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Abstract: This is the second of a two-paper series describing a multi-scale modeling approach
developed to simulate crack sensing in polymer fibrous composites by exploiting interruption of
electrically conductive carbon nanotube (CNT) networks. The approach is based on the finite element
(FE) method. Numerical models at three different scales, namely the micro-scale, the meso-scale and
the macro-scale, have been developed using the ANSYS APDL environment. In the present paper,
the meso- and macro-scale analyses are described. In the meso-scale, a two-dimensional model of the
CNT/polymer matrix reinforced by carbon fibers is used to develop a crack sensing methodology
from a parametric study which relates the crack position and length with the reduction of current
flow. In the meso-model, the effective electrical conductivity of the CNT/polymer computed
from the micro-scale is used as input. In the macro-scale, the final implementation of the crack
sensing methodology is performed on a CNT/polymer/carbon fiber composite volume using as
input the electrical response of the cracked CNT/polymer derived at the micro-scale and the crack
sensing methodology. Analyses have been performed for cracks of two different lengths. In both
cases, the numerical model predicts with good accuracy both the length and position of the crack.
These results highlight the prospect of conductive CNT networks to be used as a localized structural
health monitoring technique.

Keywords: carbon nanotubes; polymer nanocomposites; electrical conductivity; crack sensing;
multi-scale modeling

1. Introduction

Structural Health Monitoring (SHM) aims to provide at every moment during the life of a
structure, a diagnosis of the “integrity” of the materials, of the different structural parts, and of the
entire structure. Based on Reference [1], an effective SHM system aims to minimize the time required for
ground inspections, to increase the operation time of the aircraft and to reduce the maintenance cost by
more than 30%. These advantages represent a major contribution towards a greener aviation. SHM has
two modules, i.e., the diagnosis and prognosis. The diagnosis module is based on a monitoring system,
which usually consists of a network of sensors distributed over a relatively large area of the structure.
However, with such a monitoring system only major damage events can be detected. The current
trend is the development of dense wireless networks of very small sensors. Moreover, multifunctional
materials for SHM have gained attention due to their ability to sense, actuate and harvest energy from
ambient vibrations.
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Carbon nanotubes (CNTs) are used as nanofillers to produce multifunctional polymers
(nanocomposites) and fiber composites due to their extraordinary mechanical [2–7], thermal [8]
and electrical properties [2,7,9] combined to their 1D structure. Amongst the targeted functionalities
of the CNT-based materials is strain and damage sensing. Damage sensing in fiber composites by
conductive CNT networks has been initially studied by Fiedler et al. [10]. Since then, numerous works,
mainly experimental (e.g., References [11–15]), have been performed. On the contrary, there have
been reported only a few models of damage sensing by CNT networks. The most representative of
them are those of References [13] and References [14]. In [13], the authors modeled damage sensing in
[0/90]s cross-ply glass fiber composites using embedded CNT networks. The contact resistances of the
CNTs were modeled using the electrical tunneling effect and the effective electrical resistance of the
percolating CNT network was calculated by considering nanotube matrix resistors and employing
the FE method for electrical circuits. The loading process of the composite, from initial loading to
final failure, was simulated also by the FE method. The deformation and damage induced resistance
change was identified at each loading step. The numerical results show that the model captures the
essential parameters influencing the electrical resistance of the CNT networks. The authors did not
carry out any parametric study. In [14], the authors presented an analytical model of the strain sensing
behavior of CNT-based nanocomposites. The model incorporated the electrical tunneling effect due to
the matrix material between the CNTs to describe the electrical resistance variation due to mechanical
deformation. The model simulates the inter-nanotube matrix deformation at the micro/nanoscale due
to the macroscale deformation of the nanocomposites. A comparison of the analytical predictions with
the experimental data showed that the proposed model simulates the sensing behavior efficiently.

Based on the above overview, we can summarize that the understanding of the key factors
governing strain and damage identification mechanisms of nanocomposites through localized
variations of the electrical conductivity in the absence of mechanical loads has been mainly attempted
experimentally. However, in the design of such SHM systems, simulation-driven design tools could
be very useful as they could to the reduction of development cost and time. Within this framework,
in the present paper, proposed is a multi-scale FE-based modeling approach for simulating the basic
mechanisms of crack sensing by conductive CNT networks in nanocomposites and fibrous composites.
The description of the modeling approach is done in two papers. The first paper [15] describes the
micro-scale model while the present paper (second paper) describes the development of a crack sensing
methodology by means of a meso-scale model, a parametric study and the final implementation of the
crack sensing methodology.

