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A self-sensing nanocomposite material has been developed to track the pres-
ence of damage in complex composite structures. Multiwalled carbon nano-
tubes are integrated with polymer matrix to develop a novel bonding material
with sensing capabilities. The changes of the piezoresistance in the presence of
damage are used to monitor the condition of bonded joints, where the usual
bonding material is replaced by the self-sensing nanocomposite. The feasi-
bility of this concept is investigated through experiments conducted on single-
lap joints subject to monotonic tensile loading conditions. The results show
that the self-sensing nanocomposite is sensitive to crack propagation within
the matrix material. An acoustic emission-based sensing technique has been
used to validate these results and shows good correlation with damage growth.
A digital image correlation system is used to measure the shear strain field in
the joint area.

INTRODUCTION

In situ health monitoring and interactive predic-
tion of failure continue to be critical challenges for
widespread use of heterogeneous materials in mis-
sion-critical systems. Therefore, there is a height-
ened need for structural health monitoring (SHM)
systems to detect, localize, quantify, and classify
damage initiation and propagation in composite
structures.1–6 Sensors and sensing systems are the
first level of instrumentation used to measure and
report material properties and changes in those
properties that occur with usage, degradation,
damage, and repair. Although both active and pas-
sive sensing techniques, such as piezoelectric sen-
sors, fiber Bragg gratings, and laser Doppler
vibrometer, have been reported to be useful for
SHM, the drawbacks of each sensing technique
limit their applications.7–10 The concept of biomi-
metics stimulates the development of SHM to pro-
vide autonomous sensing capabilities in complex
structures. In that scenario, the structures will be
able to ‘‘feel’’ damage such as fatigue and impact
through integrated self-sensing networks, which
can function like the human nervous system.

Materials have versatile chemical or physical
properties, and among them the intelligence or

responsiveness of materials is always of tremendous
interest to the sensing community. The introduction
of smart materials can provide multifunctional
properties in structures. Several capabilities, such
as sensing, healing, adaptation, actuation, and
energy harvesting, can be potentially integrated
within fiber-reinforced composites.11–13 Due to their
well-known mechanical and electrical properties,
carbon nanotubes (CNTs) can serve as a platform for
structural reinforcement, sensing, and improvement
of thermal/electrical conductivity. The mechanical
properties of polymeric materials can be improved by
integrating CNTs. Research on improved mechani-
cal properties using CNTs has been reported by
several groups.14–16 For example, Thostenson
investigated the tensile behavior of both random
and aligned nanocomposites using multiwalled
carbon nanotubes (MWCNTs).17 Compared with the
randomly oriented nanotube composites, alignment
of the nanotubes resulted in significant improve-
ments in elastic modulus. Fatigue resistance and
toughening of nanocomposites also can be improved
using both MWCNTs and functionalized
MWCNTs.18 A comprehensive review of the elec-
trical conductivity improvement in CNT–polymer
nanocomposites has been reported by Bauhofer and
Kovacs.19 Multiple parameters, such as CNT type,
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synthesis method, treatment, and dimensionality as
well as polymer type and dispersion method are
evaluated with respect to improvement in the elec-
trical conductivity of nanocomposites. The sensing
capabilities of nanocomposites with CNTs have also
been reported. Researchers have shown that, by
measuring the change in electrical resistance, the
structural degradation can be monitored under
monotonic loading.20–22 However, more research
work is necessary to demonstrate the integrated
sensing capabilities in different composite struc-
tures and under complex loading conditions. The
complexities in composite architectures present
additional challenges. The response of braided and
woven carbon-fiber-reinforced plastic (CFRP) com-
posite structures is complicated due to the hierar-
chical organization of fiber/filament, yarn, and
fabric. The length scale varies significantly, making
prediction of damage events and failure difficult.
Therefore, development of autonomous sensing
capabilities to track damage nucleation and growth
in woven CFRP composite structures is an impor-
tant area of research.

In this paper, the autonomous sensing capabili-
ties of CFRP with MWCNTs are developed. A sol-
vent assistance procedure is used to uniformly
disperse MWCNTs in epoxy resin. The autonomous
sensing capabilities are tested using single-lap
woven composite joints in which MWCNTs and
epoxy are used as the joint adhesive. The acoustic
emission (AE)-based passive sensing technique is
used to monitor the matrix crack propagation in real
time. A digital image correlation system is used to
measure the strain field in the joint area. The sens-
ing capabilities of composite joints are investigated.

