniformities within the fabric are analyzed, using the kinematic and continuum-based approaches.
3.2 Analytical approaches for analysis of imperfection effects

In the present study, to understand the consequence of the imperfections in the PFT, first, the main
sources of imperfections were categorized and the corresponding deformation mechanisms were
explored using an analytical framework. In order to mimic a realistic sample boundary condition,
clamping edges were defined based on the associated imperfection parameters. The four internal
points specifying the joints of the central fabric region (when there are corner cut-offs in the
sample) were obtained by intersecting the lines passing through the corresponding opposite clamp
edges. Then, those four internal points were modified to adjust the shear angle at the center based
on shear angle mismatch imperfection and thereby the state of fabric at each specific shear angle

could be determined.

Given the known deformation of boundaries for each region (i.e. central region and fabric arms),
two approaches were employed to identify the local strains and local shear angles at every single

frame shear angle as shown in Figure 3.1:

(i) Kinematic analysis: the length of each fiber in a picture frame test containing imperfection (L")
was analytically found from the kinematics of the frame in terms of frame shear angle in order to

calculate the induced strain (i.e. the strain is assumed to be uniform over the yarn in this approach).
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(if) Continuum mechanics based analysis: having the known initial and instantaneous states of
each region in the fabric, local strains were obtained through the displacement field by mapping

the initial state to the instantaneous deformed fabric.

It should be noted that in both approaches, the ideal picture frame was considered as the initial
state for strain calculation, in order to take into account the strain caused by mounting the fabric
onto the fixture. A Matlab code was developed to implement the above approaches for imposing
the individual and simultaneous imperfection modes, and finally to obtain the resulting shear angle
and local strain gradients.

In the continuum approach, the local strain along the fibers was calculated according to the
displacement field corresponding to the mapping obtained by the imposed deformation mechanism
(p = x(P)). Then, the deformation gradient F matrix was assembled for every element according
to Eq. (3.1) [188-191]:

(3.1)

[F] _ [Oxl-]

(1,j=1,2) where x; is displacement fiend and X; is the coordinates in the non-deformed system
located on the diagonals of the frame. The deformation gradient F was then rotated by 45° to

calculate the strain components along the yarns (X';) (See Figure 3.1). The Cauchy-Green tensor

C was obtained as following:

[C] = [F]"[F] (3.2)

And finally, the Green-Lagrange strain tensor E was calculated through Eq. (3.3) from which the

strain along the fibers were taken (e, €,,):

[E] =S ([€]1-[ID (3.3)
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Remark: Either of the two approaches may be applied for characterization/test design purposes,
depending on the type/deformation behavior of the fabric of interest. In essence, as opposed to
kinematic analysis, the continuum based analysis neglects the existence of the gaps and their
disappearance with shearing and also sliding the fibers through the cross-overs. Accordingly, for
fabrics in which deformation mechanism is mainly dominated by individual yarns with minimal
interactions between them (e.g. similar to a non-crimp fabric/NCF), kinematically driven yarn
strains would adequately describe the mechanical response of the material. On the other hand, for
fabrics with more (semi) continuous mechanical behavior (i.e. denser fabrics with high friction at
crossovers— such as prepreg fabrics), the continuum approach would be realistic and close to the
known Pin Joint Network (PJN) [192] but with extendable/compressible yarns. It is also worth
noting that at high shear angles, the gaps within a given fabric vanish and its behavior would tend

toward a fully continuous material.

/Z_Vfabr'\c

X —= Continuum Mechanics

" — Kinematic Analysis

Figure 3.1. lllustration of the two approaches taken for analysis of deformation field within the fabric. A
continuum mechanics based approach introduces local strains with respect to the local displacements obtained
by the deformation mapping of the regions in the ideal picture frame test to the after shear (deformed) state
while considering imperfection. The kinematic analysis, on the other hand, directly uses the instantaneous

length of the fibers constrained to the picture frame system (L") in the presence of imperfection.
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3.3 Aninsight into the imperfection sources

The main emphasis of the past studies of enhancing the characterization of woven fabrics has been
on the effect of misaligned fibers as a primary source of imperfection in the picture frame setup
[190, 193, 194]. In addition, fiber bending close to the fixture arms has been also well recognized.
However, for generalizing the sources of imperfections into three main categories from a
deformation standpoint, here we propose three uncertainty sources: (i) operator related flaws,
which predominantly includes fiber misplacement or misoriented mounting of the fabric from the
onset of testing, (ii) fixture related flaws, the main one of which may be the lack of ideal
coincidence of sample edge regions with the shear frame central (pin-to-pin) lines; this type of
imperfection may be due to the faults in the fixture design itself and/or excessive clamping forces
on the fabric which will constrain the free rotation of fibers during shearing, often resulting in the
reported yarns bending close to the arms during the test [41]. (iii) Fabric (material) related flaws,
arising from the micro/meso-level mechanisms (e.g. lack of sufficient fiber/fiber friction under
rotating condition at crossovers, the effect of fabric cut-offs/free yarn ends on intra-yarn shear
[15], or non-uniform fiber orientation in the as-received fabric, etc.). The latter category of flaw
during the test can yield the partial transformation of shearing from the fixture frame to the fabric’s
center and also lead to the shear angle non-uniformity over the sample. Considering a picture frame
fixture with an effective length L, Figure 3.2 illustrates the abovementioned imperfection
parameters and their corresponding eventuated deformation mechanism (from where the strain
components are calculated). In the following sections, the consequences of each imperfection
source in the conventional picture frame test are discussed from a continuum based and kinematic

based point of view.

36



RS Fabric in picture frame test with imperfection
[ ]Fabricinideal picture frame test

Figure 3.2. Schematic illustration of the imperfection parameters in the conventional picture frame setup and
their associated deformation mechanisms at the onset of the test (left figures, y=0°) and after applying the shear
load (right figures, y°). (a) Fabric misplacement, (b) offset of the clamping edge with the ideal shear frame, (c)

mismatch between the frame and fabric shear angle.
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3.4 Imperfection Case 1: Oriented fabric misplacement into the test fixture frame

Fabric misalignment is the most recognized and the major imperfection source in the picture frame
test. It has been generally characterized by the angular (rigid body) rotation of the orthogonal fabric
with respect to the frame arms [190, 193, 195]. Highly sensitive tension/compression is believed
to be introduced into the yarns due to the presence of such fiber misalignment with respect to the
frame. This state can induce yarn tension in one direction and yarn compression in another
direction during the test. More generally, the yarn misalignment can practically arise from the
distinct misplacement of four edges of the sample during installment (Figure 3.2(a)). Kinematic
analysis of a frame comprising misaligned fabric in this general case gives the shear angle at the
central region as a function of frame shear angle in the form of:

0 0
. (Ta + TC) COS ¥frame

Vframe +tan—
1+

Ycenter
0 o\ .

Ta + TC) SINYframe

(3.4)

0 0
(Tb + Td) COS Vframe

+ tan™?!
Sy . 04\ .
1+ (Tb + Td) SIN¥frame

Moreover, the kinematic yarn strain in directions X; and X; (Figure 3.1) can be given by Egs. (3.5)

and (3.6), respectively:

80 O\ 8g &
EX{:\/1+<fa+f) + 2sinyrame (Ta+fc>—1 (3-5)
3.6
8, Sa\* 8 Oa &0
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To better understand the effect of this flaw mode, let us now consider two special cases: (a) pre-
rotated fabric misplacement; i.e. when 6, = =&, = 8. = —6,4, and (b) the pre-sheared fabric

misplacement; i.e. when §, = 6, = 6. = 8.
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3.4.1 Pre-rotated fabric misplacement

The results of the kinematic and continuum based analysis as represented in Figure 3.3 for the pre-
rotated fabric misplacement suggests no significant shear angle mismatch between the frame and
central region. Instead, each of the fabric arms can undergo either more or less shear. Theoretically,
the shear angle at the center falls between the maximum and minimum shear angle range. The
magnitude of the shear angle difference between fabric and frame increases at early shearing,
reaching to a maximum followed by a decrease during the test (Figure 3.3(a)). The peak shear
angle discrepancy depends on the sample cut-off size as the bigger sample sizes cause the peak to
occur later and also the fabric undergoes more shear angle gradient. Kinematic yarn strain analysis
suggests introducing a slight yarn tension at the onset of the test due to the mounting misplacement
itself but it is negligible compared to the strain magnitude induced due to the shearing. A pre-
rotated fabric misplacement causes this minor tension to exacerbate in the yarns in direction X;
while it adds compressive strains to the yarns in the opposite direction (direction X3) as can be
seen in (Figure 3.3(b)). Continuum based strain analysis (Figure 3.3(c, d)), however, clearly
suggests a strain variation along the yarns in ideal PJN fabrics, with tension on one end and
compression on the other end of the yarns. This implies potential of yarn pull out along the
crossovers in the absence of sufficient frictional forces. Theoretically, the stain at central region

maintains at the maximum compressive strain in both directions.
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Figure 3.3. The effects of pre-rotated fabric misplacement as a case of imperfection on shear angle distribution
and strain along the yarns. (a) the absolute difference between the frame shear angle and maximum/minimum
local shear angles using the continuum approach; (b) variation of kinematic yarn strain with frame shear angle
using the kinematic model; (c, d) variation of the maximum and minimum local continuum strains along the
warp and weft yarns in directions Xj and X5, respectively, using the continuum model. Note that both the

kinematic and continuum-based strains suggest tensile/compressive strains with high sensitivity to the

. 6
misplacement parameter T

3.4.2 Pre-sheared fabric misplacement: operator error

The mechanical effects of pre-sheared fabric misalignment in the picture frame test are illustrated
in Figure 3.4. for both positive pre-sheared (5, = 6, = 6. = §; > 0) as well as negative pre-
sheared (5, = 6, = 6. = 64 < 0) imperfection cases. In the former case, the deformation
mechanism implies faster shearing in the central area of the sample compared to the frame, while
the latter case is accompanied by faster shearing (and hence possibility of fiber locking) of the
sample around the clamp regions. Though, in both cases, the shear angle discrepancies are
maximum at the commensurate of loading, and tend to more uniform shear distribution as the
frame is further loaded (Figure 3.4(a)). This is actually in accordance with the previous
experimental observations where the shear angle difference between the fabric and frame
decreased with increasing the shear angle, for some cases pre-shear specimens [196]. Moreover,
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per Figure 3.4(a), sample size and corner cut-offs do not affect the shearing patterns over the fabric.
The analytical yarn strain formulations given in the Egs. (3.5), (3.6) can be applied to the pre-
rotated fabric misalignment, except that in this case the yarns in both directions undergo the same
yarn strain sign (i.e. in case of positive pre-sheared misalignment they withstand growing tension,

and compression when negatively pre-sheared).