2. Meso-Scale Model

2.1. Geometry and FE Model

In the meso-scale, a 2D model of a CNT/polymer reinforced by carbon fibers has been developed.
The modeled area is a transverse section of size of 0.2 mm × 0.2 mm containing 400 carbon fibers
(circular cross-sections). The fibers are placed in a square configuration, but they are not equally spaced
and do not have the same diameter. The model was structured in line with electron microscopy images
of unidirectional carbon fiber reinforced plastic (UD CFRP) cross sections which show a random
positioning and diameter of carbon fibers. In the process of developing a realistic approach, this
observation is incorporated as a geometrical variation. The model describes a quadratic distribution
and is divided in square fiber-polymer sections of size of 10 µm × 10 µm. In each sector, the fibers’
diameter varies according to D = rand(6, 8) (µm), thus a unique value inside this interval is assigned
iteratively. Simultaneously, there is shift of the fiber center from the center of the section in the x and y
axes given by x = rand(1.3 ∗ (D/2), s − 1/3(D/2)) and y = rand(1.3 ∗ (D/2), s − 1/3(D/2)) where
s is the section’s size and D is the diameter value at the given iteration. The variation quantities are
arbitrary with respect to the physical mechanisms though they were chosen based on the requirement
of the minimum mesh distortion.
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The aim of this analysis is to develop a crack sensing methodology through the parametric
correlation of current drop with the characteristics of the crack (length and position). The analysis is
based on the simplicity of the implementation of the direct current (DC) for measuring the variation
of resistance in conductive composites (e.g., the four-probe method e.g., Reference [11]) and the
through-the-thickness measurement of resistance in thin-walled structures with a known transverse
conductivity. Both the fibers and the matrix are modeled using the 2D 8-node ANSYS PLANE223
triangular elements [16]. The 3-node option of the elements has been used as it was found that it
reduces significantly the computational effort without compromising considerably the accuracy of the
results. PLANE223 has many capabilities including structural-thermal and thermal-electric capabilities.
The element input data includes eight nodes and structural, thermal, and electrical material properties.
The FE mesh of the meso-scale model is shown in Figure 1.

For the transition to the meso-scale, we consider electrically homogeneous matrix and a
full bonding between the fibers and the matrix. The transition from micro-scale to meso-scale is
achieved through the definition of discrete electrical conductivity regions using the values computed
in the validation process of the micro-scale model as demonstrated in the first part [15] for the
5 volume fractions above the percolation threshold. The regions were distributed randomly utilizing
APDL algorithm to alter element properties and this was done to reproduce the inhomogeneity of
network density.
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Figure 1. FE mesh of the meso-scale model. The different colors in the elements of the matrix indicate
areas with different effective electrical conductivity due to the various density of the CNT network that
comes from the micro-scale.

2.2. Imposed Electric Field

Charging has been applied to the model using a series of circuit ANSYS CIRCU124 elements [16]
placed at the top nodes. These are 2-node circuit elements with a constant resistance which are not
affected by geometrical factors. The contact with the upper end of the model is utilized using common
nodes. A circuit element was placed at each node of the plane elements. A voltage V0 is applied to the
free node of the circuit element while the lower nodes of the model are grounded. A benefit from the
use of circuit elements is the direct computation of reaction currents without the need for gathering and
processing data from the interior of the model. It is noted that parasitic capacitance could occur given
the miniscule distances between the resistors of the meso-scale model. However, the aim of modelling
this arrangement in this scale is to bridge the microstructural electrical behavior with the macro-scale
response from a resistor response standpoint. In a hypothetical implementation, the density of a resistor
arrangement on a surface determines the resolution of measurement. The normalized quantities of
drop and span can be used to roughly characterize discontinuities of larger scales through proportional
considerations. Moreover, the use of resistor elements constitutes a modelling approach of a simplistic
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arrangement from which we can derive information externally from the holistic response of the model.
Moreover, the data acquisition is rendered easier.

