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Abstract

This work describes a novel method of embedded damage detection within glass fiber—reinforced polymer composites.
Damage detection is achieved by monitoring the spatially distributed electrical conductivity of a strain-sensitive multi-
walled carbon nanotube thin film. First, thin films were spray-deposited directly upon glass fiber mats. Second, using elec-
trical impedance tomography, the spatial conductivity distribution of the thin film was determined before and after
damage-inducing events. The resolution of the sensor was determined by drilling progressively larger holes in the center
of the composite specimens, and the corresponding electrical impedance tomography response was measured by
recording the current—voltage data at the periphery of the monitored composite sample. In addition, the sensitivity to
damage occurring at different locations in the composite was also investigated by comparing electrical impedance tomo-
graphy spatial conductivity maps obtained for specimens with sets of holes drilled at different locations in the sensing
area. Finally, the location and severity of damage from low-velocity impact events were detected using the electrical
impedance tomography method. The work presented in this study indicates a paradigm shift in the available possibilities
for structural health monitoring of fiber-reinforced polymer composites.
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structural monitoring approach,’? the possibility of
unseen damage growing to critical levels without detec-
tion is a serious cause for concern.

Due to the internal nature of damage within FRP
composites, several groups have focused on embedding
sensing methodologies into the layered architecture of a
composite stack sequence. Direct strain measurements

Introduction

For over 50 years, fiber-reinforced polymer (FRP)
composites have been used with increasing frequency in
retrofitted and newly fabricated structures. This utiliza-
tion spans the aerospace, wind turbine, automotive,
naval, and civil industries. The reason for their wide-
spread adoption is that FRPs feature high strength-
to-weight ratios, resistance to fatigue and corrosion, as
well as high conformability and tailorability to effi-
ciently meet design allowables. Despite these impressive
characteristics, FRPs are still susceptible to damage
due to a variety of scenarios, including overloading,
impact events, chemical penetration, multiaxial fatigue,
or a combination of any/all of the above. Such damage
tends to manifest in various modes, such as delamina-
tion, fiber—fracture or matrix—fracture, fiber—matrix
debonding, and matrix swelling. Damage typically
occurs on the subsurface within the laminate architec-
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ture of the composite, thereby making damage barely
visible to inspectors. As visual inspection is a common
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have been performed using embedded foil-based strain
gages™ and fiber Bragg gratings.” ® These are both
point-based methodologies that have high resolution
localized to the sensor position. However, to get a glo-
bal view of structural health, dense instrumentation and
interpolation methods must be implemented for dam-
age detection purposes. It has also been found that an
embedded optical fiber that has a diameter larger than
100 pm can lead to mechanical performance degrada-
tion.® Other groups have focused on embedding piezo-
electric sensors within the composite architecture for
acoustic emission detection”'® and ultrasonic ima-
ging.'"'* Acoustic emissions and ultrasonic imaging
allow for higher resolution damage detection within the
composite, but the presence of embedded piezoelectric
sensors and actuators cause a localized stress concentra-
tion and can initiate a crack, thus leading to a shorter
service life of the composite part.'*

To negate the issues of embedding macroscale sensors
within composite structures prone to complex damage
at the micromechanics level, others have used changes in
inherent or incorporated electrical properties of FRP
composites for structural health monitoring (SHM).
Several groups have measured the change in resistance
of the fibers in carbon fiber—reinforced polymer (CFRP)
composites while they are subjected to tensile and com-
pressive loads.!> '® In addition to characterizing CFRP
strain sensitivity, others have characterized changes in
their electrical properties due to incurred damage as a
result of transverse cracking,'® ' fatigue loading,”* and
delamination.”

For nonconductive FRPs like glass fiber—reinforced
polymer (GFRP) composites, carbon nanotube
(CNT)-based nanocomposites have been investigated
for in situ sensing. This work has been motivated by
observing the high piezoresistivity of individual
CNTs;**2° since this discovery, extensive work has
been conducted in characterizing how electrical changes
to these nanocomposites correlate to applied strain and
resulting damage. Much of this work involves incor-
porating CNTs into the epoxy matrix of GFRPs.
CNTs have been shown to not only enhance the
mechanical properties of GFRPs but also introduce
enhanced electrical conductivity to the epoxy matrix
(i.e. if the appropriate functionalization of CNTs is per-
formed prior to their dispersion).>’ ** Additional work
has demonstrated the sensitivity of these epoxy-based
nanocomposites to applied strain**** and damage.®* 3¢
Investigators have considered using CNT-based thin
films for strain sensing. Typically, most work in this
area involves manufacturing a thin film and affixing it
onto the structural surface to be monitored. In one
case, the CNT-based thin film was deposited directly
onto a glass fiber weave and embedded within a com-
posite structure for actual in situ monitoring.’” Unlike

conventional point-based strain transducers, CNT-
based thin films are sensitive to strain at every location
of the film and where they have been applied through-
out the structure. As long as a corresponding spatially
distributed electrical measurement method is available,
the inherently distributed strain sensitivity of CNT-
doped composites provides insight into both the loca-
tion and magnitude of induced damage.