The above imperfection analysis for the fabrics with continuum-like behavior shows a non-
uniform tension/compression state in the fabric depending on the state of initial pre-shearing. It is
worth mentioning that increasing the sample size (w) leads to regions with higher
tension/compression continuum strains, however, the strain in the central region is not affected by
the sample size. Also, in the center point of the sample, both strain calculation methods give

identical values for all imperfection cases.
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Figure 3.4. The mechanical effects of pre-sheared fabric misplacement imperfection case. (a) variation of the

difference between fabric and frame shear angle with frame shear angle using the continuum model, for the
case of positive pre-shearing (i—i =0. 0131) and negative pre-shearing (g = —0. 0131) corresponding to the pre-
shear angle of 3 degrees; (b, ¢) comparison of kinematic-based and continuum strains along the yarns for the
positive and negative pre-shearing imperfection cases, respectively. The three g levels considered here

correspond to an initial miss-rotation (mounting error) angle of 1°, 2° and 3°, respectively.
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3.5 Imperfection Case 11: Incoincidence of the clamping edge and ideal shear frame

When the sample clamping edges deviate from the shear frame central lines, a non-uniform shear
angle gradient, and thereby yarn tension/compression, is developed over the fabric. This
imperfection case basically imitates either the faults in the fixture design itself [197] and/or the
bending close to the jaws due to the excessive clamped forces (which cannot allow the fiber to
rotate freely under the clamp). Besides, in the studies where simultaneous shear and tension were
studied [37, 198-200], an initial yarn tension prior to applying the shear load introduced the same
imperfection to the test. The deformation mechanism associated with this type of imperfection in

terms of the induced strain into the yarns and shear angle distribution is represented in Figure 3.5.
The shear angle gradient (Figure 3.5(a, b)) suggests that an inward offset (% > 0) causes the central

region to undergo higher shear angle than the frame. This can explain the previous experimental
observations where yarn bending close to the arms led to the higher shear angle in the central

region [43]. Likewise, the shear angle at center falls behind the frame shear angle when clamping
outside the ideal shear frame (% > 0). In either case, the shear angle discrepancies in this type of

imperfection increase with frame shear angle.

A kinematic analysis of the deformation gives the shear angle at the central region as a function of

frame shear angle (¥frqme) and the gripper offset (%) as:

s

sin Vframe
h
L

1

Ycenter = Vframe + 2tan” (3.7)

1
2 COS ¥frame

A continuum strain analysis suggests that the initially applied compression or tension due to this

imperfection is locally evolved as shear loading is applied. Namely, the inward clamp edge offset

induces extreme continuum compressive strains over the corners of the arms (e.g. 5.48% increase
in maximum compressive strain for (% = 0.8 and o= 0.015), and tension in the central region.

This, in turn, augments the possibility of wrinkling at the corners of the arms as it has been
frequently observed in the wrinkling patterns reported before [43, 45, 47, 48]. The outward gripper

edge offset affects the fabric deformation during the test inversely (i.e. it leads to compressive
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strains in central region and tension around the arms’ corners). A strain gradient along the yarns

in both cases also implies a high possibility towards fiber slippage.

The kinematic analysis of this imperfection case results in a uniform yarn strain distribution over

the fabric which can be expressed by Eq. (3.8):

. Vframe 2 \
h h SIHT
Eyarn = (_ZZ) +| |1+ — | - 1/ (3.8)

1_2Z

where the right term represents the strain due to the frame shearing and the left term is the induced
initial yarn strain due to the imperfection itself. In this equation, % > 0and % < 0 represent inward

and outward offsets, respectively as shown in Figure 3.2(b). As opposed to the continuum analysis,
using the kinematic model the initial tension/compression induced strain is relaxed (Figure 3.5(c))
during the test (i.e. shearing adds more tension to the compressed state of yarn for inward gripper
edge offset and vice versa for the outward offset case). The decreasing trend obtained from the
above equation is well aligned with the previous experimental observations where a coupled
tension-shear was applied to the fabric and a decreasing axial load was recorded with shearing the
frame [201]. It implies that set-up modifications are necessary for those setups studying the
mechanical characterization of fabrics under coupled loading; for instance, a roller based clamping
which can move with the shear frame may be used for applying the biaxial loads during shearing.
Alternatively, such coupling between the pre-tension and shearing can be accounted for during the

global to local transformation of normalized forces [202].

43



0.041 (C)
09094

0.02%#44 44 4 290 /L0015
44—+ 4 4 3 h/L=0.010

(b) h/L=0.015
h/L=0.010
h/L=0.005

AN o no&
e
b

r @

Center — frame
shear angle (degree)

O =|
Aty h/L=0.005 —— ' :jtjdoggs ——
8f M A4s, h/L=0.010 —a— -0.02 '
- °'°ro~u~: h/l=0015 —a— od] 0015 ﬁ;
=-0. _ =-0.
| . | . | . | 0'04’» . | . L h‘/L ‘001‘5

Kinematic yarn strain

20 40 60 80 100 0 20 40 60 80 100
Frame shear angle (degree) Frame shear angle (degree)

|
o T

0.04 Maximum (Eﬁwo m;jlﬂli
(e) T e . b
P ,,A,ﬁrﬂ/{ h/L=-0.010

0.02

Fabric — frame shear angle (degree)

Axial yarn strain
=

Axial yarn strain
4

‘ -0.05 0.02F I
0 20 40 60 01 Minimum (arm) ‘ i 004 ‘ Min;’murr‘] (arn‘w) . h/L=0015 0.0
Frame shear angle (degree) 0 20 40 60 80 100 0 20 40 60 80 100
Frame shear angle (degree) Frame shear angle (degree)

Figure 3.5. The shear angle gradient and axial yarn strain distribution as a result of offset of clamping edge
and the shear frame central lines. (a, b) The difference between fabric and frame shear angle versus frame
shear angle for different h/L values, under continuum based and kinematic analyses, respectively; (c) variation
of kinematic strain along the yarns with the frame shear angle; (d, €) changes in the continuum strain for

inward and outward offset cases, respectively.
3.6 Imperfection Case Il1: Frame/fabric shear angle mismatch

The fabrics in the conventional picture frame test are intrinsically susceptible to non-uniform shear
distribution (thereby yarn tension/compression) owing to micro/meso-level uncertainty factors
such as varying crimp angle, or non-uniform frictional forces at crossovers (at different regions of
samples due to cut-offs), local misalignment of fibers etc. This can cause (even in absence of
external imperfection) a shear angle gradient over the fabric, and hence a deviation from the frame
shear angle.-This effect is believed to be very sensitive to the sample size. For instance, it has been
reported that in large-cross samples, the yarn bending close to the jaws is dominant [43] and
therefore the shear rate at the center region is faster than the frame (u>1 where p is the fabric/frame
shear angle mismatch factor as shown in Figure 3.2(c)). In opposite, in the case of small-cross
sizes, the different shear rigidity of the center and arms has inhibited full translation of the frame
shearing to the central region and hence u<1 [43]. This is, in fact, a primary disadvantage of having

corner cut-offs when preparing the test sample in the conventional picture frame tests.

44



In order to simulate the effects of this imperfection case, the data obtained by DIC measurements
in the previous works [33, 196] for TWINTEX fabric were used to define a fabric/frame mismatch

factor () as a function of frame shear angle.

An analytical (kinematic-based) relationship in this deformation mechanism can be given for the
maximum (when pu<1) or minimum (when p>1) shear angle (occurring at the corner of the fabric
arms, see Figure 3.6(a, b)l) as:
w
1 -7
COS Vframe — % (cos (—yfrgme (u+ 1)) + sin (—yﬁgme (u— 1))) @9)

Yext,arm = tan™

+ cot (% — y—f rgme)

Under the continuum approach, this effect inherently should induce no axial strain in the central
region; however, the arm regions are expected to undergo a type of strain distribution that makes
fiber slippage likely similar to that seen in the case of other two aforementioned imperfection
types. Figure 3.6 demonstrates the shear angle and strain gradient calculated through both
kinematic and continuum strain analyses. In terms of local shearing, in both models, when the
shearing at the center falls behind the frame shear angle, the arms make compensate through
undergoing higher shear angles, and vice versa. Considering the kinematically calculated yarn
strains, a minor tension (with the mismatch factor range of 0.87-1.10 extracted from the literature
[33, 196]) develops as a result of this imperfection (Figure 3.6(a)ll, (b)Il). For the fabrics with
more intense mismatch factors, the tensile kinematic strain significantly increases no matter pu>1
or u<1. A relationship can be derived from the kinematic analysis of the tensile strain induced at

the mid yarn (which bears the maximum strain) in form of Eq. (3.10):

T \/(1 - %)2 + 4%sin2 (@ w-10)-(1- %) (3.10)

From the above equation, one can find that the strain induced in the yarns due to the shear angle

mismatch remains always tensile and its magnitude depends on both shear angle mismatch factor
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as well as the sample width as shown in Figure 3.6(c, d). At a constant mismatch factor, increasing

the sample width causes higher yarn tension during shearing.
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Figure 3.6. Effect of fabric-frame shear angle mismatch on the mechanical behavior of fabrics. Variation of I:
difference between fabric and frame shear angle, I1: kinematic yarn strain and Ill: continuum strain with
frame shear angle for (a) small sample width (w/L = 0.29) wherein the fabric shear angle at center falls behind
the frame shear angle and (b) large sample width (w/L=0.72) with higher fabric center shear angle than frame.
The shear angle dependent mismatch factors were taken from reference [33] and [196], respectively. Variation
of kinematic yarn strain for different constant mismatch factors (c) as well as different sample sizes (d) is also
shown as a function of shear angle. From comparison of a(l) and b(l) and also from (d) it is evident that the
sample size/shape is highly effective under this imperfection mode and can dominantly change the

characterization results.
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3.7 Summary of findings

In this chapter, the main sources of imperfections in the picture frame testing were studied and
modeled, showing how they can lead to the notably adverse effects in the pure shear
characterization results. The associated imperfect deformation mechanisms were imposed as
boundary conditions and two analytical approaches were undertaken to reveal their consequences
in terms of the induced non-shearing strains along the yarns of the fabric. It was discussed that
even small amount of imperfections may induce a considerable amount of energy into the yarns
by axially stretching them, or it may cause local compressive strains that can expedite the
formation of out-of-plane wrinkling defect in the fabric. Based on the literature, and also our
experience in this research, the imperfection types were classified as (i) pre-shearing/pre-rotation
of the fabric, (ii) fixture design error which can cause an offset during installation of the fabric into
the grippers, and (iii) shear angle mismatch between the center of the fabric sample and the frame

due to non-uniformities inside the material and/or imposed boundary conditions.