The sketch in Figure 2 describes the simple electric circuit of the meso-scale model. The reaction
current iR is simply derived from Ohm’s law as

iR =
V0

R0 + Rp
, (1)

where V0 is the voltage and R0 and Rp are the resistances. In the present application, R0 is the resistance
of the circuit element while Rp is the resistance of the model (material). Furthermore, the parallel
network of the circuit elements provides information about the location of the current drop.
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Figure 2. (a) Part of the FE mesh of the meso-scale model showing the connection of the circuit elements
with the nodes of the nanocomposite and (b) sketch of the electric circuit of the meso-scale model.

2.3. Crack Sensing Methodology

The proposed crack sensing methodology is based on the parameterization of the measurements
derived for different crack lengths and crack distance from the measurement points (crack depth). It is
assumed that the crack is single, continuous and parallel to the x axis. Inclined cracks might be also
considered by using the effective length, which is projection of the inclined crack to the x direction.
The crack is introduced in the mesh by releasing nodes as it was done in the micro-scale model.

For each crack case, we derive through repetitive analyses the reaction currents ii,l,d
R at the circuit

elements (i is the number of circuit element, l is the crack length and d is the crack depth. For a constant
depth, we derive the reaction current for different crack lengths and we compare the values with the
reference value of the uncracked material ii,0

R ). This way, we evaluate the effect of crack length on the
current drop for each circuit through the current drop parameter δii,l,d

R given by

δIi,l,d
R =

Ii,0
R − Ii,l,d

R

Ii,0
R

× 100%, (2)

Figure 3 shows a typical computed distribution of current drop around the crack zone. It is
observed that outside the crack zone the reaction current increases (negative δii,l,d

R ) due to the
redistribution of current flow in the area around the crack. As shown, the maximum current drop
occurs at the centroid of the crack. Using the electrical response of the reference material we define in
the diagram the maximum current drop value (drop) and the difference between the maximum and
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minimum current drops (span). The latter was used to quantify the inhomogeneity of the electrical
response, i.e., whether a sudden or a smooth increase takes place. For the difference between the
maximum and minimum current drops to be generalized, span is normalized over the maximum
current drop value. Based on the above, we have

drop = max(δIi,l,d
R ), (3)

span =
max(δIi,l,d

R )− min(δIi,l,d
R )

max(δIi,l,d
R )

, (4)
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A parametric study has been performed to correlate the different crack scenarios with the
measured values of the drop and span values and develop corresponding functions. By cross-checking
the drop and span values for every circuit element, the maximum values are located. Then, 2D plots
of the maximum values with regards to the normalized crack length and normalized crack depth are
created and every surface is fitted with a two-variable function. The outcome of this process, when
compared to the outcome of the reference material can give an estimation about the size and location
of the crack. Graphically, this can be implemented by using the cross-section of the curves derived
from the cross-section of the drop and span surface plots as will be shown in Section 4.1.

3. Macro-Scale Model

3.1. Geometry and FE Modeling

In the macro-scale, a CNT/polymer/carbon fibers composite volume of dimensions of
10 mm × 10 mm × 2.5 mm has been modeled. The volume has been meshed with 20-node SOLID131
elements [16]. The mesh density is selected such as each element to have the dimensions of the
micro-model. The FE mesh of the macro-model is shown in Figure 4. As in the mesoscale, the 5 volume
fraction values used in the validation graph [15] are used as input in the full fiber-CNT-polymer
microscale model and the 5 effective electrical conductivities are computed. These values are assigned
randomly as the transverse electrical conductivity property of each macro-scale element using APDL
code. Similarly, thee electrical conductivity of the solid elements in the fiber direction has been
computed using the rule of mixtures

σz = σf ib × 0.55 + σm × 0.45 (5)
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in which the electrical conductivity of the matrix σm is either one of the 5 values in the validation
graph chosen randomly by the code. In Equation (5), σf ib is the conductivity of the fibers and σm is the
conductivity of the matrix. The parameter of 0.55 corresponds to the fiber volume fraction (55%) and
the 0.45 to the matrix volume fraction (%). Again, this approach aims in the numerical reproduction of
the network density inhomogeneity.
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3.2. Introduction of a Virtual Crack, Charging and Computations

As for the meso-scale model, charging has been applied to the macro-scale model using circuit
elements CIRCUIT124 [16] which are placed on the nodes of the top XY surface while the nodes of
the bottom surface are grounded. Crack growth in the composite volume has been simulated by
applying the corresponding drop of effective conductivity σe f f at the elements of crack path using the
micro-scale analysis results on the variation of σe f f with regards to crack length. Computations have
been performed by gathering the values of the current from the circuit elements and comparing them
with the corresponding values of the reference model. Then, the differences are qualified on the plane,
thus producing a graphical representation for the location and magnitude of the current drop at the
XY plane. In order to validate the meso-scale model, results from the macro-scale for a known crack
have been used.

