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ABSTRACT 

The integrity and safety of metallic structures can be jeopardized by structural damage (e.g., yielding, cracking, impact, 
corrosion) that can occur during operation or service.  While a variety of sensors have been proposed and validated for 
structural health monitoring, most sensors only provide data regarding a discrete point on the structure, thereby requiring 
densely-distributed sensors; however, such an approach may be infeasible for many structures due to geometrical and 
economic constraints.  In this study, a nanoengineered carbon nanotube-polyelectrolyte sensing skin is proposed for 
monitoring strain, impact, and corrosion of metallic structures.  Experimental validation studies have verified that these 
conformable films exhibit highly sensitive electromechanical and electrochemical responses to applied strain and 
corrosion processes, respectively.  Here, the proposed nanocomposite is coupled with an electrical impedance 
tomographic (EIT) conductivity imaging technique.  Unlike traditional point-based sensing transducers, EIT reconstructs 
two-dimensional skin conductivity distributions for damage identification of large structural components.  Since EIT 
relies solely on boundary electrical measurements, one does not need to physically probe each structural location for data 
acquisition.  Instead, any structural damage that affects the nanocomposite coating will produce localized changes in 
film conductivity detectable via EIT and boundary electrical measurements. 
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1. INTRODUCTION 

Metallic structures are constantly exposed to extreme environments and harsh operating conditions that pose as threats to 
the integrity and safety of the structure.  For instance, excessive mechanical loads can weaken structural components, 
foreign objects may impact the structure, and corrosion may cause degradation of surfaces. In some rare instances, 
degradation of the structure can lead to catastrophic structural failure. For example, stress-corrosion cracking caused an 
Aloha Airlines plane to rip apart in-flight in the 1980’s [1]. A more recent catastrophic failure is the Columbia Space 
Shuttle, which failed during reentry due to impact damage to the shuttle’s heat shield [2].  In addition to catastrophic 
structural failure, significant economic resources are invested in vigilant maintenance and repair regimes for aerospace 
structures.  For example, it has been estimated by the United States Air Force Corrosion Prevention and Control Office 
(AFCPCO) that more than $800 million is invested annually for corrosion maintenance [3].  Similar problems exist for 
other metallic structures such as bridges, pipelines, among others.  Clearly, there is a need for health monitoring of 
structures so as to avoid catastrophic failures and to minimize maintenance costs over a structure’s operational lifespan. 

While various structural health monitoring (SHM) techniques have been proposed, many methods are based on 
correlating changes in global structural properties to damage.  Unfortunately, localized damage cannot often be detected 
via modal-frequency variations or similar structural characteristics.  Even when sensors, such as strain gages, are 
instrumented to measure local structural responses, these sensing transducers only provide data at one discrete structural 
location.  Accurate damage detection requires either a dense network of strain sensors or reliable models correlating 
strain at a point to responses over the remainder of the structure.   

Unlike global-based SHM schemes, guided-wave techniques show tremendous promise for spatial damage detection on 
thin metallic structures [4, 5].  For instance, Giurgiutiu, et al. [6] have bonded piezoelectric wafer active sensors 
(PWAS) onto aluminum alloy aircraft panels to detect cracks and corrosion damage.  Using multiple arrays of 
piezoelectric sensors/actuators bonded to plate specimens, Lamb waves are generated and measured; reflected echo 
signals are then used to accurately detect damage due to hairline slits, seeded cracks, and impacts.  Similarly, Park, et al. 
[7] have also employed piezoelectric patches for detecting cracks developed in the welded zone of 1/8-scale bridge truss 
members.  By prescribing a damage threshold index based on the root mean square deviation of the measured response, 
cracks and loose bolts are detected via a similar Lamb-wave approach.  On the other hand, when combining distributed 
lead-zirconate-titanate (PZT) sensors/actuators with a wavelet-based active sensing technique, simulated composite 
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delamination locations are accurately identified by Sohn, et al. [8] on large 61 x 61 cm2 composite plates.  While the 
aforementioned guided-wave technique is fairly robust for identifying damage sites on structural surfaces, the 
computational demand increases dramatically while accuracy decreases when multiple damage sites are within the active 
sensors’ interrogation zone.  In addition, a dense network of piezoelectric sensors and actuators, combined with 
computationally-intensive algorithms, are still required for detecting small damage features. 

