
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
ABSTRACT 

 
Structural health monitoring (SHM) entails the use of structural response data to 

identify the existence, location, and severity of structural damage.  However, damage 
detection is a challenging problem because damage is a local phenomenon difficult to 
observe using global measures of structural response.  With the existence and location 
of damage unknown a priori, sensor strategies monitoring the structure at the 
component-level would require dense arrays of sensors.  Alternatively, this study 
proposes a sensing skin that can be applied to structural surfaces to monitor the strain 
response of the structure and the evolution of cracks.  A multilayered single wall 
carbon nanotube-polyelectrolyte composite thin film is proposed as a sensing skin 
because it is piezoresistive and can be adsorbed to metallic surfaces.  Electrical 
impedance tomography (EIT) is used to reconstruct the distribution of the sensing skin 
conductivity using voltage measurements taken on the boundary of the skin when 
regulated electrical currents are applied.  The method is capable of imaging cracks in 
cementitious elements in addition to impact damage in aluminum plates.          
 
 
INTRODUCTION 
  

Structural damage is by its very nature a local phenomenon defined by regions of 
deformation and high strain often leading to the formation of cracks in the structure.  
If left undetected, cracks can grow and jeopardize the overall safety of the structural 
system.  As a result, researchers in the structural health monitoring (SHM) community 
seek means of detecting the onset of damage using structural response data.  For 
example, early efforts in the structural health monitoring field concentrated on 
correlating changes in modal parameters (i.e. modal frequencies and mode shapes) to 
damage.  While global vibration characteristics (namely, modal parameters) can be 
reliably estimated from acceleration time-histories, they have proved difficult to use in 
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large-scale structures because environmental factors often mask the subtle changes 
associated with damage [1].  Other structural response measurements, such as strain, 
have been proposed as more appropriate for use in damage detection methods.  While 
recent advances in the sensor industry have led to impressive miniaturization and cost 
reduction of sensors (e.g. wireless sensors [2] and fiber optic strain sensors [3]), the 
fact that the location of damage is not known a priori requires high sensor densities in 
the structure.  Alternatively, guided waves generated and sensed using surface 
mounted piezoelectric elements have received considerable attention because of their 
ability to propagate in metallic structural elements over long distances [4].  However, 
the interpretation of wave properties and correlation of such properties to damage 
remains challenging for many structures.            

A novel approach to damage detection is proposed based upon the concept of a 
“sensing skin” that can be applied to the surface of any structure.  The attractive 
feature of sensing skins is their ability to provide a direct means for measuring strain 
fields distributed over the surface of the structure.   In addition, sensing skins provide 
the SHM system with an ability to accurately identify the existence, location, and 
severity (e.g. width) of structural cracks that may form.  The sensing skin is designed 
using piezoresistive thin films, such that, when fixed to the surface of a structure, 
strain fields on the structural surface would naturally result in corresponding changes 
in the conductivity of the skin.  To observe or image these strain fields, it is necessary 
to measure the conductivity of the skin over its two-dimensional (2-D) area.  
However, in order to map film conductivity without manually probing multiple 
locations on the film surface, the electrical impedance tomography (EIT) technique is 
proposed.  By measuring the electrical potential (voltage) at discrete locations along 
the boundary of the skin when an alternating current (AC) is applied to the boundary, 
the distribution of skin conductivity can be inversely solved for.  Two-dimensional 
reconstruction of the skin conductivity provides a direct measure of skin strain.  
Similarly, cracks in the structure will result in either high strain or outright tearing of 
the skin which can be observed in the skin conductivity maps.   
 To develop a sensing skin for SHM applications, a multifunctional carbon 
nanotube (CNT) [5] nanocomposite is proposed.  CNT-based composites are selected 
as an ideal material platform for the development of sensing skins for SHM because 
their macro-scale electromechanical (i.e. piezoresistive) and electrochemical 
properties can be tailored by selective assembly at the nano- or molecular-scale.  In 
addition, carbon nanotubes as a filler material within a polymeric matrix allow the 
skin’s mechanical and electrical properties to be dramatically improved due to the 
inherent physical properties of the nanotubes [6].  Since crack growth and impact 
damage in structures are associated with large deformation and high strain, a ductile 
thin skin is required for SHM applications.  Unlike molded CNT-based film sensors 
which exhibit linear piezoresistive responses up to only 0.5 mm m-1 [7, 8], a layer-by-
layer (LbL) self-assembled carbon nanotube composite can be fabricated to exhibit 
linear piezoresistive behavior up to ±10 mm m-1 [9-12].  The result is a multilayered 
film of single-walled carbon nanotubes (SWNT) and polyelectrolytes (PE) 
interdigitated in a homogenous morphology [10, 11]. 
 In this study, a piezoresistive SWNT-PE sensing skin is fabricated for monitoring 
impact damage and crack formation in a variety of structural elements including 
cementitious (e.g. civil infrastructures) and metallic plates (e.g. aircrafts).  First, the 
LbL-assembled sensing skin is epoxy mounted to the surface of a fiber-reinforced 