As opposed to what assumed in the literature, fabric misplacement does not seem to essentially
affect the deformed areas of the fabric in a similar manner at all of the four clamping areas of the
PFT. Defining four distinct misplacement parameters, one can find that either a compressive or a
tensile yarn strain can develop over different arm regions, which could well explain the premature
arm-induced wrinkles observed in several past experimental studies (while the wrinkling in an

ideal shear PFT is expected to form in the central region due to fiber locking at high shear angles).

The results also confirmed that any shear angle gradient or mismatch between the fabric and frame
(e.g. due to severe clamping pressures and local yarn bending close to the grippers) can cause
notable tensile loads in the yarns. Hence, outmost care should be taken when interpreting the
picture frame test results as the current version of this test is highly sensitive to contributions from

the non-ideal, axial yarn strains.
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Chapter 4: Frameless picture frame test setup: An enhanced approach for

mitigating the imperfection effects

41 Overview

Upon a systematic understanding of different types of potential imperfections in the current picture
frame tests (Chapter 3), a new shear test methodology is proposed in this Chapter, and to be also
verified using embedded sensors in next chapter. In the new set-up, the shearing frame boundary
condition is inscribed on the fabric sample itself during sample preparation; in lieu of fabricating
and installing a metallic picture frame. This so called ‘frameless picture frame’ (FPF) test will be
shown to effectively mitigate the previous imperfections and provide a better control and
uniformity of the fabric installation and deformation during the test. Contrary to the conventional
PFT, the wrinkling behavior and normalized force response in the FPF are expected to be in
agreement with the conventional bias extension tests, with no close-to-arm fiber bending, while

showing a superior test repeatability at both loading and unloading stages.
4.2 Standard shear characterization procedure (without sensor embedment)

The shear deformation was applied to assess the fabric’s mechanical respond under the suggested
picture frame setups. Comingled polypropylene (PP)/glass fibers (TWINTEX® TPP60N22P-as
supplied by AS Composites Inc. (Quebec, Canada) with a nominal fiber diameter of 18.5 um, the
thickness of 1.0-1.5 mm and fiber width of 4.3 mm). A tensile displacement exerted on the one
corner of the frame (Figure 4.1(1V)) using a mechanical testing instrument (Instron 5960, USA).
All tests were conducted with a cross-head speed of 20 mm/min, while a 50 kN load cell was used
to capture force-displacement data. The load/unload was repeated for 3 times at 3 replications for
each sample to evaluate repeatability as well as the cyclic behavior of the material using different
sample sizes. Since the main purpose of this study was to mitigate the test imperfection effects,
different sources of uncertainties/flaws during shear characterization of fibers were considered

during analysis.
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(i) Operator related flaws
(ii) Fixture related flaws
(iii) Fabric related flaws

Additionally, bias extension tests/BET (with 75x150 mm sample size) were carried out in order to
compare with the picture frame data. The data were normalized based on Refs. [22, 203] as

described below.
4.2.1 Normalization of the PFT

For the tests based on picture frame configuration, the normalized force-frame shear angle curves
were calculated from the force-displacement data according to the energy dissipated in the central
(effective) region of the fabric. The angle of the frame (0) was correlated to the cross-head
displacement (0) by Eq. (4.1) [22]:

V2L +§
— -1 4.1
6 = cos < o1 ) (4.1)
where L is the frame length. Therefore, frame shear angle was obtained by Eq. (4.2):
. V2L + 6
Yframe =90" -2 COS_1 <T> (42)

The normalized force (Fyormaiizea) then, for a picture frame with corner cut-offs was calculated
by [22]:

F—F /L

Fnormatizea = m (F) (4.3)
where F is the recorded force, F' is the fixture force without mounting a sample and w is the sample
width (see Figure 3.1).
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4.2.2 Normalization of the BET

In order to normalize the force-displacement data associated with the BET, the shear angle at the

fabric's central region was determined by:

h—W+6> (4.4)

% =90°—2cos ! <—
frame \/E(h _ W)

Based on the energy dissipated in the central region, the normalized force can be found in the
implicit form of [22, 192]:

1 h yframe . )/frame
Frormatizea = (2h — 3w) €OS ¥frame ((W B 1) - (COS 2 T )
(4.5)
Yrrame
— W.COS

Yr
2 . Fnormalized (%))

4.3 Conventional picture frame shearing test set-up with embedded sensor

Conventional picture frame test has been extensively employed for shear characterization of
woven fabrics. The steps for preparing and mounting the fabric in this approach is illustrated in
Figure 4.1. Fabrics with fixture length of L= 24.5 cm and sample sizes of w= 15, 11, and 7 cm
were cut. Then two sides of needle clamps were inserted into the fabric. The clamps were
subsequently mounted into the picture frame fixture where a shearing load was transferred to the
fabric through the axial displacement of the fixture joint. A sensor was also attached to explore the

local displacement between two ends of the mid yarn.
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Figure 4.1. Sample preparation process in the conventional picture frame testing procedure. A fabric with

corner cut-offs is clamped and mounted to the fixture.

4.4 A new frameless shearing test set-up with embedded sensor

The frameless picture frame (FPF) test process was designed with the sequences represented in
Figure 4.2. In this approach, Fabric sample was first placed underneath a rectangular piece of metal
sheet, the length of which determines the sample size (here three levels considered: L= 15, 20, and
25 cm). Then, the peripheral fabric frame was exposed to hot air blown by a heat gun to fully
consolidate the outer frame. Meanwhile, the metal sheet was pressured to the fabric by a massive
block to make sure no hot air leaks to the central region of the fabric. The consolidated frame
formed at the edges of the fabric resembles the arms in the picture frame fixture. After
consolidating the outer frame of the fabric, the corners were cut to let the arms rotate around the
corner joints daring the test. A sensor was attached to the mid yarn in the dry area to monitor the
yarn strain during the test. Eventually, the fabric was then fixed at their two joints the axial

displacement of which caused a shearing over the fabric.
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Figure 4.2. Sample preparation procedure in the frameless picture frame testing approach. In this method, the
outer edge of the fabric is locally consolidated with a heat gun to introduce the shearing frame on the fabric

itself instead of using a fixture.

4.5 A new integrated frameless shearing test set-up with embedded sensor

The shear characterization of woven fabrics was further enhanced through a needle integrated FPF
testing scenario where the fabric is expected to undergo an ‘ideal shearing’. The idea of using
needle type clamping for fabric characterization has been discussed extensively and proven to be
more effective for pure fabric characterization in Refs. [37, 204]. Figure 4.3 represents the testing
procedure followed in this approach. First, the sample size was marked in a piece of fabric and
two yarns adjacent to the four sides of sample region were taken out. Similar to the previous
approach, a metal sheet with the same length as the sample size was located on the fabric covering
the testing area. Samples were prepared with three different sample sizes of L= 15, 20, and 25 mm.
Then, the outer frame was fully consolidated by a heat gun while a pressurized metal sheet avoided
the leakage of hot air flow to the central region. Subsequently, the consolidated area with
perpendicular yarns was cut so that at this stage the yarns were bilaterally consolidated in the
fabric. Afterward, the needles were passed through the crossovers of the yarns at the boundaries
(while the edges were sandwiched between the strips of transparency films located at both sides
of the fabric for better stabilization of the needles). The locally consolidated ends of the yarns
along with the strips of transparency film provided a rigid basis to both stabilize the peripheral
yarns on the square boundaries of the fabric while rotating at the cross-overs; and also to avoid the
peripheral yarns to be taken out of the fabric when loading. Finally, a sensor was embedded onto
the fabric surface via gluing the sensor at two points close to the shearing frame along the mid

yarn. The loading was then performed on two opposite crossovers at the frame joints.
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The adjacent fibers in this approach were fully disconnected to allow the fibers rotate freely at the boundary
cross-overs thereby prevent yarn bending during the test. The needles were inserted at the boundary cross-
overs and the ends of the fibers were consolidated to provide a rigid basis for the needles and thereby avoid the

boundary yarns to be taken out of the frame.

4.6 The novel fixtureless shearing tests versus conventional approaches

The results of the conventional picture frame test are very likely to be accompanied by a
combination of the above-mentioned imperfections. The new test design in this study (described
in Sections 4.5 and 4.6) is aimed to avoid these imperfections while the characterization of the
pure shear behavior of the fabric. In the new frameless picture frame (FPF) test, aside from the
simpler sample preparation process, a uniform full-size fabric with no corner cut-offs is subjected
to shearing loads. In particular, in the needle integrated version of the FPF (Section 4.6), even the
problem with yarn bending close to the frame was solved by letting the yarns to freely rotate around
the frame boundary crossovers through the “one-row” stabilized needles in a locally consolidated
fiber basis. Furthermore, owing to the high operator’s control over the fabric, no
misalignment/clamping edge-frame offset was introduced to the fabric due to the mounting. More

details of the observations from the new test setups are discussed in the following section.
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4.7 Severe deformation mechanisms: wrinkling patterns and yarn bending close to arms

Two most prominent features of the fabric deformation at high shearing loads (i.e. the out-of-plane
wrinkling patterns [205] as well as yarn bending close to the clamps [41]) are compared in Figure
4.4 between the currently used as well as proposed testing procedures. The wrinkling in the fabrics
can originate either from shearing beyond the locking angle at the local level, or due to the presence
of global compressive loads on yarns (note that the latter causes wrinkling ahead of the
locking/critical shear angle [206]). In our standard picture frame set-up, similar to previously
reported observations [43, 45, 47, 48], the wrinkling commenced at the fabric arms (Figure
4.4(a)ll) around frame shear angle of 40 deg. and it propagated over the entire fabric with further
loading. In the standard bias extension test, the wrinkle was formed in the center at from shear
angle of 40 deg. (Figure 4.4(b)). Among the above-mentioned test imperfections, each of the
following cases can be responsible for such wrinkling pattern in the conventional picture frame

test:

(i) A pre-sheared fabric misalignment leads to compressive continuum strains in the fabric arms;
particularly the negative pre-shearing brings about a notable compressive strain to the arm (as was
seen in Figure 3.4(b, ¢)) which grows faster with frame shearing, and hence adds to the likelihood

of faster wrinkling in this region.

(ii) Positive offset of clamping edge from shear frame induces locally compressive strains in the

arms (as was seen in Figure 3.5(d)).

