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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 any time. While 
various sensors have been proposed and validated for structural health monitoring, 
most sensors only provide data at a discrete point on the structure. Here, a carbon 
nanotube-polyelectrolyte sensing skin is proposed for monitoring strain, impact, and 
corrosion of metallic structures. Experimental validation studies have verified that 
these films exhibit dramatic changes in electrical properties in response to applied 
strain and corrosion processes. The proposed sensing skin is coupled with an electrical 
impedance tomographic (EIT) conductivity mapping technique. Unlike 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, spatially-distributed structural damage 
can be identified by localized changes in film conductivity detectable via EIT. 

 
 

INTRODUCTION 
 

 The worldwide inventory of aging civil infrastructures, aerospace, and mechanical 
engineering systems have motivated the development of new sensing technologies for 
monitoring their long-term performance. In addition, these engineered systems often 
operate in harsh environmental conditions and are subject to extreme loading scenarios. 
In extreme cases, catastrophic structural failure has occurred due to the lack of a robust 
monitoring scheme to detect progressive damage. For example, corrosion of aircraft 
fuselages can cause over-stressing of rivets and the formation of stress-corrosion cracks 
which have caused an Aloha Airlines plane to rip apart during flight [1]. More recently, 
undiagnosed impact damage on the thermal insulation heat shield of the Columbia 
Space Shuttle have resulted to its fatal explosion during reentry. In addition, a 

_________________ 
 

Kenneth J. Loh & Tsung-Chin Hou, Ph.D. Candidates, University of Michigan, Dept. of Civil 
& Environmental Engineering, 2350 Hayward St., Ann Arbor, MI 48109-2125, USA.  
Jerome P. Lynch, Assistant Professor, University of Michigan, Dept. of Civil & Environmental 
Engineering, 2350 Hayward St., Ann Arbor, MI 48109-2125, USA. 



significant amount of economic resources are designated to maintain and rehabilitate 
existing structures, with more than $800 million invested annually for corrosion 
maintenance of the United States Air Force aeronautical fleet [2] and even more for 
bridges, pipelines, and civil infrastructure systems. 
 In order to mitigate the economic burden and risk of future catastrophic structural 
failures, a variety of sensing technologies and damage detection algorithms have been 
developed for structural health monitoring (SHM). Traditionally, SHM has relied on 
the correlation of global structural property variations to damage; however, such 
techniques cannot adequately detect localized component-level damage. Alternatively, 
densely instrumented strain gages have been employed to measure component-level 
structural response. However, strain gages can only provide data at a single structural 
location, and damage can only be estimated by interpolating between sensor locations. 
Having realized the limitations of point-based sensors, active sensing and guided-wave 
techniques have been employed for monitoring spatially-distributed damage on 
metallic structures [3-5]. Using a combination of inverse algorithms and measured sets 
of reflected echo signals by arrays of piezoelectric transducers, slits, cracks, and impact 
damage on thin metallic structural elements have been successfully detected [3-5]. 
Nevertheless, accurate damage identification requires a priori geometrical knowledge 
of the undamaged structure, and dense transducer arrays and computationally-intensive 
algorithms are needed to detect small damage features. 
 In this study, a multifunctional carbon nanotube (CNT)-polyelectrolyte (PE) thin 
film is proposed for monitoring strain, impact, and corrosion on metallic structural 
elements. Using a layer-by-layer (LbL) fabrication technique, PE-functionalized CNTs 
can be deposited onto any surface, and judicious selection of polyelectrolyte species 
allows the embedment of specific electromechanical (e.g., piezoresistivity) and 
electrochemical (e.g., pH and corrosion) sensing mechanisms. Instead of using these 
films as point sensors, large “sensing skins” are deposited onto metallic structures, and 
electrical impedance tomography (EIT) is employed to reconstruct the 
nanocomposite’s two-dimensional (2D) conductivity map. Since EIT relies solely on 
boundary electrical measurements, one does not need to physically probe the entire 
structural surface to identify damage location and severity. This paper begins with a 
brief discussion of the theory of EIT spatial conductivity mapping, followed by an 
overview of the LbL sensing skin fabrication technique. Upon depositing these sensing 
skins onto thin aluminum and steel plates, they are validated in the laboratory to detect 
tensile-compressive strains and spatially-distributed impact and corrosion damage. 
 
