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ABSTRACT 

The field of nanotechnology is rapidly maturing into a fertile and interdisciplinary research area from which new sensor 
and actuator technologies can be conceived.  The tools and processes derived from the nanotechnology field have 
offered engineers the opportunity to design materials in which sensing transduction mechanisms can be intentionally 
encoded.  For example, single- and multi-walled carbon nanotubes embedded within polyelectrolyte thin films have been 
proposed for strain and pH sensing.  While the electromechanical and electrochemical response of carbon nanotube 
composites can be experimentally characterized, there still lacks a fundamental understanding of how the conductivity of 
carbon nanotube composites is spatially distributed and how it depends on external stimuli.  In this study, electrical 
impedance tomography is proposed for spatial characterization of the conductivity of carbon nanotube composite thin 
films.  The method proves promising for both assessment of as-fabricated thin film quality as well as for two-
dimensional sensing of thin film response to mechanical strain and exposure to pH environments.     
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1. INTRODUCTION 

Carbon nanotubes have emerged in recent years as an exciting building block of the nanotechnology field.  Since their 
discovery in 1991 [1], single- and multi-walled carbon nanotubes (SWNT and MWNT, respectively) have been explored 
for application in various engineering applications including sensing and actuation [2-4].  While carbon nanotubes 
exhibit an impressive array of mechanical [5] and electrical [6] properties, manipulation of individual nanotubes is an 
extremely challenging endeavor.  Alternatively, researchers have explored the use of carbon nanotubes within polymeric 
composites with the carbon nanotube significantly contributing to bulk material properties.  One approach is to employ a 
layer-by-layer (LbL) deposition process where carbon nanotubes are combined with polyelectrolyte (PE) materials to 
form a homogenous composite with uniform morphology [7].  The LbL assembly method is based upon sequential 
dipping of a substrate in anionic and cationic polyelectrolytes in solutions.  Carbon nanotubes are included in the 
composite material by dispersing them in the polyanionic solution prior to LbL assembly. 

While SWNT-PE thin films have been explored as ultra-strong composite materials [8], interest in them stems from the 
ability to control macro-scale electromechanical and electrochemical properties during the assembly process.  Judicious 
selection of the polyelectrolyte matrix allows different sensor transduction mechanisms to be embedded in the SWNT-
PE thin film.  For example, SWNT-PE thin films assembled by multiple layers of SWNT dispersed in poly(sodium 4-
styrene-sulfonate) (PSS) and poly(vinyl alcohol) (PVA) have been reported to exhibit changes in conductivity to 
mechanical strain [9].  Similarly, if polyaniline (PANI) is employed as the cationic species (in lieu of PVA), the resulting 
thin film material exhibits conductivity changes when exposed to pH buffer solutions [9].  Such behavior suggests the 
suitability of SWNT-PE thin films in a variety of sensor applications.          

To better understand and to further improve the sensing transduction mechanism of SWNT-PE thin film materials, a 
more fundamental understanding of how thin film electrical properties change as a function of external stimuli (e.g. 
strain, pH, light, and temperature) is needed.  To improve our scientific understanding, electrical impedance tomography 
(EIT) is proposed.  The approach electrically stimulates a carbon nanotube thin film along its boundary.  Based upon 
electrical measurements made along the film boundary, an inverse problem can be solved to derive a two-dimensional 
mapping of the thin film conductivity.  The development of EIT evaluation represents a major step-forward over 
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conventional two or four probe methods in nondestructively evaluating the properties of nanocomposite materials as it 
provides spatial information on the conductivity of the composite.  The research issues to be addressed by EIT include: (i) 
assessment of the homogeneity of SWNT-PE thin films (e.g. distribution of SWNT in the polyelectrolyte matrix); (ii) 
spatial quantification of thin film conductivity dependence on strain; and (iii) use of SWNT-PE thin films as a pH sensor 
array.  First, the assembly of SWNT-PE thin films is described in detail.  Second, the paper will describe the theoretical 
foundation of EIT followed by a description of the EIT data acquisition process.  Finally, experimentally derived 
changes in SWNT-PE thin film conductivity to strain and pH will be presented.   

