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Abstract

In this paper, an improved fabrication method is presented for fabricating carbon
nanotube (CNT) based multi-functional bucky paper (CNT-BP) sensors that will be
primarily used for adaptive sensing in structural health monitoring applications.
Alarge number of BPs were fabricated using multi-walled CNTs with varying methanol-
CNT compositions, sonication times, temperatures, curing durations, membrane
thicknesses, and electrode placements to determine the optimal configuration for
large-scale production. The obtained optimal configuration of the ingredients that
yields an adequate sensitivity and ductility of the CNT-BP was then employed for
measuring the crack propagation behavior in the fatigued samples. Further, a long
short-term memory (LSTM)-based neural network was proposed for prognosis in a
metallic plate with fatigue crack propagation. The actual crack lengths of the fatigue
crack obtained by the high-speed digital camera were correlated with that predicted
by the CNT-BP-based model and LSTM, showing good agreement. Thus, the present
study demonstrates that the proposed improved method of CNT-BP is highly efficient
in the diagnosis and prognosis of fatigue cracks in metallic structures.

Keywords: Carbon nanotube; Bucky paper; Adaptive sensing; Piezo-resistivity;
Fabrication; Structural health monitoring; Metallic structures

1. Introduction

Metallic structures undergo a variety of degradation mechanisms, such as fatigue cracks,
notches, and corrosion. These cracks under the action of loads can propagate further and
result in the breakage of the structure. Therefore, it is extremely important to investigate
the health status of these structures from time to time to ensure their structural integrity
is above the required limit and avoid potential mishaps.!”* These can be achieved in
several ways by employing different types of sensors. One of the sensors that facilitate
self-sensing of the material changes is the use of a carbon nanotube (CNT)-based bucky
paper (BP) sensor for measuring the crack propagation in specimen. This type of sensor
also can be used in numerous other applications as found in literature.

Luo et al* developed an in situ structural health monitoring system for polymer
matrix composites using BP embedded between the laminas. The BP-based testing is
widely used for damage and load sensing in aerospace and defense applications due to
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its low density, high electrical conductivity, and significant
load sensitivity. Wang et al’ correlated the electrical
resistance of BP sensor with the strain for monitoring the
health of composite structures. It can be seen that the BP
sensor has very high strain sensitivity in the static tensile
test. Lu et al.® employed an omnidirectional, nanomaterial-
based sensor for impact damage detection in composite
structures. The influence of both tensile and low-velocity
impact on the BP sensors was also further investigated. Lu
et al.” proposed a real-time monitoring of resin infiltration
process in vacuum-assisted molding of composites with
CNT-BP sensors. Her et al.®* employed CNT-BP sensor on a
complex surface for monitoring the strain and temperature
at the critical areas of the sample. Yee et al.® developed an
improved fabrication process for enhancing the sensitivity
of the BP sensor for strain monitoring applications.
Yang et al'® proposed a flexible, lightweight, and low-
thickness BP sensor for high-performance electromagnetic
interference shielding materials for catering to the demand
for smart and wearable electronic devices. De Paula Santos
et al.'! investigated the effect of incorporating CNT-BP on
the interlaminar fracture toughness by testing under cyclic
loading in Mode I and II. Ahmed et al.”* investigated the
efficiency of a CNT sensor to detect and monitor fatigue
crack initiation and propagation in metal structures. The
sensor consisted of a non-woven carrier fabric with a thin
film of CNT that is superglued to the structure’s surface
using an epoxy adhesive. Jiang et al.’* employed CNT-BP
sensors to monitor the structural health status of composite
structures subjected to ambient vibration condition. Hehr
et al." employed CNT thread in unidirectional glass fiber
composites to identify the onset of track crack growth,
matrix cracking, and differentiate between crack breathing
and closing states. This information is obtained by
analyzing the resistance response of the thread with a simple
Wheatstone bridge circuit and a low-speed data acquisition
system. Ribeiro et al.'* reviewed the general characteristics,
physical properties, and processing conditions of CNT-BP
and its polymer composites. Wan et al.'® investigate the in
situ monitoring of Mode I interlaminar crack propagation
behavior in woven glass fiber-reinforced epoxy (WGEF/
epoxy) composite laminates. Lecompte et al.'” employed
two different optical measurement techniques for the
detection of cracks at the surface of a concrete beam being
subjected to flexural loading. The primary aim of the
study was to examine which of the two methods appears
to be the most suitable for crack detection. Moreover, it
was shown that it is possible to detect the appearance and
evolution of cracks, even before the cracks become visually
detectable. Ashrafi et al.’® focused on the application of
epoxy nanocomposite thin film sensors for continuous
monitoring of crack evolution in metallic structures. The
primary aim was to monitor the resistance change in these