For just over 30 years, medical- and geophysical-
focused research groups have been investigating the
application of a soft-tomographic imaging method
called electrical impedance tomography (EIT). EIT is
capable of determining the conductivity distribution
within a two-dimensional (2D) or three-dimensional
(3D) body bounded by electrodes. An EIT measurement
is taken by injecting current between two electrodes
while simultaneously measuring the electric potential at
the remaining electrodes. A full measurement consists
of several of these electrical current injection-potential
measurement patterns. The spatial conductivity distri-
bution reconstruction is ill-posed, and its calculation
has only been possible since the establishment of the
mathematical framework proposed by Calderon®® in
1980. Since then, several groups have created algorithms
to perform this reconstruction using one-step>”* or
iterative® * solvers for isotropic*** and anisotro-
pic***7 conductivity distributions. Very limited research
has been conducted to date to adapt this electrical ima-
ging modality to SHM applications; examples include
work by Loh et al.*® for strain/impact, Hou et al.*’ for
pH, Pyo et al.’® for corrosion, Lazarovitch et al.>' for
cracking, and Alirezaei et al.>>> for pressure/deforma-
tion monitoring. Despite creating a foundation for
future EIT work in SHM, more studies are required to
achieve embedded in situ sensing and to detect struc-
tural damage occurring within the material body.

This study introduces embedded spatial sensing for
SHM of structural components such as FRPs. First, a
strain-sensitive ~ multiwalled  carbon  nanotube
(MWCNT)—poly(vinylidene fluoride) (PVDF) film is
spray-deposited directly onto a glass fiber mat, which is
then embedded in a GFRP composite. Depositing the
MWCNT-PVDF thin film on the fiber mat allows for a
higher sensitivity to fiber damage, and the film is pro-
tected from ambient environmental conditions by the
encapsulating epoxy matrix. Second, EIT measure-
ments are taken to detect damage from drilled holes,
which represent well-defined damage. Once the sensitiv-
ity and resolution are established, EIT measurements
are performed to detect damage from a range of low-
velocity impact energies. EIT takes advantage of the
enhanced spatial strain sensitivity provided via
MWCNT-PVDF thin films by reconstructing its spatial
conductivity distribution in which a change in electrical
conductivity at each point is calibrated to the applied
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strain. The reconstructed spatial conductivity map thus
provides location and magnitude information of dam-
age. Finally, difficulties in measurement strategy and
theoretical reconstruction arising from the specimens’
anisotropic electrical conductivity (inherent with the
unidirectional glass fiber mats used) have been over-
come. This work establishes a foundation to enable a
field-deployable in situ spatial damage detection meth-
odology for GFRP composites.

EIT

EIT is a soft-field tomographic imaging method that
uses boundary voltage measurements from propagated
electric current to reconstruct the 2D or 3D conductiv-
ity distribution within an area or volume bounded by
measurement electrodes. A measurement is performed
by injecting a current between two boundary electrodes,
and the differential voltage is measured for the remain-
ing electrodes. To reduce electrode contact resistance
effects, voltage measurements are not taken for the pair
of electrodes used to inject current (where one is the
input and another is set to ground). This approach
allows for a more stable calculation of the voltage dis-
tribution for each current propagation.*> The recon-
struction of the conductivity distribution is based on
Laplace’s equation

V-(o-Vu)=0 (1)

In equation (1), o represents the scalar conductivity
distribution in the sensing area, and u is the corre-
sponding voltage distribution, where both can be
expressed as functions of spatial Cartesian coordi-
nates in 2D and 3D space. Because very few analytical
solutions are known for equation (1), it is typical to
perform these calculations numerically using the finite
element method (FEM). The 2D conductive area is
discretized into three-node triangular elements, where
each element (n) has a scalar conductivity value of o,.
In this study, each element is assumed to have a uni-
form conductivity. The numerical calculation is per-
formed using a weak formulation of Laplace’s
equation described as

” V¢ -0, Vu-dxdy=0 (2)
Q,

where ¢ is the linear shape function used to account for
the voltage at each node. To model the current injection
and ground boundary conditions, equations (3) and (4)
are applied at each electrode in the mesh

0
Ja,, a—u -ds =1 forall elements along E; (3)
v

E;

u+zy-op,- % =V, for all elements along E; (4)
Equation (3) requires that the current injected at a spe-
cific electrode (£;) must be normal to the surface of the
electrode and the total amount of current in the actual
measurement. Equation (4) governs the voltage drop
between the electrode and the conductive medium due
to contact resistance (z).**>*