2. CARBON NANOTUBE THIN FILM FABRICATION 

Taking advantage of oppositely charged polyanionic and polycationic solutions and their electrostatic interactions, an 
absorption-based layer-by-layer (LbL) self-assembly thin film fabrication process can be achieved.  Using a charged 
glass substrate treated with piranha solution (1:3 H2O2:H2SO4 by vol.) to remove surface impurities, the LbL process 
begins by immersing the substrate in a 1.0% by wt. polycationic solution such as poly(vinyl alcohol) (PVA, Sigma) or 
polyaniline (PANI emeraldine base, Mw ≈ 100,000, Aldrich) to deposit the initial monolayer.  After 10 min, the substrate 
and its adsorbed monolayer are rinsed in 18 MΩ deionized water (Millipore) for 3 min and dried with compressed 
nitrogen for 10 min.  Rinsing and drying are employed to prevent cross-contamination between oppositely charged 
solutions while improving deposition of the next monolayer.  In order to incorporate single-walled carbon nanotubes 
with the LbL technique and to harness their electrical and mechanical properties at the macro-scale, SWNTs are 
dispersed in a polyanionic solution of 1.0% by wt. poly(sodium 4-styrene sulfonate) (PSS, Mw ≈ 1,000,000, Aldrich).  
While steric stabilization can be achieved by using a variety of surfactants [10], PSS is selected as the resulting SWNT-
PSS dispersion contains high weight fraction of SWNT and remains stable over a long period of time [11].  To continue 
the LbL assembly process, the next monolayer is deposited by dipping the substrate into the negatively-charged SWNT-
PSS solution for another 10 min, followed by washing (3 min) and drying (10 min).  This cycle completes the deposition 
of one LbL bilayer and can be repeated to fabricate thin films of n bilayers, denoted as (SWNT-PSS/PVA)n or (SWNT-
PSS/PANI)n depending on the polycation used.  Distinct color change (darkening) can be observed after adsorption of 
each additional bilayer to indicate successful SWNT deposition.  As shown in Figure 1a, the final thin film is uniformly 
deposited on the substrate after multiple layers are assembled by LbL.  Furthermore, scanning electron microscopy 
(SEM) reveals excellent interdigitization between SWNT and the polymeric matrix at the micro-scale.  A more detailed 
discussion on thin film fabrication can be found in Loh et al. [9].   

3. ELECTRICAL IMPEDANCE TOMOGRAPHY 

Electrical impedance tomography (EIT) is a powerful method that maps the internal conductivity of a solid body based 
upon electrical measurements taken at the body boundary.  The approach has been widely employed in the field of 
medicine (to detect tumors) and geophysics (to image subgrade buried oil) [12,13].  Since EIT is dependent on a set of 
electrical input-output measurements at the body boundary, the approach can only work when the body is conductive or 
semi-conductive.  Since SWNT-PE thin films are conductive, EIT will serve as a powerful new nondestructive 
evaluation (NDE) tool that can quantify the spatial distribution of conductivity within the thin film specimens.  In this 

  
(a)        (b) 

 

Figure 1.  (a) (SWNT-PSS/PVA)50 thin film deposited on a glass substrate; (b) SEM view of film at the micro-scale. 
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study, the EIT approach is divided into three major parts: (i) posing the forward problem, (ii) collecting electrical input-
output data, and (iii) solving the inverse problem. 

3.1 EIT Forward Problem 

When a conductive body is subjected to an electrical excitation (i.e. the injection of electrical current), electricity flows 
between the injecting (input) and sink (output) points.  If the volumetric conductivity distribution is known, electrical 
potentials (i.e. voltage) along the body boundary is theoretically predicted by the Poisson’s equation:   

 ( ) 0=∇⋅∇ φσ  (1) 

where σ is the distribution of conductivity over the body volume (in the two-dimensional case, σ is defined over an (x,y) 
area), and φ  is the potential field.  The finite element method (FEM) is commonly employed to obtain a piecewise 
solution of the Poisson equation.  By meshing the entire object into numbers of discrete elements (φ =Σφ iwi), the 
original nonlinear Poisson equation can be broken down into a series of linear equations that describe the nodal 
potential/current relationship of an element based upon its conductivity, σi (by Ohm’s law).  Assembly of these linear 
equations will lead to a global linear matrix equation: 

 IA =Φ  (2) 

where A, Φ, and I are the generalized conductivity, potential, and current matrices, which include the system equations 
and boundary conditions.  For a given applied current pattern and an assumed conductivity mapping, equation 2 can be 
solved through least-squares inversion for the boundary voltages.   

3.2 Data Acquisition 

To implement the EIT method, a regulated current will be injected into a conductive body with boundary potential 
measurements made at various locations.  In measuring the actual boundary potential, there are a number proposed 
methods by which these measurements can be made [13].  One widely used approach is known as the adjacent electrode 
pair measurement technique.  Considering a SWNT-PE thin film, electrodes (32 for one rectangular specimen) are 
placed around the thin film perimeter (8 electrodes deposited per side) using silver paste (Ted Pella) and copper tape 
(3M) (Figure 2a). The thin film specimen is placed in a custom made housing to avoid contact resistance errors 
introduced in the EIT method from the loosening of the electrode when copper wires are directly connected to the silver 
paste probing locations.  One set of adjacent electrodes is used as the injection and sink points for a regulated alternating 
current (AC) signal while the voltage difference are measured at each of the remaining electrode pairs.  This procedure is 
repeatedly performed with each adjacent electrode pair excited sequentially.  In the case of an object having L electrodes 
along its boundary, L(L-1)/2 independent voltage measurements can be made.  In this study, the current is provided by 

                  
(a)   (b)   (c) 

 

Figure 2.  (a) SWNT-PE thin film with boundary electrodes installed; (b) mounting block for connecting current 
source and data acquisition system probes; (c) picture of the laboratory experimental set-up. 
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the Keithley 6221 current source while boundary voltages are measured using a standard multi-channel data acquisition 
system (National Instruments).  A picture of the laboratory data acquisition system is shown in Figure 2.   