nanocomposite films, as cracks develop and propagate
in the metallic host structure. Bian et al' proposed a
facile technique to enhance performance of carbon fiber
composites through interlaminar insertion of aligned CNT
sheets. The inserted CNT sheets also provide electrical
conductivity in the composites even at a low CNT loading
below the electrical percolation threshold established for
CNT-filled composites. Lin et al.?® presented a flexible
CNT-based strain sensor that has a significant potential
for applications in human motion monitoring systems and
electronic skins in water. Olson et al.*! investigated a CNT-
based sensor to detect crack propagation in aluminum
structures underneath composite patching. Initial tests
were conducted to determine the correct procedure and
materials to properly fabricate a highly sensitive CNT-
based sensor.

The present work proposes an improved fabrication
process for the CNT-BP for measuring the fatigue crack
propagation in a metallic specimen under uniaxial loading.
First, an optimal composition for different ingredients
required for fabricating CNT-BP was obtained and further
optimized for its sensing architectures. This includes the
CNT-BP sensor size, sensing locations, and number of
sensing points, and the silver ink electrode placement. It
is found that the fabricated CNT-BP sensor has enhanced
sensitivity and has adequate ductility so that it can be
easily superglued to the test structure. Moreover, a strong
correlation was observed among the actual crack lengths
measured by a high-speed optical camera, the crack
estimates based on CNT-BP resistance, and the predictions
from the long short-term memory (LSTM) neural network.
This shows that CN'T-BP has promising potential for fatigue
crack prognosis and diagnosis without the need for complex
equipment, signal processing, and measurement units.

The rest of the paper is organized as follows. The
theoretical model for prediction of cracklength is presented
in Section 2, while the CNT-BP fabrication process is
detailed in Section 3. Section 4 discusses the LSTM neural
network for prognosis of a metallic plate with fatigue crack
propagation, and the experimental study is discussed in
Section 5. The results obtained are discussed in Section
6, and lastly, the concluding remarks and future study are
given in Section 7. The following section discusses the
theoretical model for crack length prediction based on
the measurement of resistance change of CNT-BP as a
function of fatigue cycles.

2. Theoretical model for prediction of crack
length

A measurement model to correlate between the fatigue
crack at any instant of time and the electrical resistance
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Figure 1. Schematic of the complete setup employed for fabrication of CNT-BP.
Abbreviations: BP: Bucky paper; CNT: Carbon nanotube.

of the CNT-BP specimen is required. This model must
consider the dimensions of the CNT-BP specimen,
positioning of the silver ink electrode, baseline resistance,
and subsequent changes in the resistivity due to fatigue
loading. Since the loading is purely uniaxial and with
Mode I, the crack growth is perpendicular to the direction
of the uniaxial loading. The relation between the resistance
of the BP and crack length can be established as follows,

R=—P4 _ M
t(D—a)
which can be re-written as:
. pd
a=D—-| — 11
& 0

In the above equations, R is the measured electrical
resistance of the CNT-BP, p is the resistivity of embedded
CNT-BP, d is the length of CNT-BP between electrodes,
t is the thickness of CNT-BP, D is the diameter of
omnidirectional CN'T-BP specimen, and @ is the estimated
fatigue crack length.