Typically, Laplace’s equation is solved as a forward
problem, where the body’s conductivity distribution is
known, and the boundary voltage distribution is calcu-
lated. In the case of EIT, the spatial conductivity is
desired, whereas the boundary voltage values are
known (i.e. from experimental measurements), thus
necessitating the solution of the inverse problem. As
discussed previously, many reconstruction methods
have been created in the literature. For SHM, detecting
changes in the conductivity with respect to a baseline is
needed for damage detection. For this reason, the line-
arized reconstruction strategy developed by Adler and
Guardo® is used for normalized differential recon-
struction. Their reconstruction algorithm, called maxi-
mum a posteriori (MAP), is a one-step solver, which is
ideal for real-time measurements. For this reconstruc-
tion, two sets of boundary electrode voltage measure-
ments are required, where an initial measurement is
obtained and then compared to a measurement later in
time. The difference is calculated for each individual
voltage measurement (AV) and is then divided by the
corresponding initial measurement (V). The recon-
struction is based on

{f} - [(HTWH+/\R)_1HTW} {AV} (5)

Lo Vo

The MAP algorithm reconstructs the normalized dif-
ference conductivity vector {Ao/oy} and is composed
of the normalized change in conductivity for each cle-
ment (n) in the mesh using all the normalized differen-
tial voltage measurements between two points in time.
This reconstruction in equation (5) is mainly governed
by the sensitivity matrix (H), which correlates a small,
normalized change in conductivity in one element to a
normalized change in voltage at the boundary electro-
des. The sensitivity matrix takes changes from all the
elements into account, facilitating the reconstruction.
Normalized differential imaging has the advantage that
the injection current magnitude and the contact resis-
tance values do not play a role in the calculation of the
sensitivity matrix. The Gaussian white noise from the
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voltage measurements is taken into account in the var-
iance matrix (W), where

1
Wii= o (©)
where «; is the variance for the ith measurement. As
mentioned earlier, the EIT reconstruction is ill-posed
due to the higher number of eclements to reconstruct
than the available voltage measurements.

The ill-posedness of the inverse problem is overcome
through regularization, which typically imposes condi-
tions of smoothness to stabilize the reconstruction. In
this case, the regularization matrix (R) is based on a
Gaussian high-pass filter to implement smoothing. The
regularization hyperparameter (A\) must be determined
to specify how much smoothing is necessary. This is
accomplished by calculating the conductivity recon-
structions corresponding to different A values until the
signal-to-noise ratio (SNR) is a specified multiple of
the SNR of the voltage measurements. The ratio of the
voltage SNR (SNRy) to the SNR of the reconstructed
conductivity (SNR,) is termed the noise figure (NF)

_ SNRy

NF =
SNR,

(7)

The NF used in this work has been set to 1, follow-
ing the example of Graham and Adler.” A value of 1
is used to prevent over-smoothing of the reconstruction
by mandating that the SNR, of the reconstruction is
the same as SVR of the collected data.

Experimental methodology

To demonstrate the performance of EIT as an
embedded SHM methodology, a conductive and strain-
sensitive film needs to be deposited within the electri-
cally non-conductive GFRP structure. A MWCNT-
PVDF film was formulated and spray-deposited onto a
glass fiber mat, which was stacked with other glass fiber
mats and infused with epoxy to fabricate GFRP panels.
These specimens were characterized for their damage
resolution using progressively larger diameter holes
drilled in the center of the sensing area. In addition, sen-
sitivity to damage occurring at different locations across
the sensing area was also explored. Once the damage
sensitivity was determined, the impact damage detection
capability of the EIT method was investigated.

MWCNT-PVDF film fabrication

A two-part conductive film was formulated for spray-
deposition over large substrates. The first component
of the film formulation was based on an MWCNT-
poly(sodium  4-styrenesulfonate) (PSS)/N-methyl-2-

080*00
OOQ OOQ

Figure I. An illustration of the MWCNTs (black lines) in the
PVDF (blue spheres) latex solution is shown.
MWCNT: multiwalled carbon nanotube; PVDF: poly(vinylidene fluoride).

pyrrolidone (NMP) solution. The formulation started
with preparation of a 2 wt% solution of PSS (M, = 1
M; Sigma-Aldrich) that was dissolved in deionized
(DI) water using high-energy tip sonication (S-450D;
Branson) for a minimum of 10 min. An appropriate
amount of MWCNTs (SouthWest NanoTechnologies)
and a polar solvent called NMP (Sigma—Aldrich) were
mixed and added to the PSS solution. The NMP was
used as a coalescing agent for the PVDF particles, as
will be discussed later. This MWCNT-PSS/NMP solu-
tion was tip-sonicated for 30 min in an ice bath, which
was enough time to fully disperse the nanotubes.
Dispersion was achieved via steric stabilization between
the PSS and the MWCNTs;> the NMP also aided with
the dispersal of the MWCNTSs.”’