4. Numerical Results

4.1. Meso-Scale: Effect of Crack Presence

In the meso-scale, the electrical response of models with 39 different crack lengths and 9 different
depths (from −0.1 to −0.9) has been simulated. The crack length and depth are normalized with
regards to the dimension of the Representative Volume Element (RVE) [15], l0 = 0.2 mm. The input
parameters and material properties of the meso-scale model are listed in Table 1. Note that the
resistance of the circuit elements does not affect the results.
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Table 1. Input parameters and materials properties in the meso-scale model.

Parameter/Property Value

Fiber’s diameter 6–8 µm
Fiber volume fraction 55%

Fiber’s electrical conductivity at
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[3.77 × 10−5, 1.12 × 10−3, 3.28 × 10−3, 5.06 × 10−3,
8.77 × 10−3] S/m

Electrical resistance of circuit elements 103 Ohm

The predicted drop and span values for the different lc/l0 and d/l0 ratios have been listed in tables.
Table 2 lists the results for the case of d/l0 = −0.1. The other tables are omitted for the sake of briefness.
To visualize the data, 3D plots have been created from tabular data in the MATLAB software using
fitting functions. Figure 5 shows the 3D plot of drop vs. lc/l0 and d/l0 for the case of maximum drop
while Figure 6 shows the 3D plot of span vs. lc/l0 and d/l0 for the case of maximum span. We observe
a decrease in the sensitivity of the response with increasing the depth ratio d/l0, which means that the
deeper the crack is the less sensitive the method becomes.
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Table 2. Drop and span values vs. length ratio, lc/l0 and depth ratio d/l0 = −0.1.

Length Ratio, lc/l0 Drop (%) Span

0.009 0.376 1.256
0.015 0.426 1.262
0.019 0.629 1.238
0.023 0.763 1.214
0.029 1.328 1.203
0.031 1.724 1.177
0.036 2.178 1.170
0.040 3.343 1.164
0.043 3.832 1.157
0.047 4.508 1.151
0.050 5.250 1.152
0.052 6.457 1.152
0.057 7.012 1.153
0.060 7.850 1.153
0.066 8.794 1.153
0.067 9.345 1.152
0.070 9.897 1.145
0.072 10.15 1.149
0.077 10.64 1.148
0.100 8.644 1.232
0.112 12.920 1.208
0.129 17.400 1.193
0.174 21.664 1.181
0.208 27.084 1.170
0.218 29.910 1.166
0.237 32.345 1.162
0.367 35.678 1.159
0.379 38.693 1.157
0.390 44.412 1.155
0.400 51.903 1.151
0.410 56.378 1.149
0.426 59.376 1.147
0.622 65.263 1.144
0.633 67.230 1.142
0.645 71.411 1.141
0.660 74.113 1.141
0.667 77.364 1.142
0.681 79.746 1.143
0.692 83.053 1.146

The opposite procedure, i.e., the characterization of a cracked model, lies in the determination of
crack length and position using the tabular data or the graphs. To demonstrate the process, we select
random values of drop and span, for instance, drop = 6.2% and span = 1.18%, and from the graphs
of Figures 7 and 8 using intersection lines we gather all sets of the lc/l0 and d/l0 ratios which have
given the selected values. The outcome of this first step are projection-curves (see Figures 7 and 8).
Then, we plot the two lines in a lc/l0 vs. d/l0 system (Figure 9) and we find their intersections.
The intersection points give sets of lc/l0 and d/l0 ratios which lead to the selected drop and span values.
Since the intersections are more than one, this means we have more than one sets of drop and span
values that lead to the same electrical result. The selection of a unique solution requires more data.
Nevertheless if we use the solution with the maximum lc/l0 ratio, i.e., lc/l0 = 0.28 and d/l0 = −0.21,
we get a crack length of lc = 0.056 mm and a depth of d = 0.042 mm.
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4.2. Macro-Scale: Crack Detection

The input parameters and material properties of the macro-scale model are listed in Table 3.
In the macro-scale, we examine the model’s capability of detecting a crack in the ZY plane introduced
through the reduction of the element’s electrical conductivity derived from the micro-scale analysis [14].