HaC
HsC
HsC HsC CHg

Figure 2. Chemical structure of Triton X-100

3. Fabrication process of the CNT-BP
membrane

The improved fabrication process used to prepare the BP
membranes is shown schematically in Figure 1. The key
ingredients used were multi-walled CNTs (MWCNTs),
Triton X-100 (t-octylphenoxypolyethoxyethanol,
polyethylene glycol tert-octylphenyl ether), methanol,
nitric acid solution, and distilled water. Triton X-100 was
procured through Sigma-Aldrich (USA), and its chemical
structure is shown Figure 2. The MWCNT used were
obtained from US Research Nanomaterials (Houston,
Texas, USA). These CNTs have an average outer diameter
of 10-30 nm with an average length of 15-30 um and
purity of 90% as per the specifications given by supplier.

Volume 2 Issue 3 (2025)

80

doi: 10.36922/IJAMD025310028


https://dx.doi.org/10.36922/IJAMD025310028

International Journal of Al for
Materials and Design

SHM using improved CNT-BP and LSTM-NN

The properties of CNTs are as follows: density of
2100 kg/cu.m, specific surface area of 200 m®/g, and
conductivity >10"'S/m. The experimental setup for
fabricating the CNT-BP consists of a sonicator, a filtering
setup equipped with vacuum pump that creates the
controlled and pre-determined vacuum for sucking the
liquid, metallic plates that house the CNT-BP, a vacuum
oven that is used to cure the CNT-BP, and the CNTs. The
filter membrane is Deschem with an outer diameter (OD)
of 150 mm and a membrane of cellulose acetate with
thickness of 45 um.

For the fabrication procedure, 300 mg of MWCNT
were mixed in 30 mL of methanol solution and 3 mL of
Triton X-100, followed by 30 mL of distilled water. This
high-concentration mixture was thoroughly ultrasonicated
with a tip sonicator. The sonification time was set to
roughly 30 mins. The process also assists in evaporation
of methanol solvent and yields a highly viscous slurry
for further process. Before transferring the slurry to the
filtration process, a glass rod was used to stir the mixture
to improve the overall homogeneity. Once the CNT-BP
membrane is cured in the oven, it is peeled off from the
membrane and is ready to use for testing purposes.

The major contribution of this paper is the development
of improved fabrication process of CNT-BP, which
was achieved by obtaining an optimal configuration of
ingredients by conducting a significant number of trials.
The use of Triton X-100 facilitates the production of a
highly ductile and sensitive CNT-BP. The excess amount of
Triton X-100 after curing was then washed off with nitric
acid. Validated in our laboratory for multiple times, this
procedure yields a CNT-BP that has significant potential

?

for structural health monitoring applications of isotropic
or anisotropic materials.

4, LSTM neural network

The LSTM neural network was employed in this study
for prognosis of the metallic plate under fatigue loading.
This type of neural network accurately predicts the time-
series data with information fusion capabilities exhibiting
multiple-input multiple-output (MIMO) and left/right
cracks under propagation. It also facilitates the alleviation of
the gradient vanishing problem in recurrent neural network
by incorporating LSTM unit, thereby having enhanced
prediction accuracy?** A schematic illustration of the
LSTM model is shown in Figure 3. Crack propagation under
increasing fatigue cycles is a complicated process; therefore,
surrogate models based on machine learning are gaining
attention for predicting crack length. It also facilitates
automatic damage-sensitive feature extraction through the
data pattern analysis in the measured experimental data.

