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ABSTRACT A carbon nanotube coated paper sensor has been
developed for the detection of damages in structural components. . : )
Electrical resistance tomography is used to measure changes in
electrical potential at various locations induced by applying a small |\ * j
electrical current to the sample. The spatial locations and magni-
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tudes of multiple damages are predicted accurately with a sensitivity

of 73 ppm in sensing area. The detection limit of the sensor is
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estimated to be 29 ppm in sensing area, which is at least 30 times better in sensitivity than previous results (0.1—0.65%) in the literature.
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atastrophic structural failures cause

significant physical and personal

losses, and thus, development of non-
destructive real-time health monitoring of
structural systems has been receiving much
attention.' The need exists in several fields
including civil aviation, spacecraft, military
vehicles, automobiles and other transporta-
tion systems, pressure vessels, and many
others. A variety of discrete sensors such as
strain gauges or piezoelectric transducers
have been used for detecting regions of
damage in real-time. However, many of the
methods, including those reported in the
literature and commercial products, are
prone to be inherently complex or incur a
weight penalty due to the weight of discrete
sensors and wiring requirements.” Electrical
resistance tomography (ERT) has been intro-
duced to overcome these disadvantages.’
ERT uses the material as a sensor without
any additional discrete sensor components
to diagnose damages on the material sur-
face. Changes in electrical potential at var-
ious locations are measured by applying
small electrical currents to the material. The
damaged spatial location and its magnitude
are predicted by solving the inverse problem
based on the measurements. For an object
with unknown electrical properties, recon-
struction of an image requires determination
of the internal conductivity profile of the
object from a finite number of boundary
measurements.
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Advances in nanomaterials have enabled
lightweight and highly sensitive devices for
damage detection in recent years. Carbon
nanotubes (CNTs) have been investigated for
enhancing structural performance of com-
posite materials with significantly reduced
weight and enhanced electrical conductivity,
and these developments could be used for
damage sensing and inspection,*'" as has
been done previously with other carbon
materials.'>'® ERT has been applied for spa-
tial characterization of the conductivity of
carbon nanotube composite thin films and
several groups have reported their initial ob-
servations using ERT and its variations."#~6
For example, two-dimensional damage
maps have been generated using electrical
impedance tomography to establish the
extent of damage at a given location under
impact loading.! Discontinuities as small as
0.1% of the area under inspection have been
detected using carbon fiber reinforced poly-
mer plates.* Mapping the response of the
film under investigation to varying pH of
the environment besides imaging the struc-
tural defects has also been demonstrated.>®
These developments are encouraging, how-
ever, predictability and sensitivity toward
small damages still need to be improved. In
this work, we focus on key parameters to
improve damage diagnosis, particularly the
sensing material and implementing efficient
image reconstruction of the damaged loca-
tion. We use carbon nanotube coated paper
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Figure 1. (a) A thin plastic tape with carbon nanotube coated paper to enhance physical durability, front (left) and back (right)
of the CNCP (d = 7 cm). (b) CNCP fixed with 16 electrodes, located around the CNCP boundary. Numbering of the electrodes is
clockwise starting from top (1 in red colored). The closest distance between two adjacent electrodes is 0.6 mm. Two
intentional damages (X1 and X2) are located at 1 cm from the CNCP periphery near electrode 1 and 12.

(CNCP) as sensing material here and show an order of
magnitude higher sensitively in damage detection
than previous literature results. The relative thin size
of the paper combined with the superior conductive
properties of CNTs allows sensitive detection of dam-
ages as shown here. Paper as a substrate has re-
ceived much attention in recent years for humidity
and gas/vapor sensors,'*'® energy storage devices'’
and many other applications. Adding a highly conduc-
tive material such as single-walled carbon nanotubes
(SWCNTs) either as a thin film or making a paper—CNT
composite increases the functionality to attractive
sensing opportunities, which is exploited here.'>'®

RESULTS AND DISCUSSION

The carbon nanotube-coated paper has several
advantages over other materials such as conductive
glass carbon panel or carbon-fiber-reinforced polymer
(CFRP). The CNCP is conductive cellulose, which is
easily modifiable, thin, flexible, and works under ex-
tremely low temperatures including cryogenic condi-
tions. However, it is prone to be damaged by external
forces due to the nature of paper and hence, it is well
suited for damage sensing.