Aerospace 2018, 5, 106 10 of 13

Two cracks (crack1 and crack2) of different length have been modeled at the same location; their
characteristics are listed in Table 4.

Table 3. Input parameters and materials properties in the macro-scale model.

Parameter/Property Value

Theoritical fiber volume fraction 55%

Transverse electrical conductivity variation [1.13 × 10−4, 3.47 × 10−3, 4.02 × 10−3, 5.77 × 10−3,
9.32 × 10−3] S/m

Fiber’s electrical conductivity at Z direction, σz
c f 105 S/m

Electrical resistance of circuit elements 103 Ohm

Table 4. The characteristics of the cracks modeled.

Position (X, Z) (mm) Depth from Topurface (mm) Length (µm) Reduction in (%)

1 (6, 2) −0.2 50 59
2 (6, 2) −0.2 100 100

By comparing the current values taken from the circuit elements for the reference and the cracked
model, we plot the results at the XZ plane in Figure 10. The obtained inhomogeneity of the current
distribution is due to the inhomogeneous electrical properties of the model’s elements.

The computed contours of drop at the Y direction due to the presence of crack1 and crack2
are plotted on the XZ plane in Figures 10 and 11, respectively. The results have been normalized
by the current of the reference model. As shown, in both cases the location of the current drop
at the Y direction matches the location of the crack. For crack1, given the crack spans through
the width of the modified element, the ratio of the crack surface to the XZ surface of the model
is 50 µm × 10 µm

104 µm × (2.5 × 103)µm
= 0.00002 = 0.002%. Hence, the response is quite large compared to the

modeled crack length. The reason for choosing the width of 0.2 mm (20% of the model’s width) is
because the meso-scale analyses have shown that smaller crack widths give very weak responses.
In the case of crack2, the magnitude of electrical response increases by 643.3% for a 100% increase in
crack length from 50 µm to 100 µm. This finding is an indication of the high sensitivity of the model to
the crack length.
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To further exploit the above findings, we note that the same technique does not have the
same sensitivity in metallic materials since in that case the electric current from the cracked area
is redistributed to the remaining material volume and the drop is not detectable. On the contrary, due
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to the very small volume of the CNT network compared to the volume of the composite material, any
interruption of the network, which leads to the redistribution of electric current, is detectable.

Aiming to characterize crack1, we use the technique described in the previous section. Based on
the computed values of drop and span, we delimit the area around the crack until the nodes where the
electrical response is fully recovered (zero value). The dimension of the perturbation area is defined
as the dimension in the direction of the denser mesh (Z direction). For crack1, we define an area of
dimension of 250 µm and for this area we read drop = 3% and span = 1.1 (see Figure 3). The intersection
of the drop and span intersection-curves shown in Figure 12 gives lc/l0 = 2.1, a crack length of 52.5 µm
and dc/l0 = −1.88. The characterized values of crack length and crack depth are close to the actual
values, something which validates the proposed crack sensing methodology.
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5. Conclusions

This is the second of a two-paper series describing a multi-scale modeling approach developed
to simulate crack sensing in polymer fibrous composites by exploiting interruption of electrically
conductive carbon nanotube (CNT) networks. In the present paper, the meso- and macro-scale analyses
has been described. In the meso-scale, a crack sensing methodology has been developed by means of a
parametric study which correlates the crack characteristics with the current drop characteristics. In the
macro-scale, the final implementation of the crack sensing methodology has been made for cracks of
different lengths. The numerical results show a large sensitivity of the current flow to the crack length.
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Moreover, the model has been proved capable of predicting both the length and the position of the
cracks considered.

Based on the findings of the two papers, we can conclude that the proposed multi-scale
electrical modeling approach is capable of simulating the electrical response of CNT/polymers and
CNT/composites. The model in combination with the crack sensing methodology is also capable
of characterizing cracks in these materials. The proposed modeling approach after being improved
could be used for the virtual design and optimization of structural health monitoring systems based
on conductive CNT networks in polymers, epoxy adhesives, and polymer fibrous composites.
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