The second component of the formulation contained
a latex of 150-nm-diameter spherical particles of Kynar
PVDF suspended in an Aquatec surfactant solution
(Arkema). The solution was diluted to an appropriate
mass concentration using DI water. Just before spray-
deposition, the first component was mixed vigorously
into the second component. This created a segregated
network of MWCNTs that were unable to penetrate
the PVDF particles. The final solution prior to spray-
deposition was 14% solids weight content with 5 wt%
MWCNTs with respect to the solid content. Figure 1
shows an illustration of this segregated network of
MWCNTs in the latex solution.

Once the film formulation was fully incorporated, it
was spray-deposited using a Paasche VL-series air-
brush. The substrates, upon which the solutions were
sprayed, were unidirectional E-LR 0908 fiber mats
(Vectorply) cut into 381 X 381 mm? The substrates
were masked to contain six equally spaced sensing areas
of 78 X 78 mm?>. In addition, the mask also allowed
one to spray eight squares of 3 X 3 mm? along each
side of the square sensing area. The squares along the
film boundaries were used for the electrode pads and
were separated 6 mm apart. Once the film was spray-
deposited, the substrates were dried in an oven at 60°C
for 10 min. A representative dried film on a
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Figure 2. A photograph of the mask for one typical sensing
area is shown. The smaller squares along the film boundaries are
contact locations for the electrode pads.

unidirectional glass fiber mat is displayed in Figure 2,
in which one can see the electrode pads extending from
the main sensing area.

GFRP composite manufacturing

Once the MWCNT-PVDF film was deposited onto a
number of glass fiber mats, the GFRP composites were
laid up in a [0°/+45°/90°/—45°], stack sequence, for a
total of 16 layers. Using a vacuume-assisted resin trans-
fer molding (VARTM) process, the stacked glass fiber
mats were infused with a two-part epoxy system
(117LV/237; Pro-Set), which was cured at 27°C for 15
h and then at 80°C for 8 h. After completing the cure
process, the panels were cut (with a diamond abrasive
wet saw) into six specimens of 150 X 100 mm?® as
shown in Figure 3.

In order to allow for easy access to the sensing
layers, the glass fiber mats with the applied MWCNT-
PVDF films were only placed to be the top and bot-
tom plies of the composite laminate with the films fac-
ing out. Since epoxy is nonconductive, easy access to
the electrodes was facilitated prior to the infusion and
curing of the epoxy. Here, adhesive copper tape, with
a wax paper backing, was applied copper side down
on each electrode pad of the MWCNT-PVDF film
(prior to infusion) (Figure 4(a)). The tape was affixed
using conductive colloidal silver paint (Ted Pella).
After infusion, epoxy flowed around the applied cop-
per tape and adhered to it instead of the MWCNT-
PVDF film of the electrode pad (Figure 4(b)). A razor
blade was used to cut around the perimeter of the wax

W S |

bef 3y 9

| Rl lp »

<€ >

100 mm

Figure 3. Photograph of a GFRP specimen with embedded
MWCNT-PVDF film. The anisotropic nature of the conductivity

is indicated by the arrows.
MWCNT: multiwalled carbon nanotube; PVDF: poly(vinylidene fluoride);
GFRP: glass fiber—reinforced polymer.

paper tape backing. The wax paper was then detached
from the conductive adhesive of the copper tape, and
the tip of the knife was used to peel back the wax
paper with encasing epoxy attached. To guarantee a
good electrical connection, a top coat of colloidal sil-
ver paint was also applied to each exposed electrode
(Figure 4(c)). The conductive electrode pad was then
exposed and was used for performing the EIT mea-
surements. Final preparation of each specimen
involved uncovering all 32 electrodes.

Anisotropic spatial conductivity considerations

Due to the stacking sequence, the outer plies had a fiber
orientation of 0° direction, which lies in the vertical
direction as shown in Figure 3. As a result, the conduc-
tivities in the vertical direction are approximately twice
that of the horizontal direction. To accommodate this
anisotropic conductivity, the scalar conductivity values
in equations (1) to (4) became matrix values with non-
zero diagonal components. Therefore, the conductivity
for each element can then be expressed as

Downloaded from shm.sagepub.com at PENNSYLVANIA STATE UNIV on February 18, 2016


http://shm.sagepub.com/

230 Structural Health Monitoring 12(3)
Wax-Paper Backing Wax Paper Backing Sitver Paint
& 8, % g
- - :;) \< :;: ‘<
Silver Paint Silver Paint Silver Paint

MWNT-PVDF Paint

(a)

MWNT-PVDF Paint

(b)

MWNT-PVDF Paint

(c)

Figure 4. A schematic representation of an exaggerated layout of the procedure for the electrode pad placement is presented.