The CNCP was prepared by deposition of dispersed
single-walled carbon nanotubes'”~"'® onto a 7 cm filter
paper (Figure 1a). Details are provided under Materials
and Methods. Electrical resistance tomography was
performed to measure changes in conductivity within
the CNCP due to intentionally induced damage. In
addition to detection of damage, the capability to
detect multiple damages was tested as it relates to
spatial sensing capability of the CNCP. Background
information on ERT, solution of the inversion problem
and related details?®*~?* are provided in Supporting
Information. Two intentional holes to simulate multiple
damages were introduced to the CNCP with two
different size needles, whose diameters were mea-
sured by a digital vernier caliper. The damages X1
and X2 (0.6 and 1.1 mm) were located 1 cm away
from electrodes 1 and 12, respectively (Figure 1b). The
injection current to the CNCP samples was limited by
the potential measurement system to 21 V. The ERT
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experiments were done under various injection cur-
rents to optimize the experimental conditions. The
highest injection current (20 mA) on sample A showed
the best result because the high current enables to see
a big potential difference by the damages (Figure 2d).

The reconstructed images in Figure 2d show two
damages clearly near electrodes 1 (top) and 12 (left
below), which can be shown simultaneously. However,
ghost images (noise) are also seen around electrodes
6 and 8 probably due to measurement artifacts.
As injection current decreases, the damages in the
reconstructed images begin to fade. Finally, the dam-
ages cannot be seen at the lowest injection current
(Figure 2a).

Figure 3 shows quantitative information on surface
conductivity change vs total damaged area on sample
A discussed above. The conductivity change is quanti-
fiable by standard deviation (o) of the z component,
surface conductivity of the reconstructed images in 3D
representation. In addition, the standard deviation is
statistically useful over mean of the surface conductiv-
ity because the damage response shows only less
conductivity with negative direction in 3D repre-
sentation.! For evaluation and comparison of recon-
structed 2D images, the 3D representation and quan-
tification of the reconstructed conductivity map are
critical because 3D images include the magnitude
information on damages. The key parameters such as
hyperparameter and induced electric current greatly
influence the constructed results (see Supporting
Information). Thus, the reconstructed images under
different parameter sets cannot be compared; how-
ever, if all the parameters are fixed and controllable, we
can compare the results relatively. On the basis of the
simulation results of related parameters described in
Supporting Information, even the smallest damage at
0.4 mm could impact on the entire sensor surface
conductivity.

The higher current enables to see the slope and
linearity increase (R) clearly as the total damaged area
increases. The slope increase from 0.4 x 107> to 2.4 x
1073, which is intercepted at 0, is proportional to the
current increase. At the smallest 0.28 mm? damage, the
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Figure 2. Conductivity map of damage locations within the same sample A, under various injection currents from 2.5 to
20 mA and total damaged area from 0.28 to 1.9 mm?Z. Two damages, X1 and X2, are located at 1 cm from electrode 1 and 12.
(a) Reconstructed images do not show any damage at 2.5 mA. However, reconstructed images show damages, X1 and X2,
(b) at 5 mA, (c) at 10 mA, and (d) at 20 mA. The highest response was obtained (d) at 20 mA at 1.9 mm? damage, which is used
to normalize the color legend of all images in relative and arbitrary units.
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Figure 3. Surface conductivity changes (o) of sample A
under various currents based on Figure 2. The higher
injection current, 20 mA, shows more linearity on surface
conductivity change (o) toward total damaged area. The
sample at 2.5 mA is not included because it shows out of
chart range. Measurement error (20) depicted within each
error bar.

relative standard deviation (RSD) in three consecutive
measurements is 20% due to the background noise.
This number reduces to 1% for the largest two dam-
ages, 1.9 mm? because the larger damages provide
stronger signal over the background noise.
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Damage detection capability was tested with other
samples with higher base resistance values (B and C) in
a similar way as described in Supporting Information.
However, they failed to show damages clearly from the
ERT as shown in Supporting Information Figure S2.
Therefore, we conclude that lower resistance (<1 MQ)
over the sample is required to inject higher current in
order to obtain clear response from the ERT technique.
The sensor response is clear with accurate spatial
locations and magnitude from the 0.6 mm size damage
on the CNCP in sample A. The experimental detection
limit from this result is 73 ppm or 73 x 10~ in area.

Repeat tests with different damage sizes from 1 to
3 mm by 1T mm size increase were done with sample
A’ for the purpose of calibration and derivation of
detection limit (Figure 4). The overall resistance of
the duplicated sample A’ is slightly lower than sample
A. The damages were made with corresponding size
metal drills. Larger size damages (1—3 mm) also show
accurate spatial locations and increased magnitude as
the damage size is increased (see Figure 4b). In Figure 4,
the noise level is relatively small and the damaged
location is pronounced. About the locations of de-
tected damages, we have simulated and quantified
these in Table S4 in Supporting Information. In sum-
mary, the size of the response area is orders bigger
than the size of the damage. Thus, the peak coordi-
nates are always within the response even if the
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Figure 4. Conductivity map of damage locations, sized from 0 to 3 mm, (a) sample A’ at 20 mA current injection, and (b) 3D
side view of images directionally from electrode 9 to electrode 1. Color legend of all images is in relative and arbitrary units.