(iii) Any frame/fabric shear angle mismatch can cause developing local compressive strains over
the arms (Figure 3.6(a, b)III). In case of the shear angle at the central region falling behind the
frame (u<1,) a faster locking is expected in the arms (Figure 3.6(b)I). As the proof of concept for
the case of an extreme mismatch, wrinkling pattern formed by manually loading a rectangular
fabric sample while one side being held firm (Figure 4.4(a); imitating the rectangular shape of the
arms) resembled the core mechanism of wrinkling at the arm regions. This was in accordance with
the fact that the locking, and thereby the onset of wrinkling, often occurs in the arm regions in the

conventional picture frame test [43, 45].
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Wrinkling in the proposed new frameless picture frame (FPF) test methods, however, had very
different defect patterns than that of conventional picture frame test. A wrinkle was formed at the
center of the sample in both original and needle integrated FPF methods, which was similar to the
wrinkle formed in the bias extension test (Figure 4.4(c)ll, (d)II). Apart from the wrinkling
behavior, fiber bending close to the arms as a problematic issue was observed in both conventional
picture frame and the original FPF tests (Figure 4.4(a)lll, (c)lll), but not in the bias-extension test.
In opposite, in the needle integrated FPF setup, the fibers are given freedom to freely rotate at the
boundary crossovers and hence, no visible yarn bending was observed at the boundaries of the
samples, yielding a highly uniform and pure shear distribution over the fabric (Figure 4.4(d)I1I).
In the bias extension test, as opposed to the FPF, three regions of shear (full shear or v, half shear
or y/2, and no shear; y=0) were formed [207, 208] (see Figure 4.4(b)).
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Figure 4.4. lllustration of severe defect formation mechanisms in woven fabrics. Wrinkling and yarn bending
close to the arms are illustrated for (a) conventional picture frame, (b) conventional bias extension (regions A,
B, and C refer to the areas with 0, y/2 and y shear angles, respectively), (c) frameless picture frame, and (d)
needle integrated frameless picture frame tests. As opposed to the two proposed FPF setups, the wrinkling
observed in the conventional picture frame test initiated from the arms and is not topologically consistent with
the wrinkle seen in the bias extension test. In the needle integrated FPF, yarns become free to rotate at the

boundary crossovers, thereby no bending close to the consolidated region was observed.
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4.8 Comparing the normalized force-shear angle behaviors

The normalized force-shear angle responses associated with the conducted testing methods are
presented in Figure 4.5. The reproducibility of the test methods was evaluated by repeating each
experiment for three times, with the same sample sizes (w=15 mm in the picture frame and FPF
tests, and w=75 mm, h=150 mm in the bias extension test). As seen from Figure 4.5(a), the highest
normalized loads (0.173 — 0.312 N/mm) at the maximum 40° shear angle attained for the
conventional picture frame test, which is clearly above those obtained for the bias extension test
(0.037 — 0.055 N/mm). This can be attributed to the high potential for test imperfections in the
conventional picture frame test leading the strain components along the yarns; also one should
note that the higher force values, higher deviation from the pure shear mode. Such high forces in
the picture frame test can be essentially explained by the local tensile loads induced to the yarns
due to the non-uniform shear deformation (as shown theoretically in Sections 3.4-3.6). This can
also account for the poor test reproducibility in the conventional picture frame setups since the

imperfections can randomly vary from one test to another.

The amount of normalized load at 40° shear angle was reduced to (0.144 — 0.221 N/mm) for the
FPF setup. Under a more controlled test sample preparation, mounting, as well as uniform fabric
shape (with no corner cut-offs), the FPF provided a closer behavior to ideal shear, where the
bending close to the arms still implied some flaw (thereby the discrepancies with the forces from
the bias extension test). On the contrary, a highly reproducible shear response in the needle
integrated FPF test was achieved where the maximum normalized load range (0.033 — 0.043
N/mm) was observed to be well within the range of bias extension test. In essence, treating the
boundary conditions in this testing procedure has led to an ideal shear deformation mechanism,

without different shear zones as present in the bias extension test.

The shear loads applied to the fabrics with different sample sizes suggest that the normalized shear
response in the conventional picture frame test is size dependent (Figure 4.5(b)l), especially when
it comes to smaller sample sizes. The larger the sample size, the higher normalized load is
eventuated. This issue, though to a much less extent, still remained in FPF test (Figure 4.5(b)II).
However, in the needle integrated FPF test, the normalized force-shear angle behavior was seen
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to be by far less dependent on the sample size (Figure 4.5(b)IIl). For the bias extension test, it is
known that the choice of sample aspect ratio can have a significant effect on the occurrence of
slippage and early wrinkles (the aspect ratio should be smaller than 2 [26]). Finally, the
loading/unloading up to 40° shear angle (Figure 4.5(c)) indicated that the force dropped when
loading was repeated for the second time in the FPF setup; and then subsequent loadings followed
a consistent behavior. More consistent loading loops for the needle integrated FPF setup was

obtained compared to the FPF test.
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Figure 4.5. The shear response (normalized shear force versus shear angle) of the fabrics obtained following
different testing methods. (a) repeatability of the tests through three repeats of each experiment, (b) the
sensitivity of the normalized results, and (c) the loading/unloading response of the woven fabric obtained
through I: FPF and I1: needle integrated FPF tests. The needle integrated FPF test shows very promising results
in terms of test reproducibility, sample size independency, and consistency of results with the bias extension

test.
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4.9 Summary of findings

Based on the comprehensive study implemented to find possible flaws in the PTF, a new testing
scenario was designed in this chapter and its ability to express a more realistic shear behavior of
fabrics was assessed compared to the PFT. The suggested testing approach involved inscribing the
frame on the fabric sample itself, by means of locally consolidating the image of a PFT fixture on
the fabric. In this way, a minimal manipulation is applied to the fabric during the sample
preparation and subsequent mounting procedure, relieving the test from the misplacement and the
potential faults related to the fixture as in the conventional PFT. In a second version of the new
test, to remove close-to-clamp bending effects, a one-row needle set was employed at the cross-
over located on the boundary edges and the adjacent yarns were disconnected by cutting the

consolidated area after attaching the needle joints.

The mechanical behavior of atypical PP/glass fabric was characterized and compared through
different shear test types. The random nature of normalized load-shear angle response stemmed
from the imperfection effects can lead to a poor test reproducibility in the conventional PFT, while
clearly more repeatable data were obtained in the case of PFTs. In particular, more repeatable
results were attained for the needle integrated version of FPF test. Since there have been some
debates in the literature in terms of force normalization and generalizing the mechanical behavior
of the fabrics, the conducted study on the sample size effect in this Chapter also revealed consistent

results (with very minimal dependency on sample size) in the case of needle integrated FPT.

From the perspective of deformation mechanism, a center-originated wrinkling could be observed
in both FPF versions, similar to that of the BET. This is mainly owing to the square-shape sample
in FPF with more uniform shear angle distribution, rather than a cross-shaped sample in the
conventional PFT which divides the fabric into different deformation regions with different shear
rigidities and thereby a shear angle gradient over the sample (especially in the presence of common
imperfections as discussed in Chapter 3). In addition, letting the yarns to rotate freely at the cross-
overs in the needle integrated FPF could overcome the issue of local yarn bending and further
minimized the shear load magnitude. The above observations confirmed that the new suggested
testing method can significantly enhance characterizing shear behavior of fabrics.
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Chapter 5: Sensor fabrication and characterization for integration with woven

fabrics

5.1 Overview

In order to apply strain sensors for a specific monitoring application, the piezoresistive
characteristics such as resistance-strain behavior should be studied, in order to confirm that the
sensor is properly sensitive and stretchable in the given range of loads. The strain sensors are
basically obtained by introducing electrical pathways into a non-conductive matrix of the
composites which induces piezoresistive properties for measuring strain. When deformations in
the internal material structure under mechanical loads occur, the electrical resistance changes due
to the reconfiguration of the electrical network. In this chapter, the electromechanical behavior of
new yarn-like chopped carbon fiber (CCF)/polydimethylsiloxane (PDMS) composites as a
promising sensor for capturing the deformation ranges occurring in the picture frame test is
evaluated. The sensor was specifically tailored for integrating within woven composite structures
and its performance was evaluated under tensile, cyclic, and monolithic loads. Due to the high
specific surface area of the CCF fillers, a low percolation threshold of 1.41 wt.% was attained with
high sensitivity and stretchability for the samples with low CCF contents (gauge factors as high as
700 at first cycle). The piezoresistive behavior was observed to be uniquely strain-reversible at

higher cycles.
5.2 Materials and Methods
5.2.1 Materials

Twill weave carbon fiber fabrics were supplied by ACP Composites Inc. (Livermore, CA) with
fibers of 0.012" in thickness and 3K Carbon Fiber Standard Modulus PAN, 33MSiI fiber type. The
carbon fibers were chopped manually (referred to CCF from now on) to the segments of
approximately 1 mm and soaked in acetone for 2 hours to remove the non-conductive
thermosetting epoxy resin layer coated on the fibers. This process enhances their electrical
conductivity. PDMS (Sylgard 184 Silicone Elastomer) and its curing agent were purchased from

Sigma-Aldrich Corp., USA. The PDMS monomer and curing agent were prepared by mixing with
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1:10 weight ratio. Then, the CCF/PDMS mixture was obtained through mechanical mixing with
the specific weight ratios (including 1.90 wt.%, 2.46 wt.%, 4.83 wt.%, and 5.88 wt.%).

5.2.2  Sensor fabrication procedure

The fabrication steps followed for preparation and testing of the CCF/PDMS composites are
illustrated in Figure 5.1. To fabricate the CCF/PDMS piezoresistive composite sensors, two 1.25-
mm thick glass slides were put next to each other on the top of a glass plate at a 3-mm (edge-to-
edge) distance (specifying the width of the samples) forming the mold. Two carbon fiber (CF)
tows were used as electrodes since (i) they are structurally similar to and compatible with fabrics,
and (ii) can be better integrated with the CCF/PDMS piezoresistive sensor. The CF tows were
located into the channel(s) at a 22-mm distance (this distance defines the length of the sensors).
Then, the prepared CCF/PDMS mixture was injected (using a syringe) into the channel(s), formed
through the gap between the two glass slides. To prevent the CCF/PDMS mixture from flowing
further into the CF electrodes, the samples were cured on the hotplate at 150°C for 30 min.

Thereafter, the composite sensors were obtained by peeling the cured sensors off from the channel.