MWCNT: multiwalled carbon nanotube; PVDF: poly(vinylidene fluoride).

The ratio of the directionally dependent conductivity
values of ¢ and ¢ for the vertical and horizontal
directions, respectively, was assumed to be the same for
each element and determined by taking two-point probe
resistance measurements across the sensing area, via the
applied electrodes and in the directions indicated.

In the normalized differential reconstruction, only
the scalar values of o] were reconstructed and not the
full matrix. The degree of anisotropy was assumed to be
the same across the sensing area, with the scalar value
of the conductivity (o) allowed to vary. This approach
had been used before for other anisotropic EIT conduc-
tivity mapping applications.*®*’ Introduction of the ani-
sotropic conductivity into the sensitivity matrix was
straightforward, where the conductivity matrix was
directly applied to equations (2) to (4).*’ The anisotro-
pic conductivity changed the EIT approach in two ways,
which were the calculation of the sensitivity matrix and
the pattern with which the current was injected. Figure
5 illustrates the current injection pattern used in this
study, where the blue lines connect the injection—ground
electrode pairs. As indicated in Figure 5, electrical cur-
rent is directed to flow transverse and diagonal to the
vertical direction due to the anisotropic nature of spatial
conductivity. If current is propagated in the vertical
direction, the current distribution does not spread trans-
verse to the current path, which leads to differential vol-
tages of zero at the boundaries.

EIT data acquisition

As mentioned in section “EIT,” sets of current
injection—boundary voltage measurements were required
for solving the EIT inverse problem. A customized
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Figure 5. Schematic representation of the current injection
pattern used due to the anisotropic conductivity of the
embedded MWCNT-PVDF films is shown. The blue lines
indicate current injection pairs, and the thick black lines along
the boundaries are the electrodes.

MWCNT-PVDF: multiwalled carbon nanotube—poly(vinylidene fluoride).

acrylic fixture with 32 spring-loaded pins was designed
for interrogating the test specimens (Figure 6). This
acrylic fixture was designed to fit directly over each
composite specimen, and each of the spring-loaded pins
was aligned with the corresponding film boundary elec-
trode. The pins were positioned such that each contact
head landed nominally at the center of the correspond-
ing electrode. Boundary voltage measurements were col-
lected using an Agilent 34980A multifunction switch/
measure unit equipped with a 34932A matrix switch. A
Keithley 6221 alternating current/direct current (AC/
DC) source was also connected to the Agilent 34980A
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Figure 6. A customized fixture is used for obtaining EIT
measurements. The image also shows a specimen undergoing
the damage sensitivity characterization study after a 3.18-mm-
diameter hole has just been drilled.

EIT: electrical impedance tomography.

switch for current generation and grounding. The cur-
rent amplitude used in this study was a 100-pA DC
source.

Damage sensitivity characterization

Progressively larger holes were drilled in the center of
GFRP specimens for determining the damage detection
resolution and sensitivity limit of the EIT method
(Figure 6). The specimens were secured and mounted
in a drill press while connected to the EIT measurement
setup. Using titanium nitride—coated bits, holes of vary-
ing diameter (1.59, 3.18, 4.76, 6.35, 7.94, 9.53, and 12.7
mm) were drilled at the center of each specimen. An
EIT measurement was taken before and after each hole
was drilled. The EIT spatial conductivity reconstruc-
tions were performed in reference to the pristine pre-
holed specimen.

In addition to characterizing the damage severity at
the center of the sensing area, the sensitivity of EIT to
damage occurring at different locations within the sen-
sing area was also characterized. To perform this char-
acterization, a 3 X 3 grid was drawn on a specimen as
shown in Figure 7. In the center of each region, a 6.35-
mm hole was drilled; the sequence of drilling was based
on the numbers shown in Figure 7 (starting with the
center). After every hole was drilled, an EIT measure-
ment was performed. Once again, the EIT spatial con-
ductivity images were reconstructed in reference to the
pristine specimen.

Impact damage detection

With the sensitivity to prescribed damage sizes charac-
terized, the proposed EIT technique was also investi-
gated for detecting different magnitudes of impact

B

R ALY YR i) &
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Figure 7. A representative specimen used for the damage
sensitivity study is shown. A total of nine 6.35-mm holes have
been drilled.

damage. Following the ASTM standard D7136, speci-
mens were subjected to nominal values of 20, 60, 100,
and 140 J of incident impact energies, using an instru-
mented Instron Dynatup 9250G drop-weight tester. The
specimens were mounted in the tester with free—free
boundary conditions and then impacted using a 38.1-
mm-diameter hemispherical tup. EIT measurements
were taken before and after each impact event. The
reconstructions were conducted in reference to the initial
measurement of the undamaged specimen. To verify the
EIT response, the specimens were compared to the
photographs taken after the impact events.