cement composite bar.  The sensing skin is shown capable of mapping the formation 
of micro-cracks within the cementitious bar when cyclically loaded in uniaxial tension 
and compression.  Secondly, the SWNT-PE skin is deposited directly upon the surface 
of aluminum plates for sensing impact damage.  Using EIT to reconstruct the sensing 
skin conductivity maps, this study validates the skin’s performance in reconstructing 
the location and degree of damage in both SHM applications.    
 
 
CARBON NANOTUBE THIN FILM ASSEMBLIES 
 
 In previous studies conducted by Loh et al., SWNT-PE thin films have been 
encoded with various sensing transduction mechanisms for different structural 
monitoring applications [10, 11].  Foremost among the sensing mechanisms illustrated 
is the piezoresistivity of SWNT-PE thin films.  Before SWNT-PE thin films can be 
fabricated, poly(sodium 4-styrene sulfonate) (PSS) polymer chains are bonded to the 
surface of the nanotubes so that nanotubes can be dispersed in an aqueous solution.  In 
addition, the SWNT-PSS assembly has an overall negative charge that is 
advantageous for LbL assembly.  For example, a layer of SWNT-PSS can be 
adsorbed onto a positively charged substrate.  To serve as an alternating layer in the 
LbL process, poly(vinyl alcohol) (PVA) is used as a polycation that can be adsorbed 
by electrostatic and van der Waals force interactions.  Sequential dipping of a 
substrate in SWNT-PSS and PVA solutions results in a multilayered thin film (termed 
a SWNT-PSS/PVA film) with excellent tensile strength (> 200 MPa) and good 
ductility (> 10 mm m-1) [10-12].  SWNT-PSS/PVA thin films can be assembled on 
large substrates (e.g. glass and silicon) and etched to form free-standing skins.  
Alternatively, SWNT-PSS/PVA thin films can be deposited directly onto the surface 
of structural elements such as metallic surfaces.  Both approaches will be utilized in 
this study.   
 
 
ELECTRICAL IMPEDANCE TOMOGRAPHY 
 
 Electrical impedance tomography (EIT) reconstructs multi-dimensional 
distributions of material conductivity using boundary input-output current (i)-voltage 
(v) measurements (Figure 1) [13-16].  The EIT technique is conducted by sequentially 
applying an AC current to a pair of boundary electrodes with the resulting electric 
potential across all the remaining adjacent electrode pairs measured. If the 
conductivity of the body is known, then for a given applied AC signal, the boundary 
potential can be predicted (the forward problem).  The forward problem is represented 
by a finite element model with conductivity defined for the interior elements of the 
meshed body.  However, EIT is an inverse problem with known boundary 
measurements but an unknown distribution of body conductivity (σ).  Upon obtaining 
the boundary i-v measurements, a reconstruction algorithm (namely, the adaptive 
Newton-Raphson algorithm) is employed to accurately estimate the spatial 
conductivity distribution [13-15].  By assuming an initial σ-distribution combined 
with known AC current inputs, an iterative forward solver determines the σ-
distribution by minimizing the least-squares difference between estimated and 
measured boundary potentials.  The iterative forward solver continues until the error 



between estimated and measured boundary potentials is less than 0.5%.  A more 
detailed discussion regarding implementation of the EIT method with SWNT-PE thin 
films is presented in [16].   
 