(a) ﬁ)

Curing agent

— X
PDMS \
base polymer CCF/PDMS mixture = 1
Injection Curing
—_—>

Peeling off

Glass
Slides

CCF/PDMS
composite sensor

Electromechanical
testing

Test setup

Figure 5.1. Overview of the steps followed for (a) fabrication and (b) electromechanical evaluation of the
CCF/PDMS sensors. The sensors were fabricated through mechanical blending of CCF and PDMS base
polymer.
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5.2.3 Characterization

Mechanical performance evaluation and loading were conducted using a universal testing machine
(Instron 5960, USA) as shown in Figure 5.1(b). The fixtures were electrically insulated to prevent
electrical leakage through the testing instrument. Since the CF electrodes were well incorporated
into the cured sensors, the samples were mounted into the fixtures through the CF electrodes with
no pre-conditioning. Hence, the results present the properties of the sensors as fabricated. All of
the mechanical tests were executed with a cross-head loading rate of 8 mm/min. In order to
evaluate cyclic piezoresistivity of the composite, the loading was repeated for 100 cycles at 3%
and 5% strain magnitudes, separately, and thereafter the load was held for 600 s to capture the
electrical and mechanical relaxation behavior of the composite. Another set of samples was also
subjected to the full-tensile loading to address the failure characteristics of the sensor material. The
force-displacement data was generated during the tests, based on which the stress was defined as
the axial loading per unit of the initial cross-sectional area (o = F/A). The corresponding strain
was obtained by dividing the cross-head displacement by the initial sensor electrode-to-electrode
distance (¢ = §/L,). Elastic modulus of the specimens was obtained from the linear portion of the

stress-strain data in full tensile loading tests.

The electrical conductivity of the samples was measured by a VersaSTAT4 potentiostat (Gamble
Technologies Ltd., Canada) through a two-probe configuration using the CF tows as the electrical
electrodes. During the experiments, the instantaneous resistance was calculated for the samples
through the current response measured under 1V (DC) applied to the sensor probes. Subsequently,

the change in the resistance was normalized by the initial resistance. This is presented as the

relative resistance change (AR ). The gauge factor (GF) is typically defined as Eq. (5.1):
Ro

~ AR/RO

GF = (5.1)

€o

in which R, is the initial resistance. g, is the amplitude strain.
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The GF is basically obtained from the slope of the line fitted to the non-linear resistance-strain
curve loading and unloading regimes of each cycle. The volume conductivity (oy,) was also
obtained by Eg. (5.2):

where R, is the resistance. A and [ represent the cross sectional area and sensor length,

respectively.

To understand the microstructural mechanism of failure in the sensors, the scanning electron
microscopy (SEM) images were taken from the samples (using a Tescan Mira XMU Scanning
Microscope) at 20.0 KeV accelerating voltage. For this purpose, the sample surface was sputtered
with platinum and then placed into the vacuum chamber for subsequent imaging processing.
Moreover, the in-situ deformation mechanism of the CCFs into the PDMS matrix was visualized
by manually pulling and releasing the sensor under a microscope.

5.3 Results
5.3.1 Electrical conductivity and percolation threshold

Figure 5.2 represents the variation in the volume conductivity of the CCF/PDMS composites as a
function of the CCF filler content. Similar to the typical carbon-polymer based composites [209],
increasing the concentration of the CCF leads to a drastic increase in conductivity at a certain CCF
concentration which is referred to as percolation threshold (P.). Conductivity of the CCF/PDMS
composites increases by ~6 order of magnitude as the CCF loading is increased from 0.75 wt.% to
1.5 wt.%, implying the formation of the percolation network in this range of the CCF content. The
conductivity measurements were performed for three samples of each CCF concentration. The
range of the values obtained for the samples with the same weight percentage indicates the non-

uniformity of CCF distribution and the dispersion quality.

63



A classical percolation model is used to correlate the electrical conductivity to the filler
concentration (P) and the percolation threshold (P.) as indicated in Eq. (5.3) [210]:

O = GeO(P - Pc)n (5.3)

where g, is the electrical conductivity, o, Is the scaling factor, and n represents the exponential
coefficient (or the dimensionality of the conductive network). Fitting the above equation to the

data presented in Figure 5.2 provides the values of P, = 1.41 wt. % and n=1.14.
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Figure 5.2. Variation in the volume electrical conductivity as a function of the weight fraction of the CCF
content. A percolation model implies the threshold of 1.41 wt.% for the CCF/PDMS composites (the inset

represents the parameters associated with the scaling percolation model).
5.3.2 Piezoresistive behavior under cyclic loads

In order to examine the cyclic electromechanical behavior of the CCF/PDMS composites, the
tensile stress, as well as the resistance change, was monitored in 100 tensile loading cycles. Figure
5.3 depicts the results of the first 10 cycles for different CCF concentrations at two strain levels
(i.e. 3% and 5%). The results show that the tensile stress varies linearly with the strain. At the 3%
strain level, there is no obvious mechanical hysteresis in the stress response over the entire cyclic
load; whereas the magnitude of stress decreases with time for the 5% strain level. On the other
hand, the change in the relative resistance exhibited a more complex behavior: the first cycle

showed a highly-sensitive and linear response with a smooth increase in the resistance value; in
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the subsequent cycles a decrease in the resistance was observed at the onset of each cycle indicating
a negative piezoresistivity. This behavior in the loading portion of each cycle was altered to a
positive resistivity at a transition strain where a change from negative to positive piezoresistivity
occurred and caused the resistance to increase to a maximum value at the highest strain level.
Likewise, the unloading portion of each cycle commenced with a decrease in resistance followed
by a positive to negative piezoresistivity change at a transition strain. Comparing the results in
Figure 5.3 for different CCF contents demonstrates that the extent to which the electrical resistance
amplitude reduces in each loading/unloading regime is proportional to the CCF concentration.

Albeit the resistance change was seen to significantly decrease at the first cycles, the resistance-
strain behavior was highly repeatable as the loading was repeated at higher cycles. The results in

Figure 5.3 also show more degradation in sensitivity for 5% cyclic strain compared to that of the

3% cyclic strain. Overall, AR/Roshow a significant variation range over time: at the lowest CCF

weight ratio (i.e. 1.90 wt.%), the resistance increases by 32.5 and 40 times for the strain levels of

3% and 5%, respectively. The comparison between the corresponding maximum values of AR / R,

for each cycle and different CCF ratios suggests a decrease in the peak resistance value (from one

cycle to the next) as the CCF concentration increases for both strain levels. For instance, at the 5%

cyclic strain, the maximum value of AR/R0 in the first cycle is 40 for 1.90 wt.% CCF which is

reduced to 3.3 when the CCF content is increased to 5.88 wt.%. It is worth noting that the

maximum of AR/RO in the first cycle of the 5% stain is significantly higher than that of 3%;

however, in the subsequent cycles this trend is reversed.
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Figure 5.3. First 10 cycles electromechanical behavior of the CCF/PDMS composites at 3% strain amplitude.
The results obtained for (a) 1.90 wt.%, (b) 2.46 wt.%0, (c) 5.88 wt.% CCF contents and for 5% strain amplitude
for (d) 1.90 wt.%, (e) 2.46 wt.%, (f) 5.88 wt.% CCF contents. The electrical resistance continuously increases
in the first loading and the next cycles are commenced with decreasing the resistance up to a piezoresistivity
transition point (negative piezoresistivity) after which the resistance is increased with the load (positive
piezoresistivity).

5.3.3  Sensitivity analysis in cyclic loading

To gain better insights into sensitivity and the electromechanical performance of CCF/PDMS
sensors, the gauge factors (GFs) are obtained at each cycle for both loading and unloading regimes
at two different strain magnitudes of 3% and 5%. The results, presented in Figure 5.4, indicate a
large gauge factor in the first-cycle (for all of the sample configurations) followed by a sudden
drop reaching a plateau at subsequent cycles. This steady value of the gauge factor implies a
satisfactory strain-reversible behavior. As it can be seen in Figure 5.4, the GF results demonstrate

that increasing the CCF contents leads to a significant decrease in sensitivity.
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for the smaller cyclic strain magnitude of 3%, the highest gauge factor was observed for the sample
with the lowest CCF weight ratio (i.e., 1.90 wt.% CCF). In this sample, a first-cycle loading gauge
factor of 233 was attained reaching to the steady value of 50 (at 3% cyclic strain) at subsequent
cycles; the corresponding gauge factors were 195 and 25 in the unloading regime. In general, the
gauge factor during unloading was found to be lower than that of loading for all of the samples.
The comparison between the results obtained at 3% and 5% cyclic strains signifies that the
application of higher strain levels yields a lower gauge factor at steady state (after the first cycle)
and by far higher at first cycles. For example, the first-cycle loading gauge factors at 5% and 3%
were found to be 702 and 233, respectively, for the sample with 1.90 wt.% CCF while the figures

at the last cycles were almost 25 and 50, correspondingly.
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Figure 5.4. Loading gauge factor results obtained after the first-cycle for the CCF/PDMS composite sensors
with different CCF contents at cyclic loads. The results are presented for (a) 3% and (b) 5% strain amplitudes
(the insets show corresponding gauge factors in unloading regime). (c) The first-cycle loading/unloading gauge
factor results for different strains and CCF concentrations. Lower CCF weight ratios lead to higher sensitivity
and piezoresistive stability. The results imply a strain-reversible piezoresistive behavior at higher than ~10

loading cycles with more sensitivity in loading than unloading.

5.3.4 Piezoresistive non-linearity: Piezoresistivity transition in cyclic loading

As shown in Figure 5.5, the electromechanical behavior of the CCF/PDMS composites were
accompanied by a negative-to-positive piezoresistivity transition at transition strain (&;). In order

to characterize this behavior in more depth, the normalized transition strain (g;/&,) in the loading
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and unloading regimes for each cycle is obtained for different CCF weight ratios and at two strain
levels (see Figure 5.3). Overall, the transition in piezoresistivity is observed to delay after the first
cycle. Then, for the subsequent cycles, the transition strain gradually reaches a plateau (referred to
as steady transition strain). The results indicate that the magnitude of the applied cyclic strain has
a significant effect on the transition point: at 3% strain, the steady transition strain is reached at
almost 20% of the total strain in the loading regime and between 20% and 40% in unloading regime
(regardless of the CCF content ratio). However, the effect of the CCF concentration is clearly
evident at 5% strain such that a faster transition is observed in the samples with the lower CCF

ratio while a normalized transition strain as high as ~0.6 is found for 5.88 wt.% CCF.
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Figure 5.5. Variation in the normalized transition strain (s/g0) as a function of loading cycles at 3% strain
amplitude. The results presented here are related to (a) loading and (c) unloading, as well as 5% strain
amplitude in (b) loading and (d) unloading regimes. The piezoresistivity transition effect is exacerbated with

the increase in the CCF content and the load amplitude.
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5.3.5 Electrical and mechanical relaxation