Alternatively, materials fabrication tools derived from the nanotechnology domain can be used to develop novel sensing 
techniques suitable for robust SHM.  In fact, carbon nanotubes and fullerene structures [9] possess tremendous promise 
for high-performance sensing with many researchers having demonstrated their applicability for physical, chemical, and 
biological sensing, actuation, and power harvesting [10].  Near- one-dimensional structures and large aspect ratios make 
carbon nanotubes ideal candidates for chemical and physical functionalization of various nanomaterials to achieve multi-
functionality.  Furthermore, their impressive mechanical and electrical properties at the nano-scale can be translated into 
tangible length-scales by incorporating them within polymeric thin film morphologies.  Such thin films are compatible 
with current corrosion-inhibiting coating systems widely used in the aerospace industry and can be employed for 
developing novel multilayer multifunctional active coatings (to achieve simultaneous sensing, actuation, power 
harvesting, among others) as has been proposed by Zunino [11]. 

In this study, chemical functionalization of single-walled carbon nanotubes (SWNT) is achieved by using various 
polyelectrolyte species to encode electromechanical (i.e., strain) and electrochemical (i.e., corrosion) sensing 
transduction mechanisms within one thin film architecture [12, 13].  Nano-scale sensing capabilities are scaled up to the 
macro-scale via homogeneous layer-by-layer (LbL) deposition of individual nanotubes percolated within a multilayer 
polymeric matrix.  These SWNT-based nanocomposite films, herein referred to as sensing skins, have been 
demonstrated to change electrical properties in response to applied strain and corrosion processes [12, 13].  Upon being 
coupled with an electrical impedance tomographic (EIT) spatial conductivity mapping technique which is capable of 
reconstructing the two-dimensional (2D) conductivity distribution of the sensing skins using only boundary electrical 
measurements, spatial sensing is achieved.  The conformable and non-invasive data acquisition nature of the proposed 
sensing skins makes them ideal candidates for SHM.  To demonstrate versatility and applicability for SHM, this study 
begins by validating the skin’s ability to detect tensile and compressive strains.  Sensing skins are then deposited on 
metallic structures (e.g., aircraft aluminum panels) for detecting spatially-distributed impact damage sustained from 
controlled pendulum strikes.  Finally, accelerated corrosion tests are conducted while sensing skins are employed to 
monitor the formation of corrosion byproducts. 

2. THEORETICAL FOUNDATIONS OF ELECTRICAL IMPEDANCE TOMOGRAPHY  

2.1 Forward problem: background and theoretical foundations 

Given any two- or three-dimensional (3D) linear isotropic medium (Ω) described by a time-invariant conductivity 
distribution (σ), Maxwell’s equations state, 

 E  (1) 

 sJEH    (2) 

where E is the electric field,  is the electric potential, H is the magnetic field, and Js is the current density of within the 
body Ω [14].  Electric field and current density are related by Js=σE.  Combining Equations 1 and 2, Equation 3 is 
derived when there is the absence of current supplied or generated within the body, Ω: 

   0   (3) 

For a two-dimensional body (e.g., thin film materials) with a direct current (DC) applied on the body boundary, Equation 
3 can be rewritten as the 2D Laplace equation (Equation 4) to describe current flow at every location within Ω (based on 
a Cartesian coordinate system [x, y]) [14, 15]: 

      0,,  yxyx   (4) 

Similarly, if an alternating current (AC) of frequency ω is applied to the body boundary, then the 2D Laplace equation 
becomes: 



 
 

 

 

      0,,,,   yxyx  (5) 

where the conductivity, σ, of Ω is replaced with the complex admittance, γ, to account for the body’s conductivity, AC 
signal frequency, and material permittivity (ε) as shown in Equation 6. 

  i  (6) 

From a continuum model’s perspective, it is assumed that there are no discrete electrodes and that the applied current is a 
continuous function along the boundary, ∂Ω [14].  Regardless, if the potential of the boundary () can be measured, the 
Dirichlet boundary condition states that 

     ,,,, yxVyx   at ∂Ω (7) 

where V is the measured boundary voltage drop. In addition, if the sum of input and output current along the entire 
medium’s boundary is zero (i.e., the line integral of current along the film boundary, ∂Ω, is zero), then Neumann’s 
boundary condition is satisfied as shown in Equation 8. 