Figure 3 shows the repeating module of an LSTM and
how the information flows across the sequential time steps.
In the figure, x,is the input at time ¢, Y, is the hidden state
from the previous step, y, is the hidden state at the current
time step (output of the LSTM). There are four interacting
layers in LSTM controlling the information flow. The forget
gate, whose operation is given as:

fi=pW, o 5] +)

where W, and b, are the weight and bias parameters,
respectively, and p is the sigmoid activation function. The
function decides what portion of the previous cell state
should be forgotten. The input gate is given as,

e ?
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Figure 3. Schematic illustration of the long short-term memory (LSTM) model encompassing the repeating module and four interacting layers.?®

Volume 2 Issue 3 (2025)

81

doi: 10.36922/IJAMD025310028


https://dx.doi.org/10.36922/IJAMD025310028

International Journal of Al for
Materials and Design

SHM using improved CNT-BP and LSTM-NN

i =p(W,-ly_»x]+b) 1v)

The input gate decides how much of the new information
should be added to the cell state. The candidate cell state
can be given as:

C =tanh (W - [y_,x]+b) V)

The cell state decides what part of the new candidate
values potentially be added to the cell state. The output gate
is given as:

0,=p(W,-[y,_,x]+b) (VD

The output gate decides what part of the cell state will
be the output at the hidden state h,. The cell state is updated
in two steps:

C =f-C_+i-C (VII)

The forget gate controls what to keep or discard from
the past, and the input gate and candidate state add new
information. Finally, the hidden state or the output of the
LSTM cell is computed as:

h,= o, -tanh (C) (IX)

This ensures that the hidden state is regulated and is
not just the raw memory value. The experimental study is
discussed in the following section.

5. Experimental study

In this section, the details of the experimental study related
to the metallic plate testing with CNT-BP are given. The
details of the testing scheme and experimental setup are
given in the following subsection.

5.1. Experimental setup for testing

The loading mechanism applied to the test samples
is shown in Table 1. Three types of fatigue tests were
conducted, and test 1 shows the total life of the sample
which resulted in its breakage. The samples were fatigued
with the help of an accelerated fatigue machine (MTS 370)
with a load capacity 25 kN. The specimens were fatigued
under tension-tension stress-controlled condition with
stress ratio of 0.1. Further, the complete components
used in the experimental study are shown in Figure 4.
A customized attachment holding the specimen within
the upper and lower jaws of the MTS 370 was fabricated.
A small hole was created with two notches on its periphery
in horizontal direction to increase stress concentration
and facilitate crack initiation and stable propagation with
an increase of fatigue cycles.”*

Two CNT-BPs of same shape and size were superglued
near these notch locations, as shown in Figure 4. The outer
periphery of CNT-BP was well aligned with the location
of the notch, where crack is about to initiate. Moreover, an

Table 1. The loading mechanism for the fatigue test

Loading Fatigue test 1 Fatigue Fatigue

conditions test 2 test 3

Load 1-10 kN; R=0.1 1.5-15kN; 1.5-15kN;

R=0.1 R=0.1

Loading 10 Hz 10 Hz 10 Hz

frequency

Fatigue life ~ Test aborted at 760,000 115,087 119,652
cycles resulting in breakage cycles cycles

/

Camera{fq;‘_
crack

measurement

Figure 4. Experimental arrangement for fatigue crack propagation
measurement using an optical camera and CNT-BP sensors
Abbreviations: BP: Bucky paper; CNT: Carbon nanotube

optical camera was employed to measure the actual crack
length from the backside of the sample as a function of
fatigue cycles. The purpose of fatigue test 1 is to determine
the life of specimen. Tests 2 and 3 were employed for
measuring resistance change of CNT-BP as a function of
fatigue cycles. For brevity, only the results from test 3 are
shown herein. Nevertheless, the nature of the results of
CNT-BP resistance change measurement and crack length
prediction is almost similar. The results and discussions of
the study are presented in the following section.