One of the main issues associated with the polymeric piezoresistive composites is their time-
dependent electromechanical properties [211]. Figure 5.6 compares the electrical as well as
mechanical relaxation behavior of the CCF/PDMS composites after application of the cyclic
strains. For the electrical relaxation curves (Figure 5.6(a, b)), the electrical resistance diminishes
abruptly at the beginning of the relaxation process. Then, it continues to decrease at a lower rate
until reaching a steady resistance. Generally, increasing the CCF content not only leads to a lower
resistance drop but also causes the relaxation process to reach the steady state faster. For instance,
the resistance after 10 minutes of holding 3% tensile strain decreases by 10.3% and 32.9% for the
5.88 wt.% and 1.90 wt.% CCF/PDMS composites, respectively. Mechanical relaxation almost
follows the same behavior/trend as the electrical relaxation, except for the fact that no drastic drop
in stress was observed at the start of the relaxation process (see Figure 5.6(c-e)). Also, the time-
dependent stress variation is less than time-dependent resistance variation, as observed for
different CCF contents in Fig. 6(c-¢): e.g., 12.8% mechanical relaxation versus 23.8% electrical

relaxation after 10 min for the 2.46 wt.% composite subjected to 3% loading.
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Figure 5.6. The relaxation behavior of the CCF/PDMS composites. Electrical resistance versus time at (a) 3%
and (b) 5% tensile strain for the composites with different CCF contents. Mechanical stress and electrical
resistance relaxations at 3% strain for (c¢) 1.90 wt.%, (d) 2.46 wt.%, (e) 4.83 wt.% CCF contents. The less
relaxation behavior was observed for the CCF/PDMS composites with higher CCF contents. Electrical
relaxation is mainly originated from the polymer matrix creep; whereas the mechanical stress relaxation is

related to inherent properties of the polymer.
5.3.6 Failure tests

The electromechanical response of the piezoresistive composites under a continuous tensile
loading up to the fracture point is illustrated in Figure 5.7 for different CCF contents. From a
mechanical standpoint, the stress-strain behavior of the samples initiated with a linear portion
(elastic region) followed by a post-yield hardening until the breakpoint was reached. Table 5.1
summarizes the mechanical properties obtained from the stress-strain curves. Generally, the elastic
slope, as well as the elastic limit, increases with the addition of the CCF content; however, a rupture
occurs at higher tensile strains for lower CCF contents as compared to higher contents. Increasing
the CCF content from 2.46 wt.% to 4.83 wt.% increases the elastic modulus and elastic limit by
101.3% and 60.5%, respectively. The variation in the relative resistance as a function of the tensile

strain follows an identical trend for the samples with 4.83 wt.% and 5.88 wt.% CCF. In these
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samples, specifically, the electrical resistance persistently increases with the tensile strain up to the

elastic limit (AR / R, reaches ~6 at this point for both CCF concentrations) and thereafter becomes

unstable as the fluctuating signals are observed at higher strains. However, for the case of 2.46
wt.% CCF content, the resistance was drastically augmented after 0.07 strain due to conductive
network disconnection [64].
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Figure 5.7. Resistance change and tensile stress induced by tensile loading. The results presented for composites
with (a) 2.46 wt.% (b) 4.83 wt.% and (c) 5.88 wt.% CCF contents. Although piezoresistive composites with
lower CCF contents possess higher sensitivity, disruption in the conductive network occurs faster at high
strains. For higher CCF contents, the same trend is observed in terms of the resistance change and mechanical
stress.

Table 5.1. The mechanical properties obtained based on the stress-strain response curves for the composites
with different CCF contents.

CCF content Elastic Modulus | Yield Strength Rupture strain
(wt.%) (MPa) (MPa)
2.46 8.17 0.58 0.39
4.83 16.45 0.93 0.29
5.88 32.56 111 0.23
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5.4 Discussion
5.4.1 Conductivity characterization

Chopped carbon fibers (CCFs) are mechanically dispersed in the PDMS matrix, randomly and
non-uniformly fiber distribution is expected. Consequently, different electrical conductivities, and
thereby different electromechanical responses, were obtained for samples with the same CCF
concentrations (Figure 5.2). In terms of the general percolation model (presented in Eq. (5.3)), the
exponential value of n is believed to show the conductive mechanism such that the values of n =
2 and n = 1.3 refer to the 3D and 2D conduction networks, respectively.[212] Hence, in the
present work, the exponential value of n = 1.14 implies a 2D conductive network which is close
to those reported for the case of poly(ethylene)/carbon nanotubes (CNT) (n = 1.4) [213] as well
as PDMS/CNT composites (n = 1.42).[212] Although high values of n are assigned to the
guantum tunneling effect [101], the low exponential constants can also be due to high polarity of

the polymeric matrix [214].

The resistance while holding the strain (followed by cyclic loading) shows a time-dependent
behavior. The observed resistance relaxation in Figure 5.6 is similar to the stress relaxation, except
that the stress relaxation is originated from the polymer chain motion, while the resistance

relaxation comes from the change in relative distance between the CCFs [214].
5.4.2  Structural characterization prior to loading

In CCF/PDMS composites, the chopped fibers are randomly distributed but remain straight in the
PDMS matrix during and after the curing process. Dispersion of the fibers seemed to be non-
uniform, as in some regions more aggregated/concentrated fibers are observed (see Figure 5.8(b)).
This is due to the fact that the PDMS/CCF mixture was made through mechanical stirring. Also,
the bilateral flow of PDMS during the curing process can exacerbate fiber aggregation. Prior to
loading, CCF/PDMS samples fabricated contains CCFs forming channels inside the PDMS matrix.

These CCFs are connected in a way that an electrical network is formed within the structure.
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5.4.3 Failure mechanism

Figure 5.8 illustrates the SEM images of the cross-section of CCF/PDMS samples after failure.
These samples contained 4.83 wt.% CCFs and were exposed to the full tensile load. The footprints
of the CCFs pulled out from the channels can be observed in Figure 5.8(c). As the PDMS matrix
undergoes high strain tensile load, the channels become tighter due to the Poisson’s effect. Then,
CCFs are separated or pulled out from one side of the failed sample while the polymer flows until
rupture. Also, there is an evidence of CCFs locally confined in the composite where wall separation
and local breakage can be observed (see Figure 5.8(d)). As the full tensile test was performed after
the cyclic loading, the channels containing CCFs seem to loosen progressively as demonstrated in
Figure 5.8(d). The electromechanical responses under tensile tests (Figure 5.7) reveal that at the
low CCF concentration of 2.46 wt.% the sensor loses its conductivity far prior to the material
failure. However, it does not apply to the case of 4.83 wt.% and 5.88% wt. CCF contents. For the
two latter cases, post-yield resistance fluctuations can be interpreted due to the high local

concentration of CCFs and/or high void density at the failure areas.
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Figure 5.8. SEM images of the failure surface for the 4.83 wt.% CCF content in CCF/PDMS composite. (a) The
overall random distribution of the carbon fibers into the PDMS matrix. (b) Carbon fiber aggregation and voids
formed into the PDMS matrix. (c) The channels where the carbon fibers are trapped in and pulled out after

failure. (d) The carbon fibers loosened into the channels due to the severe deformation.
5.4.4 Piezoresistive mechanism under cyclic loading

It is expected that the change in resistance in the piezoresistive materials primarily occurs due to
the structural evolutions and reconfiguration of the conductive network when the material is
subjected to the external loading [215]. Figure 5.9 presents schematically the progressive structural
evolutions (or deformation mechanism) based on the in-situ microscopic images of the
CCF/PDMS deformations. As the tensile strain is applied to the sensor for the first time (point I in
Figure 5.9(c, d)), the channels containing the CCFs are deformed according to their orientations
relative to the loading direction. The channels parallel to the loading direction (vertical channels)

are enlarged; whereas those perpendicular to the loading direction (horizontal channels) tend to
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radially expand. In all cases, the CCFs inside the channels remain intact due to the weak adhesion
at the interface between CCFs and PDMS. As a result, bilateral gaps start to develop at one or two
sides of every single carbon fiber (inclined and vertical fibers), leading to a full disconnection
between the adjacent fibers at these local areas (as shown in Figure 5.9(a)). This disconnection is
the main reason for the increase in the electrical resistance (see the increase between points | and
Il in Figure 5.9(c, d)). The radial expansion of the horizontal channels also exacerbates the
separation of crossing carbon fibers (which are electrically in touch), leading to deterioration of
the conductive network as the loading is applied for the first time. Meanwhile, the viscoelastic
properties of the matrix polymer cause residual/permanent deformations, thereby carbon fibers are

loosened into their channels.

(a)

(1)

(1) (IvV

First-cycle Second-cycle

>
>

Time

Figure 5.9. Fiber deformation in the PDMS matrix observed in the in-situ macroscopic images. (a) Formation
of the bilateral gaps in the stretched channels carrying CCFs. (b) Buckling mechanism of the CCFs during the
unloading period. (c, d) Schematic representation of the resistance-strain-structure relationship with regards

to the presented deformation mechanism.
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The described deformation mechanism explains the reason for the increase in the resistance with
strain (pure positive resistivity) in the first loading. However, when the sensor is unloaded for the
first time (see point Il in Figure 5.9(c, d)), the fibers do not essentially come back to their original
state. Instead, the interfacial friction at the CCF/PDMS interface causes the carbon fibers to
permanently buckle and hence shrink [216] instead of switching back to their initial state and
filling the bilateral gaps as illustrated by microscopic images in Figure 5.9(b). As a result, the
carbon fibers form into a helical shape after unloading (Point Ill in Figure 5.9(c, d)). This along
the viscoelastic deformations introduces permanent deformations (interfacial friction induced
deformation) to the entire sensor structure, and as a result, sensor loses its strain recoverability.
Hence, a higher electrical resistance (relative to the initial resistance) is expected at the end of the
first cycle, which is confirmed by the results shown in Figure 5.3 where the difference between
the initial and after-first-cycle resistances are also augmented with increasing the CCF content.

At the onset of the second cycle, the sensor was slightly under compression due to the above-
mentioned residual deformations. When the loading is repeated for the second time, the fibers
initially resume their original straight shape (from the helical shape), leading to a decrease in the
resistance (implying a negative piezoresistivity). This behavior continues up to a transition strain
(point IV in Figure 5.9(c, d)). Upon the application of further loading, the distance between the
fibers increases with strain, similar to the process occurred in the first-time loading (point V in
Figure 5.9(c, d)). In essence, the transition from negative to positive piezoresistivity due to loading
(and vice versa during unloading) can be explained based on the transition from the straight to

helical shape; the mechanism which repeats over the subsequent cycles. However, the magnitude

of AR/R0 decreases in the following cycles (Figure 5.3) which is attributed to the accumulated

loosening of the carbon fibers and residual deformations during cyclic loading.