   0 I  (8) 

Herein, the combination of the 2D Laplace equation (Equation 4 or 5) and Dirichlet-Neumann boundary conditions 
(Equations 7 and 8) is referred to as the Forward Problem for the continuum model.  The Forward Problem guarantees 
that the boundary potential () can be determined via a known and continuous boundary current function (j) applied to a 
body characterized by a continuum conductivity distribution function (σ) [14, 16].  

2.2 Finite element method (FEM) formulation 

Often, a continuum conductivity distribution function for an inhomogeneous medium with arbitrary geometry and a 
continuous applied boundary current function are unavailable for solving the Forward Problem.  Furthermore, the 
solution to the continuum 2D Laplace equation is mathematically rigorous and at times implausible.  Thus, a discrete 
approach such as the finite element method (FEM) is typically employed to provide a discretized numerical estimation of 
a body’s spatial conductivity distribution, where each discrete element of the FEM formulation is assumed to possess 
constant properties (in this case, conductivity) [14, 15].  As opposed to relying on a continuous boundary current 
function (j) which is practically unobtainable, the complete electrode model is implemented for finite element analyses 
[17].  In short, the complete electrode model discretizes the boundary into a finite number of electrodes (L).   

For the FEM formulation employed in this study, n triangular elements with second-order parabolic basis functions, wi, 
are employed.  The potential along the boundary of each element (|ΩE) can then be obtained by taking the sum of the 
three nodal (i.e., the vertices of the triangular element) potentials of each ith element multiplied by each of its 
corresponding basis functions as shown in Equation 9. 
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Upon determining each element’s nodal potentials (i), the entire set of nodal potentials are assembled to solve a 
variational or weak form of the 2D Laplace equation as described by Vauhkonen [14]. The set of linear equations 
compiled relates the element nodal potentials and measured boundary voltage drops (vn) with the known current input (I) 
to solve the Forward Problem. The reader is referred to Hou, et al. [15] for a more detailed discussion regarding 
triangular elements employed for the finite element method. 

2.3 Inverse problem: electrical impedance tomography 

In short, electrical impedance tomography relies on a complete set of simultaneous boundary current injection and 
voltage measurements to reconstruct the spatial distribution of body conductivity (herein termed the Inverse Problem).  
By its nature, the aforementioned mathematical Inverse Problem is ill-posed such that a unique solution may not exist for 
a given data set [14, 16].  Therefore, the Inverse Problem seeks to find the optimal spatial conductivity distribution that 
minimizes the difference between predicted boundary electrode potentials (as calculated by an assumed σ distribution in 
the FEM model) and with actual experimental boundary voltage measurements, v.  More specifically, each step of the 
iterative Inverse Problem updates each FEM element’s conductivity and solves the Forward Problem to determine the 



 
 

 

 

predicted discrete boundary potential.  Here, to solve the EIT spatial conductivity reconstruction, a regularized Gauss-
Newton iterative algorithm is employed to minimize the derived quadratic objective (or cost) function (f) shown in 
Equation 10 ([15, 18]): 

     2

2

1
vf    (10) 

The iterative Gauss-Newton algorithm is executed until the difference between the predicted boundary potential, (σ), 
and experimental boundary voltage measurements are within an acceptable error threshold (i.e., when f(σ) ≤ 0.05%).  
Upon convergence of the Gauss-Newton Inverse Problem, the Forward Problem (Section 3.1) is executed again for 
obtaining the reconstructed EIT spatial conductivity map.  Unlike other techniques such as backprojection which only 
provide relative spatial conductivity changes, this algorithm reconstructs the absolute film conductivity [16].  In fact, 
previous experimental studies conducted by Hou, et al. [15, 19] have verified that the reconstructed EIT conductivity 
images accurately estimate thin film surface conductivities to within 2.1% error when compared with surface two-point 
probe conductivity measurements.  The small experimental error obtained suggests that most of the conductivity 
variations can be attributed towards contact impedance uncertainties and measurement error during two-point probing 
[15].   