Results and discussion

Hyperparameter calibration results

As has been discussed in section “EIT,” a regulariza-
tion hyperparameter must be determined for smoothing
and stabilizing the EIT inverse problem. To find this
parameter, a 6.35 mm hole has been drilled in the cen-
ter of a pristine specimen as shown in Figure 8. EIT
boundary electrode measurements have been acquired
before and after drilling. Then, EIT spatial conductiv-
ity reconstructions have been performed using the two
datasets and with varying hyperparameter values rang-
ing from 107 to 10'°. For each reconstruction, the NF
has been calculated using equation (7), and the results
are plotted in Figure 9. Using linear interpolation, the
hyperparameter that corresponds to an NF of 1 has
been determined and used for the remainder of this
study.
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Figure 8. A GFRP specimen is shown with a 6.35-mm hole
drilled in the center. This specimen was used to determine the
hyperparameter.

GFRP: glass fiber—reinforced polymer.

The EIT reconstruction that corresponds to the
hyperparameter with an NF of 1 is shown as a red cir-
cle in Figure 9. First, as described in section “EIT,” the
EIT algorithm employed in this study solves for the
relative or normalized change in spatial conductivity
(equation (5)). Thus, the EIT spatial conductivity maps
only show relative conductivity changes, where the nor-
malized change in conductivity of each element in the
EIT FEM model (Ao y) is defined as

Aoy = = 100% 9)
0o

Figure 10 shows the EIT spatial conductivity map
for the drilled specimen shown in Figure 8. The
decrease in conductivity that corresponds to the drilled
hole can be easily discerned in the center of the sensing
area. One aspect of this reconstruction is the positive
change of conductivity that is located outside the cir-
cumference of the drilled hole. This phenomenon tends
to happen with many EIT reconstruction algorithms,
where a sharp change in conductivity will cause the
reconstruction to slightly trend toward the opposite
magnitude (faint yellow ring) before converging again
to the actual conductivity distribution in the vici-
nity.***”3% The two circular areas, one on the top left

10°

—
(=]
©

Noise Figure
—
<

—_
(e}
E)

10+ , . .
10? 10¢ 10 108

A

1010

Figure 9. Noise figure is determined and plotted for values of
hyperparameters ranging from 102 to 10'°. The hyperparameter
with an NF of | is indicated with a red circle and has a value of
A =4539 x 10%

0 20 40 &0 78
X [mm)

Figure 10. The normalized spatial conductivity map for the
specimen with a 6.35-mm center hole is shown. This
reconstruction uses the hyperparameter that yielded an NF of |.
The dashed white circle indicates the location of the actual
drilled hole.

EIT: electrical impedance tomography.

and another on the bottom left in Figure 10, are likely
due to this phenomenon.

Damage sensitivity characterization results

EIT damage sensitivity characterization studies based
on the procedure outlined in section “Damage sensitiv-
ity characterization” have been performed. EIT spatial
conductivity maps corresponding to the variations in
drill-hole sizes and lateral hole placement have been
reconstructed using the hyperparameter determined in
section “Hyperparameter calibration results.” This
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Figure 1 1. The spatial conductivity maps for the drilled holes with diameters of (a) 1.59 mm, (b) 3.18 mm, (c) 4.76 mm, (d) 6.35

mm, (e) 7.94 mm, (f) 9.53 mm, and (g) 12.7 mm are shown.

study allows one to characterize the method’s damage
detection resolution and the sensitivity to damage
located at different positions within the sensing area.
First, a set of representative EIT reconstructions cor-
responding to a specimen subjected to different drill-hole
sizes is shown in Figure 11. From Figure 11(b), one can
see that the damage due to a 3.18-mm-diameter drilled
hole is detectable, although the normalized change in
conductivity is comparable to the level of background
noise. This contrast continues to grow with increasing
hole sizes, resulting in a contrast of about —1000% for
the 12.7-mm hole. While the theoretical normalized
decrease in conductivity (equation (9)) is —100%, it is
thought that the exaggeration observed in the results
shown in Figure 11 is due to the anisotropic model. The
degree of anisotropy might be higher than that measured

using the resistance measurements. Nevertheless, the
algorithm has successfully indicated the location and
relative severity of enlarging damage from drilling.

