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Abstract: Structural health monitoring (SHM) takes 
advantage of the recent advances in structural behav-
ior monitoring to assess the performance of a structure, 
identifying the damage in the early stage. In this study, a 
carbon nanotube thread strain sensor was fabricated into 
a three-dimensional (3D) braided composite preform for 
the strain sensing of SHM. We present the results of an 
investigation on a carbon nanotube thread network in 3D 
composites for damage detection, in which the variation 
of the electrical resistance of the carbon nanotube thread 
embedded into 3D composites was recorded. Based on 
the variation of the electrical resistance, the location and 
size of damages were estimated by the response surface 
method, providing an effective solution for the estimation 
of the location and size of damages in 3D composites.

Keywords: carbon nanotube thread; damage detection; 
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1  Introduction
Three-dimensional (3D) braided composites have excel-
lent out-of-plane mechanical properties, low delamina-
tion tendency, high-energy absorbing capability and 
outstanding fatigue resistance [1, 2], which make them 
strong candidates in the fields of aerospace industry, 
automobile industry and biomedical engineering. Fur-
thermore, the most attractive of the 3D braided method is 
the net-shape capability to manufacture composites with 

special geometric shapes. The improved performance 
enables 3D composites to outweigh their relatively high 
costs. However, there are a variety of damage modes in 
3D braided composites which are more complex than the 
well-known ones in conventional metal alloys. Further-
more, damage which typically occurs in the much earlier 
life of a structure is usually invisible in material. There-
fore, it is critical for the development of structural health 
monitoring (SHM) diagnostics [3].

Carbon nanotubes (CNTs) were used as in situ sensors 
to detect the initiation of micro-cracks and their accu-
mulation in fiber-reinforced polymer composites [4]. The 
electrically conductive networks formed by CNTs through-
out the polymer matrix are dispersed in composites, the 
breakage of which enables the micro-cracks to be sensed. 
This methodology is applied to 3D braided composites 
with the aim of investigating the feasibility of the matrix 
failure detection and analysis of the damage behavior.

At present, the popular sensors embedded in com-
posite materials contain piezoelectric crystals, fiber optic 
cables and piezoresistive sensors [5]. Optical fibers can 
either be embedded inside the composite structure or 
bonded on its surface, but the strain gauge can only be 
attached on the surface of the composite structure and 
cannot be embedded within it. While these sensors can 
be used for SHM, they themselves add stress concentra-
tions in the composites, which in turn lead to failure of the 
material more quickly than if the sensors are not embed-
ded in the first place. To mitigate this effect, the carbon 
fiber itself has been used as a piezoresistive sensor in con-
tinuous fiber composites.

Self-sensing methods have been applied to fatigue 
damage detection by several researchers [6, 7]. All applied 
processes are similar to the monotonic tensile test to 
measure the change in electrical resistance in carbon 
fiber reinforced plastic (CFRP) specimens. These tests are 
applied to unidirectional CFRP and cross-ply CFRP lami-
nates. A decrease in electrical conductivity could be related 
to carbon fiber breakage. The electrical resistance increased 
with a decrease in specimen stiffness. The increase in the 
electrical resistance of the unidirectional CFRP indicates 
that the self-sensing method detects fiber breakages [8].
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The electric resistance change method was first 
used by Schulte and Baron [9] for the sensing of SHM, 
by means of identifying internal damage of CFRP lami-
nates. Many research studies have employed the elec-
trical resistance change method for such purposes to 
composite materials [10]. The main advantage of this 
method is that it does not require expensive equip-
ment for instrumentation. The electrical conductivity of 
carbon fibers was first used to monitor damage in the 
3D composite, which could be related to fiber breakage. 
Electrical methods have been extensively used to study 
a variety of damage mechanisms [11, 12]. Wu et  al. [13] 
studied the ability of a CNT network to sense crack filling 
during resin injection, thus providing the scientific basis 
required for sensing healing in advanced composites. 
Two methods for qualitatively assessing healing were 
employed and compared: elastic modulus/strain energy 
recovery and FTIR spectroscopy. Electrically conductive 
networks that act as in situ impact damage sensors were 
formed by well-dispersed CNTs. Relations between resist-
ance change, absorbed energy, accumulated acoustic 
emission counts and damage area of the composite have 
been established [14]. In [15], an electric time domain 
reflectometry-based sensing approach with an exter-
nal parallel plate transmission line has been developed 
to evaluate high-frequency electromagnetic changes in 
composites due to applied load and internal damage. A 
model system of cross-ply glass fiber/vinyl ester compos-
ites with and without the selective integration of local-
ized CNT networks was studied where microcracking 
and delamination are introduced during tensile loading. 
De Villoria and Yamamoto report here a novel approach 
where structural advanced composites containing electri-
cally conductive aligned CNTs are ohmically heated via 
simple electrical contacts, and damage is visualized via 
thermographic imaging. Damage, in the form of cracks 
and other discontinuities, usefully increases resistance 
to both electrical and thermal transport in these materi-
als, which enables tomographic full-field damage assess-
ment in many cases [16]. Naghashpour and Hoa present 
a new, practical and real-time SHM technique for detect-
ing, locating and quantifying damages in large polymer 
composite structures (LPCSs) made of carbon fibers and 
CNT networks [17]. They provided a way to measure the 
through-thickness strain in composite laminates. In their 
work, multiwalled CNTs were added into epoxy resin to 
make the resin electrically conductive. It was found that 
the electrical resistance across the laminate thickness is 
sensitive to the axial load along the length of the sample 
[18]. A technique for real-time detection, location and 
quantification of damages in large polymer composite 
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Figure 1: Schematic setup for the four-step 1 × 1 braiding procedure.