3. SENSING SKIN FABRICATION AND ELECTRODE PREPARATION 

3.1 Layer-by-layer self-assembly 

In general, layer-by-layer self-assembly is a simple, low cost, and versatile nanocomposite fabrication technique that 
enables the incorporation of a variety of nanomaterial and polyelectrolyte species to yield homogenous multifunctional 
thin films [20].  Thin film assembly is accomplished by dipping a charged substrate in opposite-charged solutions one 
after another until the desired film thickness is attained.  To date, the LbL technique has been employed for the design of 
high-strength polymer composites [21], sensors [12, 13], self-healing systems [22], among many others.  In addition to 
the LbL technique’s versatility to include a wide variety of nanomaterials, thin film composites can be assembled onto 
virtually any substrate material (including but not limited to glass, metals, and polymers). 

Sensing skins used during the experimental phase of this study are assembled onto glass or metallic elements (e.g., 
aluminum 6061-T6 alloys and carbon steel).  Skin fabrication begins by dipping a clean substrate in a polycationic 
solution, namely 1.0 wt. % poly(vinyl alcohol) (PVA), for 5 min.  Upon rinsing with 18 MΩ deionized water to remove 
any loosely-adsorbed polyelectrolyte species for 3 min, the specimen, along with its adsorbed monolayer, is dried using 
compressed air for 15 min.  In this case, polyelectrolyte and nanomaterial adsorption is based on electrostatic and van 
der Waals forces [20].  Then, the LbL process continues by immersing the substrate in another polyanionic solution such 
as SWNTs (Carbon Nanotechnologies, Inc.) dispersed in poly(sodium 4-styrene sulfonate) (PSS) for 5 min, followed by 
rinsing for 3 min and drying for another 15 min.  This process completes one cycle of the LbL fabrication process to 
deposit one nanocomposite bilayer and is repeated 50 or 100 times to yield the final sensing skin.  A more in-depth 
discussion on LbL fabrication and solution preparation is described by Loh, et al. [12, 13]. 

3.2 EIT boundary electrode preparation and data collection 

As mentioned in Section 2, EIT 2D conductivity maps are obtained from the sensing skin’s boundary electrical 
measurements.  Typically, equal number of electrodes along each of the four boundaries of rectangular sensing skin 
specimens is established by mounting down equidistantly-spaced header pins or conductive copper tapes.  Contact 
impedance is minimized and electrical connection is established by drying colloidal silver paste (Ted Pella, Inc.) 
between the electrodes and skin surface.  Finally, the colloidal silver paste is allowed to dry for 6 hours prior to 
experimentation.  To ensure adequate resolution of the reconstructed conductivity maps, specimens of different sizes are 
instrumented with different number of electrodes.  Nevertheless, all specimens used during the experimental phase of 
this study are instrumented with either L = 16 (e.g., Fig. 1a) or 32 electrodes.   

Once electrodes have been instrumented along the skin’s boundaries, spatial reconstruction of the film’s conductivity 
distribution is achieved by taking multiple sets of boundary electrical measurements while an electrical stimulus is 
applied to a pair of electrodes (Fig. 1a).  Here, a Keithley 6221 current generator is commanded to inject a regulated AC 
or DC signal into a pair of adjacent electrodes while a National Instruments (NI) data acquisition system (DAQ) is 
simultaneously employed to acquire the potential drop from all remaining electrodes.  Using a technique known as the 
adjacent or neighboring electrode method, a total of L(L-1)/2 sets of measurements are obtained for EIT reconstruction 



 
 

 

 

(where L is the number of electrodes) [14].  As mentioned in Section 2, the need to obtain an over-determined set of 
current-voltage input-output measurements is to address the ill-posed nature of the Inverse Problem. 