To quantify the response due to the drilled holes, a
damage severity metric (2) based on integrating the
normalized EIT spatial conductivity response has been
defined as

EN: JUNdA for : ony<0
Q

(10)

The integral in equation (10) is performed over a subset
of the sensing area €, which consists of only elements
with negative values of o (i.e. due to damage). In this
case, Q is a square region of 30 X 30 mm? in the center
of the sensing area. 3y has been calculated for each of
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Figure 12. The calculated damage severity metric 3 from EIT
conductivity maps is plotted as a function of drilled center hole
diameter.

EIT: electrical impedance tomography.

the EIT spatial conductivity maps corresponding to the
different drill-hole diameters. The resulting values for
3,y are plotted as a function of hole diameter, as shown
in Figure 12. A distinct linear trend between 3, and
hole diameters from 3.18 to 12.7 mm is observable. This
linearity not only indicates the smallest damage the
algorithm can detect (e.g. a hole diameter of 3.18 mm
relative to a sensing area of 78 mm) but also validates
the use of a linear EIT reconstruction algorithm. The
smallest detectable contrast is a function of the number
of independent differential voltage measurements, or
448 in this case, and it given by’”

1
X100% = ——— X100% =4.72%

From equation (11), the commonly accepted resolution
of this approach is consistent with that determined by
measurement. Furthermore, the center of the sensing
region has the lowest sensitivity due to the distance from
the electrodes,* so smaller sized damage may be detect-
able if they are located closer to the film boundaries.

In addition to characterizing EIT response to damage
size, the method has also been tested for its sensitivity to
the location of damage. The EIT reconstruction has been
performed for each set of measurements corresponding
to each drilled hole, as have been explained in section
“Damage sensitivity characterization.” The results are
presented in Figure 13. Figure 13(a) shows the EIT
reconstruction for a 6.35-mm hole located in the center
of the sensing area (i.e. the first drilled hole). The recon-
struction shows a localized change in spatial

Res= (11)

Meas g

conductivity, although the results are elongated along the
vertical direction. This effect is thought to be due to the
anisotropic model, where the characterizing resistance
measurements might not capture the correct anisotropic
conditions. For the normalized spatial conductivity maps
shown in Figure 13(b) to (g), it can be seen that holes
drilled in the top and bottom rows are clearly detected.
However, Figure 13(h) and (i) shows that damage corre-
sponding to those locations can be detected, but the
reconstruction pushes the localized changes in conductiv-
ity toward the center of the sensing area. Again, it is
hypothesized that this is due to a discrepancy between
the anisotropy of the conductivity distribution and that
accounted for in the EIT reconstruction model. Despite
these effects, when the corresponding response to each
hole is characterized using the 3y metric, the response is
fairly linear with respect to the number of holes present
(Figure 14). It should be mentioned that the domain of
integration, Q in this case, has been set to the entire sen-
sing area (due to the distribution of hole across the entire
sensing area). The linearity of the response further vali-
dates that the linear MAP reconstruction approach is
appropriate for these measurements.

Impact damage detection results

Section “Damage sensitivity characterization results”
has shown that the proposed film-enhanced composite
specimens and EIT technique are able to detect and
measure the location and severity of damage simulated
by drilled holes (i.e. full penetration of the MWCNT-
PVDF film and composite specimen). However, dam-
age due to impact is far more complex and does not
always cause damage to the exterior plies. Thus, follow-
ing the procedures in section “Impact damage detec-
tion,” a series of tests has been conducted for
characterizing both the film and EIT’s ability to detect
impact damage. The experiment has been designed
such that 20 and 60 J of incident impact energies do
not impart fracture damage to the exterior plies, and
damage is confined within the internal structure of the
multilayered GFRPs. While two films have been
embedded in each GFRP specimen (one near the top
or close to impact and another near the bottom), the
discussion will only focus on the bottom film.

Figure 15(a) and (c) shows two representative speci-
mens impacted at 20 and 60 J of the nominal impact
energies, and they do not cause apparent visual damage.
Unlike visual inspection, EIT provides greater sensitiv-
ity to damage and can provide information regarding
damage occurring internal to the material. The corre-
sponding EIT spatial conductivity maps for specimens
subjected to 20 and 60 J of impact are shown in Figure
15(b) and (d), respectively. It can be observed from
these figures that the MWCNT-PVDF film and EIT
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Figure 13. Normalized spatial conductivity maps for 6.35-mm holes drilled at different regions are shown. Each image corresponds
to EIT measurements taken after a new hole has been created in the (a) center, (b) upper left, (c) lower right, (d) upper right,
(e) lower left, (f) upper center, (g) lower center, (h) center left, and (i) center right of the 3 X 3 grid.