 
ELECTRICAL IMPEDANCE TOMOGRAPHY 
 
 Given any 2D linear isotropic medium (Ω) described by a time-invariant 
conductivity distribution (σ), the 2D Laplace equation (Equation 1) is commonly 
employed to model current flow and the development of a boundary electrical potential 
(φ) (based on a 2D (x, y) Cartesian coordinate system): 
 
 ( ) ( )[ ] 0,, =∇⋅∇ yxyx φσ  (1) 
 
Equation 1 assumes that electrical current I is neither supplied nor generated within Ω; 
thus, the flow of current within the body is due to current supplied at the body’s 



boundary. From a continuum model’s perspective, if the potential along the boundary 
can be measured, where φ(x, y) = v(x, y) (and v is the experimental measured boundary 
voltage), then the Dirichlet boundary condition is satisfied. In addition, if the sum of 
input and output current along the entire Ω boundary is zero, then Neumann’s boundary 
condition is satisfied. Here, the combination of the 2D Laplace equation and 
Dirichlet-Neumann boundary conditions is referred to as the EIT forward problem and 
guarantees that a theoretical boundary potential v can be determined from a known and 
continuous applied boundary current function and conductivity distribution, σ [6]. 
 However, the EIT forward problem cannot be easily solved in the continuum 
domain due to its inherent complexity, and often, a continuous applied boundary 
current function is practically unobtainable. Thus, a discretized weak form solution to 
the forward problem can be obtained using techniques such as the finite element 
method (FEM). Each finite element is assumed to have constant properties (e.g., 
conductivity) and is used to approximate the continuous 2D σ-distribution. In this 
study, n triangular elements with second-order parabolic basis functions are employed. 
The reader is referred to Hou, et al. [7] for details on implementing FEM with EIT. 
 As opposed to solving the forward problem, the specimen’s spatial conductivity 
distribution is usually unknown. Thus, the objective of EIT is to solve the inverse 
problem (i.e., to determine the 2D conductivity map) using given sets of applied current 
and measured boundary voltages. Since the inverse problem is ill-posed where a unique 
solution may not exist for a given data set, current is injected to all boundary electrode 
pairs to obtain an over-determined data set [6]. Then, an iterative Gauss-Newton 
algorithm is employed to minimize the difference between numerically predicted 
boundary potentials based on an estimated 2D σ-distribution and experimental 
boundary voltages. The iterative algorithm is executed until the predicted boundary 
potentials and measured voltages are within an acceptable error threshold of 0.05% [7].  
 
 
EXPERIMENTAL DETAILS 
 
Layer-by-Layer Sensing Skin Fabrication 
 
 The fabrication of multifunctional CNT-PE nanocomposites is accomplished using 
a layer-by-layer methodology. In short, the LbL technique entails the sequential 
deposition of oppositely charged nanomaterials suspended in aqueous solutions. 
Fabrication of thin films begins by dipping a clean substrate in a polycationic 1.0 wt.% 
poly(vinyl alcohol) (PVA) solution for 5 min. Then, the substrate and the adsorbed 
monolayer is rinsed in 18 MΩ deionized water for 3 min and dried for 15 min using 
compressed air. Deposition of the next monolayer continues by immersing the 
substrate in a polyanionic single-walled carbon nanotube (SWNT) solution for 5 min. 
Adsorption of individual and small ropes of nanotubes is ensured by adequately 
suspending SWNTs in a 1.0 wt.% poly(sodium 4-styrene sulfonate) (PSS) solution (via 
ultrasonication). Upon another rinsing (3 min) and drying (15 min) cycle, a 
(SWNT-PSS/PVA)1 one-bilayer film is formed (where the subscript denotes the 
number of bilayers); mechanically-strong and conformable nanocomposites are 
fabricated by repeating the aforementioned procedure. More details regarding skin 
fabrication and SWNT dispersion are presented in Loh, et al. [8]. 



EIT Electrode Preparation and Data Acquisition 
 
 In this study, 16 or 32 EIT electrodes are instrumented along the sensing skin 
boundaries. Accurate and precise electrode placement is ensured by using equidistant 
header pins or by affixing copper tape onto specimen surfaces. Conductive silver paste 
is applied between electrodes and the skin surface to minimize contact impedance. 
Upon specimen preparation, EIT boundary voltage measurements are obtained by 
introducing regulated current at a pair of adjacent electrodes, while voltage is measured 
simultaneously at all remaining electrodes. The adjacent electrode technique employed 
requires a total of L(L-1)/2 sets of measurements (where L = number of electrodes) [6].  
 