4. EXPERIMENTAL DETAILS, RESULTS, AND DISCUSSION 

4.1 Spatial strain sensing validation 

In previous studies conducted by Loh, et al. [12, 13], LbL-assembled nanocomposite sensors exhibit increasing 
resistivity (or decreasing conductivity) with increasingly applied strain.  Unlike other carbon nanotube-based strain 
sensitive composites fabricated via vacuum filtration, thermal evaporation, or epoxy-molding to form “buckypapers” 
films [23-25], the layer-by-layer-based films possess high deformation tolerance (at least ±10,000 µε) [13].  Moreover, 
electromechanical response to strain is linear until film failure.   

Fortunately, the application of electrical impedance tomographic spatial conductivity mapping avoids the issue of the 
sensing skin’s nominal resistivity decay.  By limiting the amplitude (~1 mA) and duration (~1 ms) of applied current 
during EIT, it has been shown by Hou, et al. [19] that consecutive EIT conductivity maps do not exhibit changes in the 
skin’s nominal conductivity.  The small amplitude and short duration of applied current and downtime between sets of 
boundary electrical measurements prevent significant changes in the films’ nominal electrical properties. 

To validate that EIT is capable of capturing skin conductivity changes due to applied strain, 50-bilayer sensing skins are 
deposited onto 25 x 25 mm2 glass substrates and affixed onto PVC Type I bars (30 cm long, 4 cm wide, 2 cm thick) 
using CN-Y post-yield epoxy (Tokyo Sokki Kenkyujo) for strain testing.  Upon sufficient epoxy drying (after 6 hrs), 
four header-pins are attached to each of the four boundaries of the square skin specimen, and colloidal silver paste is 
dried between the pins and film surface for electrical connection (Figure 1a).  Once the colloidal silver paste has dried 
after another six hours, the skin and PVC coupon is mechanically loaded with a one-cycle tensile-compressive load 
pattern to ±5,000 µε in an MTS-810 load frame (Figure 1b).  The load frame is commanded to pause at 2,500 µε 
intervals to allow EIT boundary electrical measurements and image reconstruction to take place (Section 3.2). 

Figure 2 plots the EIT conductivity maps of the 50-bilayer sensing skin strained at 2,500 µε intervals during the one-
cycle tensile-compressive load pattern to ±5,000 µε.  It can be seen from the 2D conductivity maps that the bulk of the 
skin’s conductivity decreases with increasingly applied strain (i.e., the negative percent change in conductivity increases 
with increasingly applied strain as shown in Fig. 2).  In addition, EIT conductivity mapping also detects non-uniform 
changes in skin conductivity due to localized strain concentrations.  Upon taking the average conductivity of computed 
2D spatial conductivity maps, it can be seen from Figure 3a that the average negative normalized change in bulk film 
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Fig. 1.  (a) A schematic illustrating the adjacent electrode measurement technique for electrical impedance 

tomographical spatial conductivity mapping (shown for an L = 16 electrode configuration). (b) 50-bilayer sensing 
skins deposited on glass epoxy-mounted onto PVC Type I coupons are mechanically loaded in an MTS-810 load 
frame.  



 
 

 

 

conductivity varies in tandem with applied strain; both plots of Figure 3a suggest excellent correlation with one another.  
Moreover, by plotting the relative change in film conductivity against applied strain, it can be seen from Figure 3b that 
the sensing skin exhibits excellent linear conductivity electromechanical response.  By computing the slope of the linear 
least-squares fitted line in Figure 3b, the strain sensitivity (Ss = [Δσ/σ0]/ε) is determined to be approximately 4.7.  This 
high strain sensitivity reiterates the spectacular performance of nanocomposite sensing skins for SHM applications; that 
is, its high sensitivity permits high-resolution detection of small changes in a structure’s induced strains. 