 
CRACK DETECTION IN CEMENTITIOUS COMPOSITES 
 
 In this study, free-standing SWNT-PSS/PVA sensing skins chemically etched 
(using hydrofluoric acid) from their substrates are used to detect cracking in 
cementitious structural elements.  The SWNT-PSS/PVA sensing skin is fabricated on 
a 2.5 cm wide glass substrate resulting in a skin roughly 2.5 by 2.5 cm2 (Figure 2).  
Upon drying, the conformable SWNT-PSS/PVA sensing skin is affixed onto a 11.5 
cm long, 3.8 cm wide, and 1.3 cm thick fiber reinforced cementitious composite 
(FRCC) coupon using CN-E epoxy (Tokyo Sokki Kenkyujo).  In addition, eight 1 
mm-diameter colloidal silver paste (Ted Pella) electrodes are painted along the skin 
boundary using a 2 mm spacing; eight electrodes are applied to each side of the square 
skin resulting in 32 electrodes (Figure 3). 

 
 

Figure 1. A schematic illustrating the EIT process to extract SWNT-PSS/PVA thin film 2-D spatial 
conductivity. 

 
 

 
 

Figure 2. An example of a conformable free-
standing LbL SWNT-PSS/PVA thin film after 

being etched from its glass substrate. 

Figure 3. A cementitious coupon with a 2-D 
SWNT-PSS/PVA thin film strain and crack 

sensor mounted on the MTS-810 load frame. 



 Prior to testing, an initial EIT conductivity map of the mounted SWNT-PSS/PVA 
thin film is first obtained. Demonstration of the effectiveness of the 2-D SWNT-
PSS/PVA sensing skin is accomplished by applying a one-cycle tensile-compressive 
load pattern (with 5 mm m-1 peak strain) to the FRCC element.  Following the one-
cycle load pattern, monotonic tensile loading (to 20 mm m-1) is applied to induce large 
cracks and to ultimately fail the specimen.  A load frame is employed to execute the 
aforementioned load pattern while holding its displacement and load at 2.5 mm m-1 
strain increments to allow for the application of electrical signals in the skin and EIT 
spatial conductivity mapping.  To observe the formation of cracks in the underlying 
cementitious element, EIT-derived conductivity maps are subtracted from the initial 
unloaded map to provide a measure of relative conductivity changes attributed to 
strain and damage.  It should be noted that unlike concrete which localizes damage to 
large cracks, FRCC structures exhibit strain-hardening behavior with the formation of 
micro-cracks during hardening [17]. 
 The results corresponding to the tensile-compressive cyclic load test of an FRCC 
coupon are shown in Figure 4.  Initially, during the first tensile loading cycle to 5 mm 
m-1 strain (Figure 4a), a crack develops at the bottom of the sensing skin (Figure 4g).  
The EIT results of Figure 4d accurately capture the location and size of this first crack.  
Based on previous studies, SWNT-PSS/PVA thin films have been shown to exhibit a 
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Figure 4. Free-standing SWNT-PSS/PVA thin films are epoxy-mounted to cementitious composites 
for 2-D EIT strain and crack sensing.  During the first loading peak at 5 mm m-1 (a), EIT (d) and  

optical images (g) successfully identify the development of the first crack.  Upon unloading to 0 mm 
m-1 (b), residual strain can be observed from the EIT conductivity map (e) despite the crack has closed 
(h).  At 10 mm m-1 (c), both EIT (f) and optical images (i) identify the development of a larger second 

crack at the top of the thin film.  [Note: EIT conductivity changes are measured in S cm-1] 



decrease in thin film conductivity with increasing strain [10].  It can be seen from the 
bottom of Figure 4d that regions of decreasing conductivity are identified, thereby 
signifying that a crack has occurred below the sensing skin at that location (due to 
large localized strain in the film).  Furthermore, at the boundaries of the crack 
location, EIT identifies regions of increased conductivity that suggest stress and strain 
relaxation due to crack opening (Figure 4d).  It should be noted that, typically, even a 
strain gauge cannot identify such detailed strain distributions.   
 Once the specimen is unloaded to its initial displacement (zero strain) (Figure 4b), 
the crack closes to make the surface appear as if no damage has occurred (Figure 4h).  
However, despite crack closure, the surface of the cementitious composite remains 
damaged.  In fact, the EIT spatial conductivity map of the sensing skin shown in 
Figure 4e identifies regions of lower strain (increased skin conductivity) as compared 
with when the specimen has been loaded in tension (Figure 4d).  The results from 
Figure 4e suggest that despite crack closure, localized residual strain due to the 
previous crack opening still exists.  Finally, when the cementitious composite and thin 
film specimen is loaded to 10 mm m-1 (Figure 4c), a larger crack develops at the top 
of the thin film (Figure 4i).  EIT conductivity mapping of the sensing skin identifies 
this second crack; as shown in Figure 4f, the second crack is larger resulting in a more 
dramatic conductivity reduction.   
 