TABLE 1. Surface Conductivity Change for Different Damage Sizes from 1 to 3 mm, in Standard Deviation of the CNCP

Surface Obtained from Figure 4,°

surface conductivity change (o) of the CNCP surface at three measurements

damage size (mm) 1 2
0 0.86 x 103 043 x 1073
1 273 x 1073 266 x 107
2 577 x 1073 5.86 x 107
3 891 x 1073 881 x 107

“The results were measured and calculated 3 times and averaged.

0.012
y =0.0029x
001 | R? =0.9967
0.008 -
0.006 -

0.004 Signal = 3 x noise

0.002

Surface conductivity change (o)

0 7‘ 1 2 3
Detection Limit ~ Damage size (mm)

Figure 5. Calibration curve, data obtained from Table 1,
using averaged standard deviation (o). The error bars show
measurement error (20).

distance errors can be up to 20 times of the damage
diameter. Table 1 shows the calculated o of the CNCP
surface conductivity obtained from Figure 4. Figure 5
depicts the damage size in mm versus surface con-
ductivity change in o.

The lowest detectable damage was limited by the
noise from the experimental setup. The standard de-
viation of averaged sensor noise from undamaged
CNCP surface is 0.37 x 1073 (see Table 1). According
to the IUPAC definition,>* when the signal-to-noise
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3 o oo
012 x 1073 082 x 1073 037 x 1073
265 x 1073 268 x 107 0.04 x 1073
582 % 1073 581 % 107 0.04 x 1073
879 x 1073 8.84 x 107 007 x 1073

ratio equals 3, the signal is considered to be a true
signal. Therefore, the detection limit can be extrapo-
lated from the linear calibration curve (Figure 5).

30

detection limit (mm) = ——
slope

With the above equation, the damage detection
limit is calculated to be 0.38 mm damage in 7 cm
diameter CNCP sensor at the average noise level. This
value is equivalent to 29 ppm or 29 x 107° in area.
Indeed, this derived detection limit is lower than the
smallest tested size of of 0.6 mm here.

The superior performance of the CNCP sensor can be
attributed to the relative thin size of the device enabled
by the cellulose paper and high conductivity of the
SWCNTs. The results for samples of varying resistance
values clearly indicate the need to have a low resis-
tance medium for sensitive detection. Our observation
with thick panel samples is similar to previous findings
including the detection limit to be much lower with
thicker panels. Though we could not vary the thickness
of the paper substrate itself here, we tested electrically
conductive Garolite glass carbon (ltem# 2235K4,
McMaster-Carr) with a sample diameter 12.7 cm and
thickness of 3.2 mm. The sensor response was clear
with accurate spatial locations and magnitude from a
3 mm diameter damage (quite larger than the 0.6 mm
minimum size tested here). The experimental detection
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limit from this test was 560 ppm or 5.6 x 10~*in area.
Thus, we conclude that the observed difference in
detection limit is mainly due to the increased thickness
of the above sample compared to the filter paper with
a thickness less than 0.2 mm including the plastic thin
film. A thicker sample has more possible electron
conductive paths in its three-dimensional sample
volume. As the sample gets thinner approaching neg-
ligible dimensions in that direction, electron motion will
be increasingly restricted to two dimensions. The
reduction of conducting paths in thinner samples then
increases the damage discontinuities relatively. Thus,
thinner, highly conductive, and low background noise
sample such as a nanomaterial thin films including
SWCNTs and graphene would be the best sensing
material for damage diagnosis using ERT.

Finally, we compare the damage detection perfor-
mance of our CNCP sensor with previously published
results. Ross et al.? tested CHO-SEAL 1285, a conductive
elastomer consisting of silver-plated aluminum parti-
cles in a silicone binder, sized 20.3 cm x 20.3 cm x
25.4 mm. They used a neural network-based damage
diagnosis model to solve the inverse problem. The
damage diameter was 18.5 mm and the detection limit
was 0.65% in area. Baltopoulos et al. used CFRP, sized
10 cm x 10 cm x 1.5 mm, with a damage diameter