structures made of electrically non-conductive fibers and 
carbon nanotube networks was developed [19].

It is essential to measure the strain throughout a 
component or structure for determination of stress state 
and integrity. A novel tension sensor consisting of a CNT 
thread is embedded in 3D composite materials for strain 
monitoring and damage detection. It is an extremely light-
weight sensor that can be easily integrated into entire 
components or structures even if the geometry is complex. 
Therefore, it is feasible to monitor the structural health of 
3D composite materials by exploiting the inherent con-
ductivity of the carbon fiber.

2   Fabrication of self-sensing 
composites

A schematic setup for the four-step 1 × 1 braiding procedure 
is shown in Figure 1  [20]. A braiding preform is hung above 
the machine bed, on which yarn carriers are arranged in a 
prescribed pattern. Braiding is realized through the move-
ments of the yarn carriers on the machine bed. Figure 2 
illustrates the carrier pattern and movement steps in one 
braiding cycle. There are four carrier movement steps in 
one braiding cycle; in each carrier movement step, the 
carriers move only one position along either the column 
or the row directions. Specifically, step 1 involves carrier 
motions in alternate rows and step 2 involves carrier 
motions that should be changed to carrier motions; step 
3 involves row motions that reverse those in step 1, and 
step 4 involves column motions that reverse those in step 
2. Note that the yarn carrier pattern after step 4 returns 
to the initial pattern, thus completing a cycle. After each 
cycle of braiding, the yarns are generally subjected to 
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jamming action so the yarns are closely packed, and a 
finite length of the preform is realized, known as a pitch. 
Uniform jamming after each braiding cycle will result in 
a constant pitch along the length of the preform. Clearly, 
the exact yarn carrier pattern dictates the cross-sectional 
shape of the preform. A rectangular pattern is commonly 
denoted by [m × n], m being the number of rows and n the 
number of columns of the yarn carriers on the machine 
bed. The total number of yarns N in the preform is

 = + +N mn m n  (1)

Assume that the carbon thread braiding spacing is K; 
then the number of carbon threads is

 = /C N K  (2)

The length of the carbon thread is

 γ α
= = ⋅ + ⋅

+ + cos cos
S

I O

L H HL P P
mn m n  

(3)

A B

C D

E

Figure 2: Four-step process.
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Tianjin Polytechnic University developed a 3D com-
puter controlled braiding machine. The CNT thread 
sensors were embedded into 3D braided composites by 
the machine.

3   The system architecture and data 
processing system

3.1  The circuit of data collected

The excellent repeatability of resistance-strain behavior 
under loading was also related to the large contact area 
between the CNTs. The close contact with a large contact 
area along the whole CNT length, the large van der Waals 
force between CNTs and the radial inward force produced 
during loading provide good structural stability for yarns 
during the loading and unloading in the elastic region, 
which gives the yarns excellent resistance-strain repeat-
ability. The CNT threads in the 3D braided composite 
preform have their resistance values. The sensitivity of the 
strain gauge is termed as the gauge factor (GF) [21], and is 
described as

 

∆ ∆
∆ ε

= =/ /GF
/

R R R R
L L  

(4)

The gauge factor of pure fibers was around 0.5. Single 
nanotubes have a gauge factor of hundreds depending on 
the structure of the nanotube. Fibers are made of billions 
of short individual CNTs with the length of around several 
hundred micrometers. Contact resistances between nano-
tubes are much larger than the resistance of nanotubes 
themselves. Therefore, the gauge factor of fibers made 
of individual nanotubes was much lower than single 
nanotubes.