INTEGRATION OF MWCNTs
IN STRUCTURES

Materials and Nanocomposite Fabrication

Plain weave carbon fiber fabrics were used as the
fiber system for the CFRP composites. A thermoset
epoxy resin was used as the matrix material. The
epoxy resin used in the experiments was Epon 863,
and the hardener was EPI-CURE 3290. The
autonomous sensing capabilities were achieved by
integrating MWCNTs into the epoxy resin, which is
referred to as the nanocomposite. The key issue in
nanocomposite fabrication is to disperse the
MWCNTs uniformly in the epoxy. In this work, a
solvent assistance method was applied to disperse
the MWCNTs in the epoxy. Acetone was used as the
solvent to disperse the MWCNTs. The experimental
procedures are shown in Fig. 1. First, the required
amount of MWCNTs was weighed and dispersed in
acetone (ratio of 1 mil acetone to every 20 mg
nanotubes). The mixture was stirred at 500 rpm for
15 min. Then, the mixture was sonicated using
high-amplitude ultrasonication for 15 min in an ice
bath. The epoxy resin was added to the solution,
stirred at 500 rpm for 15 min, and sonicated for

another 15 min. The acetone was removed by
heating in an oil bath with magnet stirring of the
mixture for 4 h at 50�C. To eliminate any trace
amount of acetone remaining, the mixture was
placed in a vacuum oven for 12 h at room temper-
ature. The hardener was added and mixed using a
magnet bar. The prepared epoxy/MWCNT blend
was only used as the adhesive for fabrication of
single-lap joint composite samples.

The fabrication procedure for composite joints is
described as follows: (i) four plies of plain weave
carbon fiber fabric were stacked together using the
wet lay-up method to form two pieces of (0�)4 CFRP
laminate. The composite laminates were cured
using a compression/lamination press system
(Terahedron Inc.) at room temperature for 6 h;
(ii) the composite tabs with the same thickness were
instrumented on the composite laminates; (iii) using
the preprepared MWCNTs/epoxy adhesive, the two
composite pieces were bonded; (iv) the composite
joints were cut into the designed geometries using a
wet saw. It is noted that the epoxy/MWCNTs blend
is used as adhesive only in the joint overlap area.
Test samples with joint length of 12.7 mm were
fabricated. The dimensions of the joints are shown
in Fig. 2. All the nanocomposite samples fabricated
in this paper have 0.5% MWCNTs by weight.

To properly connect wires for the autonomous
sensing tests, the samples were first painted using
conductive silver paint at designated positions. To
ensure that the silver paint dried completely before
installing the wires, the sample was kept in an oven
at 40�C for 30 min after painting. The electrical
wires were soldered onto copper tapes and then

Fig. 1. Solvent assistance method for MWCNT dispersion and
sample fabrication.
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adhered to the silver paints. The single-lap joint
samples with silver paint and wires are shown in
Fig. 3. To validate the dispersion of MWCNTs, field-
emission scanning electron microscopy (FESEM)
was used to scan the surface of the cured adhesive
layer of the sample. As shown in Fig. 4, the
MWCNTs were well dispersed within the epoxy
material.

Measurement of Autonomous Sensing

The autonomous sensing of the CFRP composites
was achieved by measuring the piezoresistance of
the adhesive area. An external resistor was used as
the reference and connected to the adhesive area in
series. The electrical resistance of the adhesive area
was calculated from the voltage change of the
external resistor with a constant direction-current
(DC) voltage input to the circuit. To obtain an
observable voltage change, the electrical resistance
of the external resistor should be about twice that of
the adhesive area. By mapping between the crack
propagation and the piezoresistance of the adhesive
area, the damage can be detected and monitored in

real time. During the experiments, all measure-
ments interfaced with the personal computer (PC)
were automatically recorded using an in-house
developed NI LabVIEW system.

The mechanism of the piezoresistance change can
be explained in three categories: (i) resistance
change due to MWCNT deformation,23 (ii) average
distance increase between MWCNTs, and (iii)
introduced micro/macrocracks. As shown in Fig. 5,
the MWCNTs were uniformly dispersed in the
epoxy when no load was applied. The deformation of
the host epoxy caused slight deformation of indi-
vidual MWCNTs as well as increasing the average
distance between MWCNTs. Due to the significant
modulus difference between the MWCNTs and host
epoxy, the deformation of the MWCNTs can be
ignored. The main reason for the piezoresistance
change is the micro/macrocracks.

Experimental Setup

The autonomous sensing tests were conducted
under monotonic tensile loading condition using an
Instron electrical test system. A typical experimen-
tal setup is shown in Fig. 6. A DC power supply
provided a 5 V input voltage to the circuit (model HY

Fig. 2. Dimensions of single-lap nanocomposite joint.