3.3 EIT Inverse Problem 

In the forward problem, the internal distribution of conductivity is assumed known.  However, the objective of EIT is to 
determine the distribution of conductivity based on the injected current and measured boundary voltages.  To solve for 
thin film conductivity, iterative methods are used to modify the conductivity map to minimize the difference between the 
experimentally obtained voltages and those predicted by the FEM forward solution.  Generally, the least mean-square 
error is considered: 

 ( ) ( ) hmeaspred
T

measpred ≤−⋅− φφφφ
2
1  (3) 

where φ pred is the theoretically predicted boundary potential, φ meas is the vector of experimentally measured potential, 
and h is the optimization criterion.  The process is iterative in nature with the internal conductivity updated at each step 
by ∆σ, where ∆σ is a function of φ pred, φ meas, and the direction directive φ pred(σ)’.  The iterative procedure continues 
until the optimization criterion is met.  The rate at which the criterion is approached is strongly dependent upon the 
number of independent measurements (L(L-1)/2) and the size of the FEM mesh. 

4. EXPERIMENTAL DETAILS 

In this study, 14 independent SWNT-PE thin film specimens are fabricated by the LbL assembly method for EIT 
conductivity mapping.  Using these thin film specimens, EIT conductivity reconstruction is performed to 
nondestructively: 1) assess the homogeneity of the thin films conductivity, 2) track the change in conductivity as a 
function of strain, and 3) measure the pH of buffer solutions applied to the thin films.  The attributes of the 14 thin film 
specimens are detailed in Table 1. 

4.1 Assessment of Conductivity Homogeneity 

In order to examine the finished quality (with respect to electrical homogeneity) of the films produced by the LbL 
fabrication process, the conductivity of each SWNT-PE thin film of Table 1 is mapped by EIT.  For example, Figure 3a 
presents a picture of the SWNT-PE thin-film specimens (SWNT-1 through -5) deposited on glass with broad spectrum 
light shinning through the film.  The EIT-derived conductivity maps corresponding to the same five specimens are 
presented in Figure 3b.  As can be observed, the conductivity maps of the thin films portray the films are fairly 
homogenous and relatively constant for the same film type (25-layers of SWNT-PSS/PVA).  As the number of layers 
increases (25, 50, 100 and 200 layers corresponding to SWNT-5 through -8, respectively), the average conductivity of 
the thin film also increases.  In lieu of showing the EIT reconstructed conductivity maps for the specimens, the 
conductivity is averaged with the average conductivity plotted as a function of layers in Figure 4. 

  Table 1. Summary of thin film specimen types and experimental testing performed 

Sample Number SWNT-PE Film Type Testing type 
SWNT-1 (SWNT-PSS/PVA)25 Conductivity mapping 
SWNT-2 (SWNT-PSS/PVA)25 Conductivity mapping 
SWNT-3 (SWNT-PSS/PVA)25 Identification of slices in thin film 
SWNT-4 (SWNT-PSS/PVA)25 Conductivity mapping 
SWNT-5 (SWNT-PSS/PVA)25 Mapping conductivity-strain behavior 
SWNT-6 (SWNT-PSS/PVA)50 Conductivity mapping 
SWNT-7 (SWNT-PSS/PVA)100 Conductivity mapping 
SWNT-8 (SWNT-PSS/PVA)200 Conductivity mapping 
SWNT-9 (SWNT-PSS/PANI)50 Mapping conductivity-pH behavior 

SWNT-10 (SWNT-PSS/PANI)100 Mapping conductivity-pH behavior 
ET05-1 (SWNT-PSS/PVA)25 Identification of slices in thin film 
ET05-2 (SWNT-PSS/PVA)25 Identification of slices in thin film 