 
IMPACT MONITORING OF METALLIC PLATE ELEMENTS 
 
 As opposed to epoxy-mounting free-standing SWNT-PSS/PVA thin films to the 
surface of aluminum plates for impact damage monitoring, 75 mm long, 25 mm wide, 
and 3 mm thick aluminum plates are directly used as LbL substrates.  Since aluminum 
is electrically conductive and may interfere with EIT boundary potential 
measurements, a 100-bilayer PSS/PVA insulating layer is initially deposited; then, the 
LbL method continues to deposit another 100-bilayer SWNT-PSS/PVA thin film as 
the sensing skin (Figure 5).  Similar to crack monitoring in cementitious composites, 
32 silver paste electrodes are deposited along the sensing skin boundary and an initial 
EIT spatial conductivity map is obtained for the skin (Figure 6). 
 After thin films are deposited onto the aluminum plates, simulation of impact 

 
 

 
 

Figure 5. A 100-bilayer SWNT-PSS/PVA 
impact damage sensor assembled onto an 

aluminum substrate with a 100-bilayer PSS/PVA 
insulating layer underneath the thin film. 

Figure 6. The specimen in Figure 5 is impacted 
with a tapered aluminum rod to cause bending 

and a bulge in the middle of the SWNT-PSS/PVA 
impact damage sensor. 



damage is conducted by mechanically striking the back of the plate with a tapered 
aluminum rod.  The contact area between the tapered rod and the aluminum plate is 
approximately 5 mm in diameter.  As shown in Figure 6, the deformation of the 
aluminum plate and its deposited thin film resembles that of bending.  However, at the 
center of the thin film, a small bulge due to direct impact of the tapered rod can be 
visually observed.  The EIT algorithm is then executed to capture the spatial 
conductivity of the SWNT-PSS/PVA thin film after impact.  Finally, the undamaged 
EIT conductivity map is subtracted from the post-impact EIT map to obtain a spatial 
image of the change in conductivity of the skin due to the impact damage. 
 As shown in Figure 7a, impact damage is created at the center of the rectangular 
SWNT-PSS/PVA sensing skin (which has been deposited directly on top of the 
aluminum plate).  Upon reconstruction of EIT conductivity maps for the undamaged 
and damaged specimens, the change in skin conductivity can be obtained.  From 
Figure 7b, it is obvious that EIT conductivity mapping of the sensing skin can 
accurately identify the impact damage location and size (signified by the darker 
regions suggesting decreasing conductivity associated with high local strain at the 
impact point).  It can be seen that a circular pattern is associated with the conductivity 
reduction which is similar to the size of the tapered aluminum rod used to strike the 
plate (0.5 mm diameter).  Furthermore, bending of the aluminum plate can also be 
identified as shown in Figure 7b by a strip of reduced conductivity spanning from one 
side of the plate to the other through the impacted region.   
 
 
CONCLUSIONS 
 
 In this study, a layer-by-layer assembled carbon nanotube nanocomposite is 
presented as a highly sensitive sensing skin for SHM applications.  When combined 
with the EIT conductivity mapping technique, two-dimensional strain and crack 
monitoring is achieved.  Since the LbL thin film fabrication methodology is highly 
versatile and allows film deposition on virtually any surface, these low-cost 2-D thin 
film sensors are validated as sensing skins for monitoring crack growth in 
cementitious composites and impact damage on thin aluminum plates.  First, when 
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Figure 7. (a) Image of impacted aluminum plate and sensing skin (damage located on upper-center 
location of thin film).  (b) Corresponding EIT relative spatial conductivity mapping of SWNT-

PSS/PVA sensing skin.  Impact damage is detected at the upper-center location of the plate. 



SWNT-PSS/PVA skins are epoxy-mounted onto cementitious composites, EIT spatial 
conductivity maps identify crack growth during an applied tensile-compressive cyclic 
loading.  Regions of drastic reduction of conductivity can be attributed to thin film 
fracture due to high localized strains.  Second, to monitor impact damage in aluminum 
plate structures, the sensing skin is directly deposited upon the aluminum surface.  
EIT spatial conductivity mapping successfully captures the aluminum plate’s two-
dimensional strain distribution associated with impact damage.   
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