6. Results and discussion

The dimensions and intrinsic resistance of each BP were
measured using a multimeter before being affixed to the
specimen with superglue. These resistance values of the BP
serve as the baseline measurements, providing a reference
for all future measurements. The dimensions between each
of the silver ink electrodes were also measured, forming a
part of the theoretical model and accounted by parameter d
in Equations I and II. It is worth noting that before affixing
the CNT-BP to test specimen, the intrinsic values of the BP
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serving as the baseline measurements were measured at five
different times and with different multimeters. However, a
single stable value was noted in each case, confirming that
the baseline measurements are reproducible. Several fatigue
tests were conducted on different Al 7075 specimens as
detailed in Table 1. The stable resistance of the CNT-BP
affixed on the left of the hole is 5.6 Q, whereas that on

B Biicetice [arr s

B 14
——Actual
——Estimated|
12 1— Error

the right is 5.8 Q, as shown in Figure 5A and B. Only
the baseline value measured from CNT-BP placed near
the right hole is shown for demonstration purposes. The
specimens were loaded to different fatigue cycles, and the
resistance values of the BP were obtained simultaneously.
However, the values were recorded at regular intervals.
These resistance values were further used in Equations I
and II to determine the correlated fatigue crack length,
which is shown in Figures 6A and B for the left and right
cracks, respectively.

It can be seen that the error on the right crack
measurement is less than that on the left crack. It could be
because the initial resistance of right BP is slightly higher
than that of the left BP, demonstrating a slightly higher
sensitivity. Furthermore, the trend of the crack size for
different fatigue cycles is captured accurately. Nevertheless,
the variation of resistance for different fatigue cycles is also
shown in Figure 7A and B, and the trend of this variation is
in line with those obtained in related literature. Finally, the

Crack size (mm)

0 . 1 t t 1 .
40 60 80 100 120

Number of fatigue cycles (x103)

Figure 6. The propagation of crack size versus thousands of cycles: (A) Left crack, and (B) right crack.

14 T
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A g . .
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[
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3
w
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B
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5.5
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Figure 7. Variation of CNT-BP resistance with the propagation of crack: (A) Left crack, and (B) right crack
Abbreviations: BP: Bucky paper; CNT: Carbon nanotube.
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Crack size (mm)

Number of fatigue cycles (x103)

Figure 8. Crack size propagation as a function of fatigue cycles

trend appears to increase approximately linearly with the
number of cycles, suggesting a linear correlation between
crack size and fatigue cycles. It can also be seen that for
lower fatigue cycles, the crack size is not that noticeable and
so is the change of resistance of CNT-BP demonstrating an
approximate flat line with marginal error. This is seen for
both the CNT-BPs placed on the left and right side of the
hole.

The prognosis of the metallic plate with an increasing
fatigue crack was obtained with the LSTM neural network.
An illustrative relationship between crack size and
increasing fatigue cycles is shown in Figure 8. Further, it
is evident that the time transient crack size propagation is
dependent on the previous crack size, fatigue cycle, and the
rate at which the crack propagates with respect to fatigue
cycle is shown in Table 2, and mathematically, this can be
represented by Equation X:**-3

(j+1)= f(,..,a(j),N (j)’dz‘\ir?j)j

X)

The estimated values of the crack size based on
the change in resistance measurement were used for
training the LSTM model. The actual values obtained
from the optical camera were only used as a reference
for those obtained from measuring the change of
resistances in CNT-BP as a function of fatigue cycles.
Therefore, they were not used for training the LSTM
model. The trained LSTM model was then used to
predict the crack size as a function of fatigue cycles.
The results, shown in Figure 9, demonstrate not only
high prediction accuracy but also a strong alignment
with the overall trend of crack growth over fatigue
cycles. The concluding remarks and future studies are
discussed in the following section.