4.2 Spatial impact damage detection 

Upon validation of the strain sensing capabilities of the proposed nanocomposite sensing skins, this study is extended to 
detect distributed impact damage on large metallic plates (e.g., aircraft airfoils).  As opposed to depositing 
nanocomposites on glass (Section 4.1), the LbL process described in Section 3.1 is employed to deposit 50-bilayer skins 
on each side of 110 x 110 mm2 primer-coated aluminum 6061-T6 alloys.  Here, an additional layer of primer coating 
spray-painted onto the bare aluminum substrate is required for preventing electrical shorting between the skin and 
substrate during EIT data acquisition.  Since the physical size of elements during EIT FEM formulation is strictly 
dependent on specimen size and the number of electrodes, 32 copper tape electrodes (eight on each boundary) are 
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Fig. 3.  (a) (Top) a one-cycle tensile-compressive load pattern to ±5,000 µε is applied to each sensing skin specimen. 

(Bottom) it can be seen that the skin’s negative percent change in conductivity varies in tandem with applied strain. 
(b) The plot of normalized change in average film conductivity (-% Δσ) against applied strain confirms the skin’s 
linear strain sensing performance and an approximate strain sensitivity of 4.7. 
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(g) -5,000 µε 

 

 
(h) -2,500 µε 

 

 
(i) 0 µε 

 

 
(j) 2,500 µε 

 

 
(k) 2,500 µε 

 

Fig. 2.  (a) to (k) EIT spatial conductivity mapping is conducted at 2,500 µε increments to monitor the sensing skin’s 2D 
conductivity change. It can be seen that the sensing skin’s negative percent change in conductivity varies in tandem 
with increasingly applied strain. 



 
 

 

 

mounted on the plate boundaries to enhance sensing and EIT conductivity map resolution.   

In this phase of the experimental study, a custom-built pendulum test structure is employed to induce controlled-energy 
impact damage onto various locations on these large metallic elements (Fig. 4).  Each aluminum specimen is sandwiched 
between two sturdy plexiglass windows using six C-clamps to ensure fixed-fixed boundary conditions, and the entire 
setup is securely mounted to the pendulum base for impact testing (Fig. 4).  In order to induce impact damage, the 
pendulum tip with adjustable arm length (L) is lifted to a predetermined height (Δh) or angle () above the desired 
impact location.  The energy of impact is then calculated by assuming that the change in potential energy (PE = mgΔh, 
where m is the mass of the pendulum tip, which is 602.5 g) is completely transferred to mechanical strain energy to 
deform the aluminum substrate and skin.  It should be noted that the side of the plate directly impacted by the pendulum 
tip is referred to as the “back side” while the opposite side is labeled as the “front side.” 

Prior to testing, EIT boundary electrode measurements are collected and the corresponding spatial conductivity map is 
determined to characterize the front side and back side baseline (i.e., undamaged) images.  A total of four controlled 
impacts are then executed, one close to each corner of the specimen (details shown in Table 1).  Upon all four impacts, 
another set of EIT boundary electrode measurements are obtained for both the front and back sides of the aluminum 
alloy, and the reconstructed spatial conductivity maps are presented in Figure 5.  It can be seen from both the front and 
back side skins that the damage locations are accurately identified.  Moreover, the relative percent change in 
conductivity varies linearly with impact energy delivered (Fig. 6).  Higher impact energies causes larger percent changes 
in film conductivity due to greater localized deformations and strains.  These results confirm that the proposed sensing 
skins are capable of accurately identifying the severity and precise location of multiple distributed impact damages on 
large structural plate elements. 

It should be noted however that the front side Impact-01 damage cannot be identified from Figure 5.  From the 
photograph shown in Figure 5a, it can be seen that the front side skin does not undergo tearing.  In addition, visual 
inspection of the post-impacted plate confirms that very little deformation has occurred at the Impact-01 location due to 
the low applied impact energy of 0.19 J.  Nevertheless, upon rescaling the color bar employed in Figure 5b, damage at 
the Impact-01 location is easily identified; despite small deformations/strains at the Impact-01 location, the sensing skin 
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Fig. 4.  (a) A schematic illustrating the impact testing apparatus. The test apparatus is equipped with an adjustable arm 

(of length, L), tipped mass block (m = 602.5 g), and controllable height (Δh). (b) Skins deposited on aluminum 
6061-T6 alloy are mounted into the impact-loading test apparatus to deliver four controlled impact strikes. 