The longitudinal GF of the strain sensor was about 
0.38 and remained constant over the whole strain range. 
The transverse GF ranged from 0.02 to 0.04. Compared to 
the longitudinal resistance change, the transverse resist-
ance change could be neglected [21].

There are 64 CNT thread sensors in rows and columns. 
They are divided into eight groups. They form a large-
scale sensor network with a matrix shape. Figure 3 shows 
the block diagram of dynamic measurements.
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The two-probe or four-probe method is a good method 
of static resistance measurement for the composites. It is 
not used in health monitoring materials for the long term. 
In this study, strain measurements were performed using 
a bridge circuit. The change in the CNT thread resistance 
will be converted into a voltage signal. The voltage signal 
is amplified by a DC amplifier. Carbon nanotube threads 
made by Suzhou Institute of Nano-Tech and Nano-Bionics 
(Suzghou, China). The bridge circuit used a dynamic strain 
gauge (Model TST5911, made by Jingjiang test electronics 
Co., Ltd., Jiangsu, china). DC amplifier used model YF-6 
made by Shanghai Group Co., Ltd. (China). Band-pass 
filter used CM3608™ made by Beijing Quatronix Electron-
ics Co., Ltd. (China). The signal will be transferred to the 
digital pressure measurement system (DSM 3400, Scani-
valve, USA) after it is filtered. MATLAB 7.0 was applied for 
data processing in the system.

3.2  The algorithm of data processed

Figure 4 reveals the schematic representation of the 
damage monitoring system proposed. All of the CNT 
threads are placed on a single side of the specimen. 
Usually it is impossible to place CNT threads and lead 
wires outside of aircraft structures. The electric resistance 

change of each row between CNT threads is measured with 
a conventional electric resistance bridge circuit as shown 
in Figure 3. The electric resistance changes between all of 
the rows are measured for various cases of the location 
and size of damages. Using the measured data and a tool 
of inverse problems such as response surfaces, relations 
between electric resistance change and damage (location 
and size of damage) are obtained [22]. The location and 
size of damage can be estimated with the response sur-
faces from the measured electric resistance changes.

Let us consider the case of Figure 5. It is a mechani-
cal structure of a regular braiding machine (Tianjin Poly-
technic University). There are 300 drive shafts in a column. 
There are 180 drive shafts in a row. The rows and columns 
were divided into eight groups (They are called row  1, 
row 2 ... and column 1, column 2 ..., respectively). The dis-
tance between the adjacent drive shafts is 25 mm, called 
a “space”. In this case, eight electric resistance changes 
are measured in the rows. To create the response surfaces, 
a lot of experiments or calculations must be performed. 
From the experiments, a lot of data sets of damage location 
(row location, column location), size and electric resist-
ance changes are obtained. When quadratic polynomials 
are adopted, the response surfaces to estimate the damage 
location (row X, column Y) and size (a) are as follows:
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where βi (i = 0–8) and βij (i = 1–8: j = 1–8) are regression 
coefficients which are obtained with the least-squares 
error method [12]. The measured electric resistance 
changes can be regarded as a vector of eight elements: εi 
(i = 1–8). The length of the vector η is defined as follows:
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All of the elements are divided by η to obtain the stand-
ardized electric resistance change vector (V) as follows:
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Figure 3: Schematic illustration of the experimental setup for 
dynamic measurements.
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Figure 4: Schematic representation method using an electric resist-
ance change method.
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With the standardized electric resistances, the 
response surface to estimate the damage location is 
obtained as follows:

 
β β β

= = =

= + +∑ ∑∑
8 8 8

0
1 1

i i ij i j
i i j i

X v v v
 

(10)

 
β β β

= = =

= + +∑ ∑∑
8 8 8

0
1 1

i i ij i j
i i j i

Y v v v
 

(11)

For the estimations of the damage size, the length 
of the vector is also of significant effect. Thus, the total 
number of variables of the response surface is increased 
by 1 as follows:

 

β β β η β η

β η β

=

= = =

= + + +

+ +

∑

∑ ∑∑

8
2

0 9 00
1

8 8 8

0
1 1

i i
i

i i ij i j
i i j i

a v

v v v
 

(12)

4  Experimental studies
As-spun CNT yarns with diameters of 3–30 μm can be 
utilized as superior novel piezoresistive sensors with 
excellent repeatability and stability for SHM. Both the 
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Figure 5: The mechanical structure of a regular braiding machine.

resistance and the stress of the CNT yarn have a linear 
behavior with strains up to 1% [21].