 
LINEAR STRAIN SENSING VALIDATION 
 
 Previous studies have validated that (SWNT-PSS/PVA)n nanocomposites’ surface 
resistivity measurements vary in tandem with applied strain [8]. To show that 2D EIT 
conductivity maps of large sensing skins also exhibit similar properties, 25 x 25 mm2 
skins are deposited onto glass substrates and are epoxy-mounted to PVC coupons for 
testing. Four EIT electrodes are mounted onto each side of the square skin for a total of 
16 electrodes. Upon specimen preparation, an MTS-810 load frame executes a 
one-cycle tensile-compressive load pattern to ±2,000 or ±5,000 µε; the load frame is 
paused at fixed intervals (1,000 or 2,500 µε, respectively) for EIT data acquisition.  
 Upon testing, the average conductivity of the 2D EIT conductivity map at every 
strain state is computed. Figure 1 plots the applied load pattern (to ±5,000 µε) and the 
corresponding negative averaged conductivity change of a (SWNT-PSS/PVA)50 skin. 
Figure 1 shows that the negative change in average EIT skin conductivities is directly 
proportional to applied strain as expected. Furthermore, by plotting the negative 
normalized change in conductivity, Figure 2 confirms the skins’ linear strain sensing 
performance. In addition, the slope of the least-squares fitted line (SS=(-Δσ/σ)/ε) 
represents the skin’s strain sensitivity and is found to vary between 3.2 and 6.5. 
 
 
SPATIAL IMPACT DAMAGE DETECTION 
 
 This study is extended to detect spatially-distributed impact damage on thin 
metallic structures. First, (SWNT-PSS/PVA)50 skins are LbL-assembled onto 110 x 

Figure 1. (Top) Applied load pattern and 
(Bottom) average skin conductivity change. 

Figure 2. Plot showing linear strain sensing 
performance of sensing skins. 

 



110 mm2 primer-coated aluminum 6061-T6 alloy plates. A pendulum impact-testing 
apparatus introduces controlled-impact-energy deformations at precise locations, 
where the impact energy is controlled by varying the initial height of the pendulum 
striker. Upon mounting the skin-coated plate in the test apparatus, four levels of impact 
damage are introduced to the plate specimen (levels [i] to [iv], such that [i] corresponds 
to the smallest, and [iv] corresponds to the largest impact energy). 
 Prior to impact, the sensing skin is mounted with 32 boundary electrodes, and EIT 
spatial conductivity reconstruction is executed to obtain the baseline undamaged 
σ-map. Following impact, EIT is executed again to obtain a damaged 2D σ-map. Figure 
3a confirms that different damage levels can be distinguished visually. Computation of 
the difference between pre- and post-damage EIT σ-maps yields the relative negative 
change in skin conductivity map presented in Figure 3b. From Figure 3b, it can be seen 
that the EIT conductivity map clearly identifies impact damage locations and severity. 
Since higher levels of applied strain causes greater changes in skin conductivity, the 
change in sensing skin conductivity is expected to be higher at more severe impacts. 
The average conductivity change at each impacted region is computed in Figure 4 to 
show the near-linear relation between conductivity change and impact energy. 
 
 
SPATIAL CORROSION DAMAGE MONITORING 
 
 To further showcase the versatility of these multifunctional nanocomposites, 
corrosion monitoring is accomplished by fabricating 25 x 25 mm2 sensing skins onto 
primer-coated steel substrates. Two 7 mm circular exposed-steel regions are formed via 
mechanical etching, and concentrated sodium chloride (0.1 M and 1.0 M NaCl) 
solutions are pipetted onto the exposed steel to accelerate corrosion. To confine NaCl 
solutions to only the bare steel, two plastic wells are securely mounted over the etched 
regions. Then, solutions are pipetted into the wells for 5 min, removed, and the 
specimens are allowed to dry for 3 hours before EIT spatial conductivity reconstruction 
is executed. Figure 5 plots some of the time-lapsed EIT conductivity images obtained 
during experimental testing. From Figure 5, it is evident that the sensing skin is capable 
of detecting the locations and growth of corrosion byproducts (iron oxide) via localized 
drops in sensing skin conductivity. In addition, the skin conductivity at corroded 
regions continues to decrease with increasing iron oxide buildup (increased corrosion 
time) (Figure 5). 
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Figure 3. (a) Photograph of the sensing skin coated plate shows 
the location and severity of the four impacts ([i]-[iv]). (b) The 

EIT spatial conductivity map of the impacted plate. 

Figure 4. Percent change in film 
conductivity varies near-linearly 

with impact energy. 



CONCLUSIONS 
 
 A multifunctional carbon nanotube-based composite is presented for monitoring 
strain, impact, and corrosion. As opposed to traditional point-based sensors, an 
electrical impedance tomographic spatial conductivity mapping technique is employed 
to image the 2D conductivity distribution of sensing skins. Initial studies validate the 
linear spatial strain sensing capabilities of the proposed nanocomposite. The study is 
extended to successfully identify the location and severity of spatially-distributed 
impact damage on large skin-coated metallic plate elements. Finally, sensing skins are 
LbL-assembled onto steel substrates to monitor corrosion byproduct formation.  
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Figure 5. Sensing skins deposited onto primer-coated steel are employed to monitor corrosion due to 
exposure of the steel substrate to sodium chloride solutions in two circular wells. 