It is worth adding that the piezoresistivity transition strain (Figure 5.5) overlaps with the strain at
which the stress approaches zero (zero-stress point or g,—¢y), Which further supports the
deformation scenario explained above. The previous researchers have also reported the same
transition for piezoresistivity in case of carbon nanotube/polyurethane [99, 119, 217], weft-knitted

UHMWPE/PANI yarns at high strains [123]. However, they have suggested that when the sensors
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are loaded (although the load itself causes the conductive network to disrupt and thereby the
resistance to increase) the transverse shrinkage due to the Poisson's effect improves the
conductivity (since it strengthens the tunneling quantum conductivity). Since at the beginning of
each cycle, the Poisson's effect dominates fiber separation, the electromechanical behavior is said
to commence with negative piezoresistivity followed by positive piezoresistivity after a transition
strain. Yet, this hypothesis alone does not explain the continuous increase in the resistance at the
first-cycle loading. Despite the justification made by others for negative piezoresistivity through
the transverse shrinkage [218], this shrinkage ‘alone’ does not necessarily lead to higher electrical
contacts as a result of narrowing the distance between the fiber (happening as a result of applying
the axial tensile strain). This is due to the fact that there still exists dielectric material in between
fibers (inhibiting them to contact) despite the compactness of the fibers are compacted (due to
Poisson's effect). Nonetheless, it is undeniable that the Poisson's effect can potentially strengthen
tunneling and lead to larger charge transfer through the adjacent fibers located into the loosened
PDMS channels. Our results shown is Figure 5.5 reveal a more severe transition behavior at higher
strain amplitudes, which is well in line with the results reported for other composite sensors;
namely, for the case of PDMS/carbon black the transition effect has been reported at higher than
10% cyclic strain [121, 218, 219].

5.5 Summary of findings

Many different strain sensors been introduced in the literature by employing different materials
systems and fabrication methods. For the applications where very low/high strains need to be
captured, a high/low sensitivity is normally required, respectively. In this chapter, a low cost and
simple fabrication process was followed to make highly sensitive strain sensors, mechanically
compatible with the composite fabrics (i.e. causing minimal structural disturbance during health
monitoring tests). Namely, a mixture of stretchable PDMS with CCFs was fabricated in form of
the yarns, and piezoresistive assessments were conducted by simultaneous measurements of load,
displacement, and resistance to ensure the sensor performance in the application of interest
(monitoring local yarn strains in the composite fabrics during shear testing). The deformation
mechanism which results in the resistance change was found to originate from the fiber/fiber

reconfiguration when the PDMS matrix deforms under loading. This potentially involves fiber
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separation, compaction due to the Poisson’s effect, creep in the polymer and the structural friction
at the interface between fiber and polymer. The results suggested high sensitivity (gauge factor as
high as 700) and high stretchability (as high as 25%) of the developed sensor, which would make
it suitable for the study of sensitive deformations such as those in soft materials as dry woven
fabrics.
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Chapter 6: Sensor integrated picture frame test: Monitoring yarn tension

6.1 Overview

In the previous chapters it was shown that conventional picture frame test (PFT) is vulnerable to
imperfections and can induce strains along the yarns rather than pure shearing. The range of
induced strain was also calculated through analytical methods. A combination of PDMS/CCF
sensor was found to be able to detect the strain ranges induced along the fabric yarns, while it is
stretchable enough that when attached to the yarns and would not cause perturbations in the natural
mechanical behavior of the fabric. Given the potential of the PDMS/CCF sensors in detecting
strains at large deformation (Chapter 5), in this chapter, the improvements suggested through the
modified version of picture frame test (namely the frameless picture frame test as discussed in
Chapter 4) will be further assessed by attaching the sensors to the fabrics and subjecting the

material system to different shear tests.
6.2 Attaching the sensors to the fabric

In order to monitor the relative displacement along a yarn during the PF tests and subsequently
assess the analytical methods in Chapter 3, yarn-like sensors were fabricated and integrated within
the mid yarn of the sample subjected to the shear test. Embedded mechanically compatible sensors
should not affect the mechanical response of the fabrics and hence, stretchable piezoresistive
sensors were made of stretchable polymers. For this purpose, following the procedure described
in Chapter 5, carbon fibers supplied by ACP Composites Inc. (Livermore, CA) were chopped with
non-uniform length distribution (between ~0.5-3mm) and soaked in acetone overnight to wash out
the polymeric coatings on the carbon fibers and enhance their electrical conductivity.
Polydimethylsiloxane (PDMS) base polymer (Sylgard 184 Silicone Elastomer) and its curing
agent purchased from Sigma Aldrich Corp., USA were mixed with a 10:1 ratio. PDMS was then
mechanically mix blended with the chopped carbon fibers in 3.5 wt.%. The mixture then was
injected into a 1 mm thick, 3 mm width channel (formed by the gap between two glass slides) in
which two carbon fiber electrodes were already embedded with a 20 mm distance (the length of
the sensor). Carbon fiber electrodes were used due to their high mechanical compatibility and
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integration potential with fiberglass woven fabrics. The piezoresistive composite sensors were
cured at 150 °C for 30 min and then peeled off. Integrating the sensors with the woven fabric was
performed by locally gluing the carbon fiber yarn electrodes to the two ends of the mid yarn in the
sample (attaching points close to the shear frame as seen in Figure 6.1(1V)) while a slight pre-
tension was applied to the sensor for capturing compression strains in addition to the tensile
deformations. During the tests, the electrical resistance change of the sensors was measured by a
VersaSTATA4 Potentiostat (Gamble Technologies Ltd., Canada) under a 1 V applied DC voltage
through the carbon fiber electrodes.

6.3 Sensor response to repeated loading in the conventional picture frame test

Forming and deformation of the composite glass fiber/epoxy woven fabrics heavily rely on the
internal shearing of the yarns and hence, shearing characterization of these materials is a critical
issue for design purposes [37, 220, 221] and analysis of their forming process [202]. Picture Frame
(PF) test setup has widely been used to determine the shear characteristics of woven fabric
composites [222]. However, the test imperfections (e.g. misalignment when mounting the sample,
and fixture-related problems) [15, 223] cause the fabric to undergo inevitable tension/compression
additional to shearing, the effect of which is usually exacerbated at high shear angles [195, 224].
To address these effects, CCF/PDMS sensors developed here were incorporated into the fabric
next to the middle yarn in the PF setup to monitor the mechanical state of the yarns during the test;
the loading was repeated for three times. As shown in Figure 6.1, the load required for applying
shear deformation steadily increases at the beginning; while at high shear angles a rapid decrease
in the load is observed due to the development of the wrinkles over the fabric. The resistance was
found to increase from the beginning of the test to a maximum point, implying the existence of
tension in the yarns which increases with the shear angle. Thereafter, especially for the first-
loading, a decrease with a serrated profile was observed in the electrical resistance of the sensor,
which continued while the wrinkles in the fabric started to develop. Since the sensor was not fully
attached to/woven along with the yarns, the formation of wrinkles is expected to relax the sensor
and hence to decrease the resistance. The resulting serrated profile in the response (as magnified
in Figure 6.1(a)) can be basically attributed to the progressive slippage of the yarns into the clamps

due to the present tensile loads. The results showed a more consistent force-displacement behavior
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when the loading was repeated in the second and third cycles (Figure 6.1(b)). The resistance peaks

clearly elucidate the points at which an out-of-plane deformations occurred at shear angles of ~14°.
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Figure 6.1. The change in the resistance of the CCF/PDMS sensors, integrated into the composite glass
fiber/epoxy fabrics, during the picture frame test setup. (a) The change in the relative resistance as a function
of shear angle, and (b) force-shear angle behavior of the glass fiber/epoxy fabrics in response to repeated
loadings. Due to the imperfections (originated from sample preparation, mounting and clamping etc.), the yarns
bear tension at the beginning of the tests up to a point where a compression/out-of-plane deformation relaxes

the sensor.

6.4 Comparing local deformations in conventional versus frameless picture frame tests

Integrating sensor with the fabrics allows for locally monitoring the relative deformation of the
yarns. The above-discussed test imperfections signify that the yarn tension/compression is a
primary sign of non-ideal shear tests. In the current study, yarn axial deformation in the center
region was monitored during fabric shearing by attaching a piezoresistive sensor with a slight pre-
tensioning at the two ends of a fiber. Using sensors made of stretchable materials such as PDMS,

one can ensure a minimal mechanical disturbance by the sensor on the characterization results.

The results of sensor resistance change with shear angle is illustrated for the picture frame based
setup configurations in Figure 6.2, where the change in resistance is proportional to the strain
induced in the yarns. In the conventional picture frame test, a sharp increase is seen during loading
at the onset of the test. It can be explained by the yarn bending that is induced by the static friction
at the beginning of the test. As it can be seen in Figure 6.2(d), the typical force-displacement
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behavior of woven fabrics starts with shear with static friction in which while the frame deforms,
the yarns resist to deform at the cross-overs [15]. This leads to the yarn bending (see Figure 6.2(e)),
the effect of which is reflected in the sensor’s signal as an initial increase in resistance. At shear
angles of ~5°, this resistance starts decreasing as a result of lessened tensile strains which can be
attributed to the switch between static and kinetic friction forces at crossovers as discussed in [15]).
Non-uniformity of fabric deformation in the frame, due to the combined imperfection parameters,
can also be evidenced by the fluctuations of the sensor yarn’s response over the shear test. A similar
but much more consistent trend was observed in the resistance change-shear angle behavior in the
FPF test. An initial increase in resistance is in accordance with the tension induced due to the yarn
bending close to the arms followed by a decrease to a plateau due to the kinetic friction dominant
behavior in the entire fabric [15]. In opposite, a slightly decreasing trend at the beginning of the
test in the needle integrated FPF setup implies no tension along the yarns, which confirms the
absence of yarn bending in this set-up. In essence, the sensor is slightly relaxed in this initial stage

along with some signal fluctuations.
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Figure 6.2. The sensor signals measured during the tests for the new test setups. (a) Conventional picture frame,
(b) frameless picture frame, and (c) needle integrated frameless picture frame tests. An initial increase in
resistance in the picture frame and consolidated frame setups are indicative of yarn tension followed by a
decreasing signal once out-of-plane deformation/wrinkling develops over the fabric. (d) a typical picture frame
force-shear angle response of woven fabric at macro-level, showing four phases of deformation evolution [15]:
1- shear with static friction, 2- shear with dynamic friction, 3- locking, and 4- wrinkling; notice the correlation

between these phases and those seen in the response of the sensor. (€) Mechanism of yarn bending during the

shear with static friction [15].
6.5 Summary of findings

Taking advantage of the embedded strain sensors, in this chapter it was shown that the fabric shear
test health monitoring can be verified experimentally at the local yarn level. Namely, the
PDMS/CCF composite piezoresistive sensors were integrated within the fabric and subjected to
shear loading following different shear testing scenarios. Sensor signals were captured while the
shear deformation developed over the fabric samples. The recorded signals showed that the sensor
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can represent the local structural evolutions occurring due to the static friction and internal relative
displacements due to the out of plane deformations in the fabric. The results also confirmed that
the new needle integrated FPF test set-up could be very close to an ideal shear mode, as the sensor
signals in this case did not show the initial yarn tensions (increase in resistance) as opposed to the

case of conventional PF and un-needled frameless picture frame tests.
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Chapter 7: Conclusions and future perspectives
7.1 Summary

The present study aimed to fabricate a mechanically-tailored stretchable strain sensor based on
PDMS/CCF piezoresistive composites that could assist monitoring the test accuracy when shear
characterization of woven fabrics. The sensors were tailored for integration with composite fabrics
and served in order to ensure that the shear test results resulted by the woven fabrics can provide
reliable understanding of the material behavior by monitoring the presence of test noise effects. In
this regards, PDMS/CCF sensors were developed and the characterized in order to prove that they
can be used for monitoring the shear test health in composite fabrics. It was basically achieved
through the adequate stretchability (up to 25%) and high sensitivity (gauge factor as high as 700)

obtained through the proposed material composition.