EIT: electrical impedance tomography.

method successfully capture changes occurring internal
to the structure. In addition, the normalized conductiv-
ity change for the 60-J impact case (Figure 15(d)) is
more significant than the 20-J impact case (Figure
15(b)), which is as expected due to higher magnitudes of
plastic deformation. The responses of the film closer to
the top/impacted surface are not discussed here, because
the conductivity change is negligible, which is consistent
with other studies.”® If this had been a composite air-
craft wing, this damage would likely be invisible to the
naked eye, remaining undetected for long periods of
time and growing to critical levels.

As mentioned earlier, the specimens have also been
impacted with 100 and 140 J of impact energies. For the
100-J impact energy case, Figure 16(a) clearly shows
signs of visible damage to the outermost layer of the
GFRP. This severe damage has also been effectively cap-
tured by EIT, as can be seen from the EIT reconstruction
shown in Figure 16(b). Furthermore, the specimen that
has been subjected to 140 J of impact energy also shows
the same type of severe surface damage as shown in
Figure 16(c). Once again, impact damage is successfully
captured by the EIT reconstruction of the MWCNT-
PVDF film, as can be seen from Figure 16(d). Significant
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Figure 14. 3 has been calculated using EIT conductivity maps
and plotted as a function of the number of drilled holes.
EIT: electrical impedance tomography.

decreases are observed in the normalized conductivity
near the vicinity of impact damage. It should be noted
that the fracture in the center of the bottom face seems
to elicit a spatial conductivity response that is elongated
in the vertical direction. This is consistent with the
response due to a 6.35-mm hole drilled in the center, as
shown in Figure 13(a).

To quantify the EIT reconstruction results to the
various impact events, the X, metric is once again
implemented. This time, Q is specified to be the entire
sensing area due to the fact that the damaged area is
likely to extend beyond the area of impact. The cumu-
lative results are presented as an average (mean) of the
responses from each level of impact energy, which is
shown in Figure 17. The error bars are calculated as the
standard error of the mean. Figure 17 shows that the
damage metric becomes more negative as impact energy
has increased from 20 to 60 J. However, a sudden
increase in the amount of damage has been observed
after 100 J of impact (and similarly for the 140-J impact

@ tpsPpansn

0
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5
100 &
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Figure 15. GFRP specimens have been subjected to low-velocity impact testing. (a) The photograph and (b) EIT reconstruction of a
specimen subjected to 20 | of impact is shown. (c) The photograph and (d) EIT map of a specimen subjected to 60 | of impact is also
shown. The results suggest that EIT can detect the location and differences in magnitude of impact damage when it is not visible

from the surface.

GFRP: glass fiber—reinforced polymer; EIT: electrical impedance tomography.
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Figure 16. GFRP specimens have been subjected to impact testing. (a) The photograph and (b) EIT reconstruction of a specimen
subjected to 100 ] of impact is shown. (c) The photograph and (d) EIT map of a specimen subjected to 140 | of impact is also shown.
GFRP: glass fiber—reinforced polymer; EIT: electrical impedance tomography.
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Figure 17. The response of the EIT images of embedded
MWCNT-PVDF films to increasing damage due to impact on
several specimens, as indicated by the 2y metric is summarized.
EIT: electrical impedance tomography; MWCNT-PVDF: multiwalled
carbon nanotube—poly(vinylidene fluoride).

case). This result is expected since a large change in
conductivity occurs due to localized fracture, which has
already been observed in Figure 16(a) and (c). Since
fracture is present in both of the 100- and 140-J impact
cases, it is not surprising that they exhibit roughly the
same amount of damage (i.e. as have been quantified
using the damage metric 2 y). From these results, it has
been demonstrated that EIT spatial conductivity map-
ping of embedded MWCNT-PVDF films is able to
detect, locate, and determine the severity of damage
induced by impact upon GFRP composites.

Conclusions

This study serves as a step toward introducing EIT as a
next-generation SHM methodology that can be used in
conjunction with MWCNT-PVDF films for embedded
damage detection. First, a strain-sensitive MWCNT-
PVDF film assembled using spray fabrication was dis-
cussed. The fabrication methodology was scalable and
therefore appropriate for deployment onto large
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structures, while still maintaining sensitivity to smaller
scale damage mechanisms. Second, an EIT differential
spatial conductivity mapping algorithm was proposed
and implemented. The conductivity distribution of the
spray-deposited sensor on unidirectional glass mats was
found to be anisotropic in nature. Thus, the conductivity
anisotropy was incorporated into the one-step linear
MAP reconstruction algorithm as part of EIT. Then,
the EIT algorithm was characterized for its resolution
and sensitivity to the well-defined damage induced from
a drilling operation with a systematic variation in hole
diameter and location. Additional validation studies
were also conducted to verify the ability of the algorithm
to detect various levels of low-velocity impact damage
on GFRP composites. Although more development is
necessary prior to the implementation of EIT for specific
applications, the work presented here has shown the
potential value that EIT offers for SHM applications.
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