——Actual
| [~ Estimated
——Predicted

Crack size (mm)

0 . . \ . . .
50 60 70 80 90 100

Number of fatigue cycles (x103)

110 120

Figure 9. The variation of actual, estimated and predicted crack size
versus the fatigue cycles

Table 2. Time series data for crack propagation as a function
of fatigue cycles

Time step j-1 J j+1

a a(j) a(j+1

N NG-1) N () N (j+1)
da da da da
dN dN(j-1) dN(j) dN(j+1)

7. Concluding remarks and future study

The present study focuses on the development of
an improved method for the fabrication of CNT-BP
membranes that can be used as self-sensing material with
an application for structural health monitoring of metallic
plate structures which are subjected to fatigue loading.
A significant number of trials were conducted to determine
the optimal configuration of the ingredients to fabricate
the CNT-BP that has adequate ductility and enhanced
sensitivity. The optimized CNT-BPs were superglued to the
fatigued test specimens to measure the change in resistance
values of the CNT-BP as a function of fatigue cycles. The
measured resistance values were then used to calculate the
fatigue crack sizes. Moreover, a high-speed optical camera
was employed to measure the actual size of the fatigue
crack. A good correlation was observed between the actual
size of the crack measured by the optical camera and the
one calculated using the established theoretical model
based on the change in resistance of the CNT-BP and
that predicted from the LSTM model. Thus, the obtained
results demonstrated the promising potential of CNT-BP
for health monitoring applications. The major findings and
outcomes from the present study are outlined below:
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(i) The ductility of the fabricated CNT-BP is enhanced with
the improved fabrication process. This is paramount
because if the CNT-BP is brittle, it can be difficult to
handle and may break while being glued to the test
specimen. Furthermore, it may be relatively easy to
superglue the ductile CNT-BP to the test specimen by
tapping to ensure a uniform attachment of CNT-BP to the
specimen, avoiding any voids formation at the interface.
The sensitivity of the fabricated BP is enhanced with
the improved fabrication process, as demonstrated by
the marginal error between the actual and predicted
results of fatigue crack. The piezoresistivity is improved
up to 5.8 O compared to the earlier reported values
between 4 Q and 5 Q.
(iii) The error analysis shows the potential of CNT-BP in
crack length estimation with enhanced accuracy and
sensitivity.
For higher crack length estimation, an approximate
linear relationship seems to exist, indicating that
the LSTM model can predict the trend with higher
accuracy.
The use of CNT-BP as a self-sensing material eliminates
the need for sophisticated equipment and sensors,
complex signal processing, and high computational
resources. Further, CNT-BP can be easily affixed to the
test structure, and changes in its electrical resistance
can be readily measured.
(vi) The omnidirectional shape of the CNT-BP can
facilitate the detection of cracks in different directions
with higher sensitivity.

(ii)

(iv)

(v)

In contrast, the current work identified several
limitations that could be explored in future studies. The
limitations are as follows:

(i) Limited BP size due to the filter membrane size.

To yield CNT-BP with larger sizes, a flask with a bigger
funnel width, membrane, and pore sizes must be employed
during the fabrication process. This could also facilitate
mass fabrication since smaller pieces with equal sizes and
shapes can be cut out of the large BP, thereby reducing
the fabrication time. The fabrication of BP into different
shapes and sizes for future testing may lead to further
overall optimization of the sensing architecture.

(ii) Different crack directions.

In this work, only the crack propagating perpendicular to
the loading direction was considered. The CNT-BP must
be tested for different crack directions to further investigate
and confirm the reliability of its sensing efficiency and use
in prognosis and diagnosis of fatigued specimens.

(iii) Different electrode arrangements for damage detection
and quantification.

The electrode arrangements must be varied according to
the location and direction of the crack propagation. This
would give further insights for optimizing the sensing
architecture for a specific application.

(iv) Obtaining readings at different load levels and
directions.

In the present study, the load was tension-tension
controlled at a specific loading frequency. In future work,
both the loading amplitude and direction—ranging from
tension to compression—and the loading frequency can be
varied to further evaluate the reliability of CNT-BP in the
prognosis and diagnosis of fatigue in specimens.
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