In the study, specimens were made using four-step 
braiding technology. The diameter of CNT threads was 
about 23 μm. Yarns were covered by a plastic film to protect 

Carbon nanotube thread
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B

Figure 6: The image of 3D braided composite preforms.
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Figure 7: Experimental setup of tension-tension testing.

Figure 8: SEM micrograph of the interior of braided composites.

A

B

Figure 9: The electric resistance changes of sensors in rows and 
columns.

Figure 10: Damage exists at columns 2, space = 38, a = 35.

them from deposition, and the exposed parts were coated 
with a 10-μm-thick copper coating. The technique may 
also be useful for composites made of an electrically non-
conductive fiber such as glass fiber. In the study,  a carbon 
nanotube thread was placed at every three carbon fiber 
carrier. In the test, the T300-6K carbon fiber was adopted. 
The surface braiding angle of the preform was 32.1°. The 
fiber volume fraction was 51.8%. The matrix was an epoxy 
resin TDE-86. The specimens were cured by RTM (resin 
transfer molding). RTM processing was completed using 
a radius engineering pneumatic injector with an injection 
pressure of 300 kPa into matched metal tools. The pres-
sure was increased to 650 kPa and the tool was heated at 
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a rate of 3°C/min to 250°C. The temperature was held at 
250°C for 240 min. The specimen was further heated at 
3°C/min to 300°C, and cured at 300°C for 120 min.

Two preforms of 3D braided composite produced by the 
four-step procedure are shown in Figure 6. All experiments 
were carried out in a SHIMADZU AG-250KNE test machine. 
A schematic of the test setup is illustrated in Figure 7.

The specimens with the CNT thread were cut from 
the material plates according to the ASTM D3039-76 spec-
ification. The dimensions of the testing specimens were 
length × width = 250 mm × 25 mm. The two ends of each 
CNT thread were covered with silver paste; two cable 
connectors were added again with silver paste in order to 
attach the bridge circuit for the resistance measurement. 
The conventional fixture was used for fatigue testing.

Tension-tension  fatigue  tests were performed at fre-
quencies of 5  Hz for  fatigue  stresses ranging from 55 
to 620 MPa. The SEM micrograph (see Figure 8) shows 
typical fatigue cracks of a composite occurred under ten-
sion-tension loading, in which one can obviously see the 
crack damage zone. The crack seems to be somewhat blunt, 
beyond which only little damage is observed. The voids are 
localized beyond the crack and along the crack lips.

In the present study, only the location of the X and Y 
directions of the 3D composite is discussed. The average 
resistance value of the CNT thread measured before 
loading is 197.4 kΩ in a row and 196.1 kΩ in a column.

The electric resistance changes in rows of the speci-
men under static tension loading 0.05% are shown 
in Figure 9A and B. The electric resistance changes in 
columns of the specimen are shown in Figure 10.

The bridge circuit can measure the resistance of the 
CNT thread in rows and columns of the specimen in real 
time. In Figures 11 and 12, the distribution of resistance 
changes of the CNT thread in rows and columns using the 
bridge circuit is plotted. The reason of different electrical 
resistance values at different positions is that the position 
of stress for the CNT thread inside the material is different.

In Figure 11, one can see that the internal defects 
of the composite material are relatively concentrated. 
Figure 12 shows that abnormal data mutations are more 
dispersed. Moreover, in the process of loading, the longi-
tudinal damage is sustained.

Based on Figures 11 and 12, it is demonstrated that 
the damage distribution and detection results using CNT 
thread sensors are consistent.
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Figure 11: Resistance changes of the carbon nanotube thread in a row.
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5  Conclusions

We propose a method for embedding a CNT thread as 
an internal sensor into a 3D braided composite material 
preform. The results show that the CNT thread has crack 
monitoring capability during dynamic loading and failure 
prediction before the damage occurs. This method can 
also be proposed for precise failure location prediction in 
3D braided composites.

We present an algorithm which improves the accuracy 
of damage detection. The new method using standardiza-
tions shows the excellently high performance of estima-
tions of damage size and locations.

As a result, it would be necessary to prove the prac-
ticality of an embedded SHM approach for 3D braided 
composite materials in SHM research, which will improve 
its reliability and may result in new and improved safety 
standards for inspections.
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