MATERIALS AND METHODS

Carbon Nanotube Coated Filter Paper ((NCP). A total of 50 mg of
single-walled carbon nanotubes (SWCNTs) (Nano Amor) and
100 mg of SDBS (sodium dodecylbenezene sulfonate, Sigma-
Aldrich) were dispersed in 10 mL of deionized water.'”'® After
bath sonication (Branson) for 10 min, the SWCNT dispersion was
probe-sonicated for 2 h at 25 W (Misonix, XL-2000). The color of
the solution was getting darker with increased sonication. A thin
plastic tape was attached to the bottom of the filter paper to
enhance physical durability during any solution deposition
(Figure 1a, right). Dispersed SWCNT solution was deposited on
the filter paper (d =7 cm) using a paintbrush (Figure 1a, left) and
the samples were then air-dried. Deposition and drying were
repeated several times to reduce the resistance. Overall, an
extra coat can reduce the resistance to half the original value
(see Table S1 under Supporting Information).

Three samples with different resistance values (A, B, and C)
and one duplicate sample (A’) were prepared. The resistance
uniformity over the sample and the base resistance were
monitored and adjusted carefully by multiple depositions of
SWCNT solution with the paintbrush. The resistance between
two adjacent electrodes were measured and analyzed statisti-
cally to evaluate the sample uniformity before any damage
experiments (Table S1, Supporting Information). The CNCPs
show lower or comparable RSD (relative standard deviation, %)
compared to other commercially available thick panel samples
(for example, ABS/PVC or glassy carbon) and visually tighter
resistance distribution over 16 electrodes (see Figure S1 under
Supporting Information).

Measurement System. For ERT measurement, the current
needs to be injected into one electrode when another electrode
is set to ground and the remaining two electrodes are to set to
measure the voltage. The measurement system consists of a DC
source (Keithley 6430) and a switching unit with an internal
digital multimeter (Keithley 2701). The DC source delivers from
2.5 to 20 mA current to the ERT sample. The input current,
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of 3 mm and with the aid of EIDORS packages, could
detect discontinuities as small as 0.1% of the inspected
area.* Our results here show an order of magnitude
better sensitivity compared to these earlier reports.

CONCLUSIONS

Carbon nanotube coated paper (CNCP) has been
used as a sensor material to identify spatial structural
damages. The CNCP has several advantages over other
materials such as easy fabrication, very small thickness,
flexibility and low temperature operation down to
cryogenic temperatures. This highly conductive paper
has been made from aqueous carbon nanotube ink
with a surfactant. Boundary potentials are collected by
a circular 16-electrode array around the CNCP and
resistivity images are then reconstructed from the
boundary data. The ability to detect spatial locations
and magnitudes of multiple damages has been
demonstrated with a sensitivity of 73 ppm in sensing
area. In addition, we have assessed the detection limit
of CNCP sensor by ERT and the experimental results
show the limit as 29 ppm in sensing area, which is at
least 30 times better than previous results in the
literature. The small thickness of the paper substrate
and high conductivity of the SWCNTs enable the
observed sensitive detection of damages.

depending on the sample resistance, was limited by the digital
multimeter which is only able to measure up to 21 V.

ERT Measurement Scheme. Adjacent method was used for
signal stimulation and voltage measurements. This method is
more sensitive to variations in the resistance of damages near
the electrodes than in the center of the CNCP. Voltage measure-
ments involving the injecting or grounded electrodes were not
included in measurements. Thus, the current simulating started
from electrode 1—2 pair (Figure 1b, 1 in red colored) and the
voltage was measured from successive electrode pairs such as
3—4,4-5, .., 15—16, giving 13 voltage measurements. Voltages
across electrode pair, 1—2, 2—3, and 16—1 were skipped since
the current was injected from electrode 1—2 pair. Then the
second set of measurements was made with the current applied
at electrode 2—3 pair, giving a further 13 sets of voltage data.
This process was repeated generating a total of 16 x 13 = 208
voltage measurements. All the 208 data were used for the
image reconstruction.

Image Reconstruction and Statistical analysis. Images were recon-
structed using EIDORS (Electrical Resistance and Diffuse Optical
tomography Reconstruction Software) package,”?* and this
software package consists of four primary objects: forward
model, inverse model, data, and image. A finite element model
is used to solve the forward model in EIDORS. The inverse model
was performed using differential image reconstruction using
two data objects. One set was from the background with no
damage and the other set from the measurements with inten-
tional damages. For statistical evaluation of reconstructed
images, NaN-Tb statistics toolbox was used.
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Supporting Information Available: Base resistances and

damage responses of various CNCPs, ERT simulations to deter-
mine hyperparameter and detection limit, and ERT simulations
for moving damages. This material is available free of charge via
the Internet at http://pubs.acs.org.
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