 

Table. 1.  Controlled impact damage on skin- and primer-coated aluminum plates 
 

Impact Number Location (Front) Arm Length (cm) Pendulum Angle (°) Impact Energy (J) 

Impact-01 Top right 24 20 0.19 

Impact-02 Bottom left 27.5 40 0.71 

Impact-03 Bottom right 27.5 60 1.63 

Impact-04 Top left 24 80 3.25 



 
 

 

 

and EIT technique are sensitive enough for detecting such small damage features.   

4.3 Spatial corrosion monitoring 

Finally, the multi-functionality and electrochemical sensing of corrosion byproduct formation using the proposed carbon 
nanotube-based skins is demonstrated for structural monitoring applications.  In order to perform accelerated corrosion 
tests, 100-bilayer sensing skins are deposited on primer-coated 25 x 25 mm2 carbon steel substrates as mentioned in 
Section 3.1.  Upon film fabrication, a total of 32 electrodes with eight electrodes on each side of the square skin is 
mounted using equidistantly-spaced header pins followed by colloidal silver paste application to minimize contact 
impedance and to establish reliable electrical connections.  Since the multilayer nanocomposite skins act as a mild 
corrosion inhibiting layer (thereby reducing the effectiveness of any accelerated surface corrosion processes), two 7 mm 
diameter circular patterns at opposite corners of the skin surface are mechanically etched; mechanical etching removes 
the skin and primer coatings to expose the bare steel substrate.  Then, 10 mm outer-diameter (7 mm inner-diameter) 
plastic wells are securely mounted over the etched holes via high-vacuum grease (Dow Corning) (Fig. 7), where the 
function of these plastic wells is to hold corrosive agents throughout experiments. 

As with Section 4.2, an initial EIT conductivity map of the non-corroded skin and substrate is obtained to serve as the 
baseline EIT conductivity map.  Then, in order to initiate fast corrosion byproduct formation (i.e., iron oxide or rust) 
within the exposed circular steel patterns, two different concentrations of sodium chloride (NaCl) solutions are 
employed.  Here, a 1.0 M NaCl solution is pipetted into Well #1 (top left of Fig. 7), and a 0.1 M NaCl solution is 
pipetted into Well #2 (bottom right of Fig. 7).  Each solution is pipetted into the wells for 5 min; then, the solutions are 
pipetted out and the specimen is air dried for three hours, followed by immediate EIT boundary electrical measurements.  
Fresh 1.0 M and 0.1 M sodium chloride solutions are then pipetted into each well for another 5 min, and the 
aforementioned process is repeated for a total corrosion exposure time of 90 min to track corrosion byproduct growth. 

 
(a) Front photograph 

 

   
(b) Front EIT conductivity map 

 

 
(c) Back photograph 

   
(d) Back EIT conductivity map 

 
Fig. 5.  EIT is employed to reconstruct the spatial conductivity 

distribution of the skins after four different magnitudes of 
controlled pendulum impacts [(i) – (iv)] have occurred as 
shown in (a) and (c) for the front and back sides, respectively. 
The reconstructed (b) front-side and (d) back-side EIT spatial 
conductivity images all verify the sensing skin’s impact 
damage detection capabilities (location and severity).  

 
Fig. 6.  The negative percent change in 

front and back sides’ film 
conductivity increases in tandem with 
increasing impact energies. 



 
 

 

 

Figure 8 shows select EIT spatial conductivity maps obtained after increasing sodium chloride exposure times.  From the 
images obtained from Figures 8a to 8h, it can be seen that the spatial conductivity near each well decreases over 
increasing corrosion times.  These results suggest that the multifunctional sensing skin employed in this study is capable 
of monitoring corrosion byproduct formation and is capable of identifying the degree and severity of corrosion damage.   