Fig. 3. Prepared single-lap joint samples.

Fig. 4. FESEM image of dispersed MWCNTs.

Fig. 5. Mechanism of piezoresistance change of MWCNT nano-
composites.

Fig. 6. Experimental setup.
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3003D-3; Tekpower). An AE sensor (Physical
Acoustics Corp.) was instrumented on the surface of
the composite joint to monitor the matrix crack
propagation in the joint area in real time, as shown
in Fig. 6. Passive sensing mode was used, and AE
signals were continuously recorded during the
experiments. Burst-type AE signals, which were
short duration pulses caused by the release of high-
amplitude strain energy, were recorded. These
indicated the damage growth in the composite

structure. It was found that using a fixed threshold
just above the background noise level allowed effi-
cient monitoring of the damage process. Multiple
AE parameters can be extracted including peak
amplitude, duration, rise time, and counts. More
detailed AE results are discussed in the next sec-
tion. A digital image correlation system (model
ARAMIS 2M) was used to measure the shear strain
field of the joint area during the tests in real time.
Image patterns were painted in the joint area before
the experiments. During the experiments, two cam-
eras took pictures of the joint area at a constant
interval. The strain field can be calculated by track-
ing the pattern changes using a three-dimensional
(3D) image correlation method. A typical shear strain
field of the joint area is shown in Fig. 7. Five tests
were conducted for each type of single-lap composite
joint sample to validate the sensing response and
repeatability of the developed method.

Matrix cracking is the primary damage intro-
duced to the composite joint during the tests. Typi-
cal FESEM images of the adhesive joint area taken
after failure are shown in Fig. 8. The four images
show the damage mode on different length scales. In
Fig. 8a, the crack surface of the joint area is dis-
played, and the tows and yarns of the plain weave
fiber fabrics are clearly shown. The debonding
between carbon fibers and matrix during the tests is
shown in Fig. 8b. The detailed matrix cracks are
shown in Fig. 8c and d.Fig. 7. Shear strain field of joint area.

Fig. 8. FESEM images of crack surface and matrix cracks.
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RESULTS AND DISCUSSION

The autonomous sensing capability was tested
using the in-house fabricated composite single-lap
joint. The samples were subjected to monotonic
tensile loading at load rate of 0.5 mm/min. The pure
shear stress between the two laps of the joint
introduced matrix cracks in the joint area. The
crack growth generated AE signals, which were
recorded by the AE system in real time during the
experiments. Multiple parameters extracted from
the AE signals were studied. It is noted that the AE
energy was the most sensitive to matrix crack
propagation and was used to validate the damage
growth during the tensile test. The AE energy
showed clear trends which can represent the crack
growth. Since the AE energy indicates the size of
cracks generated, the significant release of AE
energy towards the end of the test is an indication of
the rapid damage growth prior to joint failure
(Fig. 9).

To monitor the structural health of the composite
single-lap joints, the electrical resistance was mea-
sured. Based on the measurement method intro-
duced before, the electrical resistance was measured
and calculated in real time. It is to be noted that the
change in electrical resistance kept increasing

during the test. As shown in Fig. 10, the shear
stress increased linearly with the local shear strain
in the joint area. When the local shear strain
increased to about 0.18%, noticeable electrical
resistance was observed. The rate of change of
electrical resistance also increased as the shear
strain increased. This change in electrical resis-
tance is caused primarily by micro/macrocracks in
the joint area. When MWCNTs were introduced into
the epoxy matrix materials, the electrical resistance
was significantly improved. However, as the shear
load introduced microcracks into the epoxy matrix,
the spacing between the MWCNTs increased, lead-
ing to changes in the electrical resistance. The rate
of change of electrical resistance increased signifi-
cantly with crack size, as shown in Fig. 10.

CONCLUSIONS

This paper presents a biomimetic SHM approach
by developing autonomous sensing capability for
composites using MWCNTs. To uniformly disperse
the MWCNTs, a solvent assistance method was
used. The prepared epoxy/MCNTs were used to
fabricate single-lap composite joint samples. Com-
posite joint samples with 12.7 mm joint length were
studied. The composite joint samples were tested
under unidirectional tensile loading. An AE system
was used to monitor the crack propagation in real
time, especially close to the failure of the structures.
Autonomous sensing of composites was performed
by in situ monitoring of the electrical resistance of
the joint area. In-house fabricated composite single-
lap joints displayed a clear increase in electrical
resistance under tensile loading. The capability for
autonomous sensing was sensitive to local strain.
The developed autonomous sensing function has the
potential to be applied to large composite structures,
such as aircraft components, in the future.
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