An analytical-experimental approach was implemented in the present work to gain better insight
into the main sources of imperfections and their consequences in capturing shear response of
woven fabrics using picture frame setups, based on which a novel testing procedure was introduced
to mitigate/minimize those effects. The capability of the introduced “frameless picture frame”
testing method along with its needle integrated version was evaluated in comparison with that of
the conventional shear test methods, including the picture frame and the bias extension tests. It
was discussed that a sign of the presence of the imperfection in the fabric shear tests can be the
induced axial deformations along the yarns, as they lead to non-pure shearing modes in the fabric

a typical PP/glass twill fabric to monitor such deformations during different shear tests.

It was highlighted that the application of sensors is not limited to the in-situ measurements for
structural health monitoring (SHM) of large mechanical components, rather it can offer a great
promise for laboratory-scale applications such as characterization of fabric composite materials.
For instance, the deformation analysis of woven reinforcement fabrics under combined loading
conditions has been proven to be difficult, if not impossible, due to the complex nature of their
deformations. Integration of sensors into the woven fabrics can provide valuable information

regarding the gradient of local shearing as well as local planar strain components in the woven
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fabric. Piezoresistive materials are the principal element of the currently used strain gauges as
above-mentioned in SHM, but they are not free of drawbacks. In terms of electromechanical
characterization, the time-dependent behavior of piezoresistive sensors (which is mainly originated
from the viscoelastic behavior of the sensor material) has been the primary limitation of these
materials. Furthermore, different electrical circuit configurations have hindered unique
interpretations of piezoresistive-based sensors. More importantly, a substantial degradation of
sensitivity (especially in the case of composite piezoresistive sensors comprising of flexible matrix
materials) has put the repeatability of piezoresistive sensors under question. In fact, the electrical
resistance in many cases significantly changes due to the fabrication process or embedment
procedure itself, which is not desirable and can potentially alter the piezoresistive behavior. In
order to ensure the acceptable performance and suitability of the fabricated PDMS/CCF sensor in
this work, a full piezoresistive characterization of the sensor was implemented and then the sensor
was applied to capture the local deformation in the woven fabrics subjected to different shear

testing scenarios. The main findings of the work may be summarized as follows:

Fabricating and characterizing a highly sensitive yarn-like sensor for monitoring the fabric test

imperfections:

e As for cyclic piezoresistivity, the CCF/PDMS sensors exhibited a linear resistance-strain
behavior in the first cycle; the behavior became highly nonlinear but repeatable at the
subsequent cycles wherein piezoresistivity altered from negative to positive in loading
(and vice versa during unloading).

e The main deformation mechanisms from which the electromechanical response of the
sensors is eventuated were as follows: (i) carbon fiber (CF) separation due to the axial
deformation, (ii) buckling/shrinkage and de-buckling of the CFs into the CF carrier
channels during the cyclic loading due to the CCF/PDMS interfacial friction, (iii)
polymeric matrix creep and loosening of the channels due to the radial pressure applied
by the CFs to the PDMS channel walls when the sensor is stretched multiple times, and
(iv) transverse shrinkage of the material due to the Poisson's effect, thereby compressing
the fibers and yielding more electrical contacts/pathways.
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The electromechanical properties of the CCF/PDMS sensors were tunable by the CCF
content. Given a low percolation threshold of 1.41 wt. % due to the high specific surface
area of CCFs fillers, lowering the CCF concentration (i) led to a higher mechanical
flexibility, (ii) increased sensitivity especially during the first cycle of loading (GF up to
~700), (iii) reduced the piezoresistivity transition strain, and (iv) delayed the rupture.
However, this expedited the electrical disconnection under loading and intensifies the
electrical and mechanical relaxation, and thereby introduced more time-dependency of
the sensor response.

The piezoresistive properties of the CCF/PDMS sensor were found to be sensitive to
loading configuration. Applying higher strain was observed to not only decay the
piezoresistive performance (i.e. sensitivity) but also intensify the drop in the resistance

amplitude (in the cyclic loading) and delays the piezoresistivity transition.

The study of imperfections of PFT and providing an alternative testing method as a solution to

mitigate the test flaws:

The current picture frame test (PFT) setup is vulnerable and sensitive to the imperfections
that can originate from either the operator, fixture design, or the fabric itself.

Depending on the state of fabric misplacement, the yarns in each direction can undergo
increasing tension or compression during the test; while the shear angle discrepancies
between the fabric and frame decreases with shear loading.

Offset of the clamp edges from the ideal shear frame is a neglected source of imperfection
in the current literature, while it can occur frequently (e.g. in the coupled tension-shear
setups or via the fixture design tolerances). In particular, an inward clamping offset can
imitate the typical fiber bending close to arms in the conventional picture frame tests and
be responsible for faster locking in the arms than the central region, as well as tensile
loads along the fibers. The outward offset, on the other hand, leads to compressive yarn
strains and hence the likelihood of global wrinkles early in the test.

Any mismatch between the fabric and frame shear angles brings tension to some yarns,

especially when there are cut-offs in the picture frame sample. While this is highly
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dependent on the sample size and possibly other discussed imperfections in Chapter 4, in
the case of cross-samples with long arms, the center shear angle is lower than the frame
angle, and hence the possibility of faster wrinkling in the arms.

As opposed to the conventional PF test method, the proposed FPF test approach needs no
fixture and is implemented with higher control over the fabric mounting, thereby
minimizing the effect of imperfections. The test also indicated identical wrinkling
behavior to that of the bias extension test, while showing only one/uniform region of
deformation as opposed to the three regions (full share, half shear, and no shear) seen in
the bias-extension test.

The needle integrated FPF test provided enhanced shearing characterization capability
due to: (i) resolved yarn bending issue at the sample boundaries, (ii) very notable
reproducibility, (iii) minimized size effect dependency, (iv) more consistent load/unload
behavior of the fabric.

By far a higher normalized shear force in the conventional picture frame test was obtained
compared to the bias extension test. This would suggest the formation of local yarn tensile

forces in the picture frame test due to the imperfections.

Integrating the sensors with the fabrics for real-rime monitoring the strains along the yarns during

shear tests

Integrating the sensors with the fabrics subjected to shearing load showed the relative
deformation between the two ends of a fiber yarn and could capture the axial
deformations induced along the yarn.

In the conventional picture frame setup, the sensors showed an increase in the signal
which recovered at between ~5-14°. This increase in resistance occurred as a
consequence of the combined effects of the imperfections identified in the previous
sections. It also could be attributed to the static friction occurs at the very beginning of
the deformation in force-shear angle behavior.

The initial increase in resistance of the attached sensors was observed in the case of PFT
and FPFT, but not in the needle integrated FPFT, which is indicative of the effect of
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bending of the yarns when applying the shear load. The results of the sensor signals
confirm that the new proposed test methods could more effectively reflect the pure shear

properties of the composite fabrics.
7.2 Contribution to knowledge

e Fabricating a highly sensitive and stretchable piezoresistive sensor through a low cost
and simple fabrication process.

e Better identifying and analytically ‘modeling’ unknown sources of imperfections in the
conventional picture frame test, which had been mostly neglected in the past literature.

e Introducing a new shear testing method wherein the sources of uncertainties were
mitigated and a more realistic ‘pure’ shear behavior of woven fabric could be gained.

e Proving the feasibility of shear test health monitoring by means of attaching the above
sensors along the yarns of a fabric and correlating the sensor resistance change to the

global fabric force measurements.
7.3 Future work

In terms of sensor development for test health monitoring, future work can also be sought to
improve the piezoresistive sensor behavior and diminish transition effects of the CCF/PDMS
composites; specially by optimizing its manufacturing parameters. For instance, a solvent blending
approach (by dispersing the composite elements into a solvent before mixing) could enhance the
polymer viscosity and consequently the dispersion quality and electrical conductivity of the
ensuing sensor. The effects of contact resistance can be studied in the present study through the
four-point configurations for a more accurate sensor characterization. Also, several methods are
available to align the fibers into the matrix to potentially obtain higher sensitivity, more linear
piezoresistive behavior, and lower percolation thresholds. Finally, a detailed sensitivity analysis
can be conducted to explore the piezoresistivity mechanism by investigating the parameters such
as the CF length, pre-conditioning, pre-tension/compression, and sample size effect. Sensors with
the ability to capture biaxial sensors could be developed and attached to the fabrics e.g. for the

biaxial tests to capture the strain components along two directions. Such a sensor could involve
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either a cross-shape or an asymmetric conductive network wherein one can find the strain in

different directions.

This study may be further expanded by tailoring the FPF testing process for other types of fabrics.
Locally applying adhesives (e.g. glue or a resin) can be useful to form the shearing frame on the
fabric itself, in lieu of heating/consolidation as was applied here on a thermoplastic prepreg. One
may also stitch the fabric through the boundary crossovers instead of manually putting needles in
the needle integrated FPF test; which would result in even higher test repeatability and better
confidence in capturing pure large shear deformation. Furthermore, the shear characterization
results of this study may be used practically as the material model in finite element simulation and

validated with experimental tests to evaluate the reliability of the presented testing approach.

Composite testing in the thesis has been solely characterized by attaching the sensors to the mid
yarn. One can use an array of sensors attached to the fabric at different locations to provide
information regarding the way the material deforms in different regions during testing. Attaching
the sensor to the fabrics could impact the signals; hence, other methods than gluing at the cross-
overs could be implemented to integrate the sensor to the fabric. Besides, the relative displacement
between the two points across the wrinkle becomes smaller which can assist characterizing the
strain at which wrinkling occurs. It is worth noting that the current sensors should be also
characterized in terms of bending deformation if the wrinkling detection is of interest. The current
approaches (such as optical methods) lack reliability as the deformations at the beginning of the
wrinkling are very small. Different yarn-like sensors can be developed using methods such as dip
coating, PDMS microtubes etc. These methods allow researchers to weave the sensors along with

the yarns and make sure the sensors are fully laid along with the other yarns as well.
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