In order to obtain a more quantitative analysis of how skin conductivity varies with corrosion/salt solution exposure 
time, the average conductivity at each well is computed from the EIT conductivity maps and plotted as shown in Figure 
9.  It can be observed that both corrosion curves follow the same trend, where corrosion byproducts build up quickly 

 
 

Fig. 7.  A photograph of the actual accelerated corrosion testing specimen with 32 boundary electrodes and two 
plastic wells mounted over the etched circular holes.   

 
(a) 5 min 

 

 
(b) 10 min 

 

 
(c) 15 min 

 

 
(d) 20 min 

 

 
(e) 30 min 

 

 
(f) 45 min 

 

 
(g) 60 min 

 

 
(h) 90 min 

 

 
 

Fig. 8.  Sensing skins deposited onto primer-coated carbon steel are employed to detect corrosion byproduct 
formation due to short-term exposure to sodium chloride solutions in two circular wells. NaCl solutions are 
pippetted into each well, and the total exposure time is varied at 5 min intervals from (a) 5 min to (h) 90 min.  



 
 

 

 

during initial salt solution exposure and begin to plateau after 60 to 90 min of exposure time.  In addition, it appears that 
Well #1 holding the 1.0 M NaCl experiences greater changes in conductivity due to the higher concentration of salt 
solution used (Fig. 9).  While the differences between relative percent conductivity changes of Well #1 and Well #2 are 
minor, this is expected because both solutions are known to facilitate fast corrosion and damage to the exposed steel 
substrate.  Thus, the results from progressive EIT spatial conductivity maps verify that the proposed nanocomposite and 
EIT conductivity mapping technique is suitable for 2D corrosion damage monitoring.  Current work is in progress to 
determine the underlying electrochemical sensing transduction mechanisms that takes place during iron oxide buildup.   

5. CONCLUSIONS 

In conclusion, a novel layer-by-layer carbon nanotube-based nanocomposite skin is proposed for electromechanical (i.e., 
strain and impact damage) and electrochemical (i.e., corrosion) sensing.  When coupled with electrical impedance 
tomography spatial conductivity mapping, two-dimensional sensing is achieved over large structural surfaces.  Instead of 
probing every location on a structure’s surface, EIT enables the use of boundary electrical measurements for the 
reconstruction of the true spatial distribution of film conductivity.  Since film conductivity has been shown to vary with 
different damage processes, the severity of damage can be determined from relative conductivity changes. 

To showcase the multi-functionality of the proposed sensing skins, three different tests have been conducted, namely (1) 
spatial tensile-compressive strain sensing, (2) impact damage characterization, and (3) corrosion byproduct formation 
monitoring.  First, sensing skins have been demonstrated with the ability to measure spatial tensile and compressive 
strains during cyclic loading.  The strain sensing performance of the skins is linear, and the strain sensitivity is computed 
to be approximately 4.7.  Second, controlled-impact damage is induced on large aluminum plates while sensing skins 
deposited on both sides of the plate are used to monitor and identify impact damage location and severity.  Based on 
relative conductivity changes, the severity of the induced impact is clearly identified; it has been shown that changes in 
skin conductivity vary linearly with impact energy.  Furthermore, EIT allows precise pinpointing of where impact 
damage has occurred.  Finally, sensing skins deposited on steel surfaces also exhibit electrochemical response to 
substrate corrosion.  Progressive EIT spatial conductivity maps identify the levels of corrosion byproduct formation.  In 
addition, the EIT-based SHM technique is sensitive enough to detect corrosion buildup and differences between 
corrosion rates caused by different concentrations of sodium chloride solutions. 

In the near future, these skins will be applied onto structural elements to detect other damage processes such as fatigue 
cracks.  A more detailed analysis of mechanical performance for robust field applications will also be investigated.  
Since there are often multiple surface coatings on structural surfaces, these nanocomposite skins will be embedded 
within composite structures.  The ability for embedment within structural materials will make these novel sensing 
transducers attractive to both aerospace and civil engineering industries. 

 
 

Fig. 9.  The plot of EIT-computed average well conductivities versus corrosion times shows that both wells 
undergo similar corrosion rates and suggests plateauing of corrosion byproduct formation after 60 to 90 min. 
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