ET05-3 (SWNT-PSS/PVA)25 + (SWNT-PSS/PVA)25 Identification of slices in thin film 

ET05-4 (SWNT-PSS/PVA)25 + (SWNT-PSS/PVA)25 Identification of slices in thin film 
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To validate the EIT approach for the determination of the spatial distribution of conductivity of SWNT-PE thin films, 
intentional imperfections are introduced in the thin films during assembly.  For a number of the thin film specimens, a 
series of slices (straight and L-shaped) are introduced.  For example, consider specimen SWNT-3; in this specimen two 
straight slices (0.1 x 1 cm2) are etched in the thin film at various angles; a picture of the specimen is shown in Figure 5a.  
Prior to the introduction of slices in the specimen, an EIT analysis is conducted to determine the conductivity map of the 
undamaged specimen.  As witnessed in Figure 5b, the specimen exhibits a uniform conductivity (roughly 500 S/cm-1).  
After slices have been introduced into the specimen, the EIT-derived conductivity map should exhibit a distinct change 
in the film conductivity in the vicinity of the slice.  The reconstructed conductivity map after slices have been introduced 
is presented in Figure 5c.  The difference in conductivity is determined for each element of the EIT map with the 
difference map shown in Figure 5d.  The two slanted slices are easily identified by viewing the conductivity change 
before and after slicing.   

A similar set of validation tests are conducted on specimens ET05-4 and ET05-5.  In specimen ET05-4, a straight cut is 
introduced after 25 layers of the SWNT-PSS/PVA thin film has been deposited; similarly, an L-shaped cut is made in 
ET05-5 after 25 layers.  After the cuts are made, an additional 25 LbL SWNT-PE layers of thin film are deposited on top 
of the same substrate, thereby burying the slices in the middle of the film structure.  Figure 6a provides a back-lighted 
view of the straight and L-shaped cuts after a total of 50-layers have been deposited. As can be seen, the reconstructed 

 

Figure 3.  (a) Back-lighted SWNT-PSS/PVA thin films deposited on glass (SWNT-1 through -5 from left to right); 
(b) corresponding EIT conductivity maps for the same set of film specimens. 
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Figure 4.  Conductivity of SWNT-1 through -8 as a function of the number of assembled layers. 
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conductivity maps of both specimens are capable of easily identifying the straight and L-shaped cuts in the thin film 
specimens.     

4.2 Change in Film Conductivity with Applied Strain 

Previous studies of SWNT-PE thin film conductivity have revealed the piezoresistive nature of the nanocomposite 
material.  As such, SWNT-PE thin films have been proposed for monitoring strain in structural elements to which the 
films are attached.  A powerful feature of the LbL assembly process is that thin film piezoresistive properties (e.g. gage 
factors) can be prescribed by varying the fabrication process (e.g. concentration of constituent materials, dipping time, 
number of layers) [9].  In this study, the change in conductivity due to strain over a large SWNT-PE thin film area is 
observed by EIT reconstruction.          

Thin film specimen SWNT-5 is affixed to a ductile PVC rectangular tensile coupon element using CN-E epoxy (Tokyo 
Sokki Kenkyujo).  The instrumented specimen is gripped at its two ends by an MTS-810 load frame and cyclically 
loaded in axial tension and compression.  The PVC coupon is initially loaded in tension to a strain of 0.1%; once the 
desired strain is attained, the loading is paused while an EIT analysis is conducted.  After the EIT analysis is completed, 
the specimen is again loaded in tension until a strain of 0.2% is attained.  The conductivity map of the thin film SWNT-
PE specimen is determined by EIT at each 0.1% strain increment in a ±0.2% tension-compression cycle.  After the 0.2% 
strain cycle, the specimen is loaded up to 2% strain with EIT conductivity maps determined at 8 intermediate strain 
levels.  To appreciate the change in conductivity as a function of strain, the EIT conductivity maps are superimposed 
upon the strain-test number plot of Figure 7.  The piezoresistive nature of the SWNT-PE thin film is observed in the EIT 

 
               (a)     (b)            (c)  (d) 

 

Figure 5.  (a) Sliced SWNT-3 specimen; (b) conductivity map before slicing; (c) conductivity map after slicing; (d) 
change in conductivity as a result of slicing (gray-scale bar shows conductivity in terms of S/cm-1). 

 

 
Figure 6.  (a) Straight and L-shaped slices in specimens ET05-4 and ET05-5 respectively; (b) corresponding 

conductivity maps of the 50-layer specimens (gray-scale bar shows conductivity in terms of S/cm-1). 
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conductivity plots with the film conductivity increasing in compression and decreasing in tension. Furthermore, the 
conductivity maps suggest the film is electrically homogenous even at high strain.   

If the average conductivity at each load step is calculated and plotted as a function of strain (Figure 8), the change in 
conductivity is bilinear.  When axial tensile strain is below 0.8%, the gage factor (defined as the percent change of 
average conductivity per unit strain) is 4.2.  However, when the strain level increases beyond 0.8%, the gage factor rises 
to 11.3.  It is hypothesized that the two distinct gage factors may be attributed to the displacement of carbon nanotubes 
within the film.  When strain levels less than 0.8% are encountered, the distribution of carbon nanotubes is still above the 
percolation threshold with many carbon nanotube-to-carbon nanotube junctions present.  As the material is strained 
beyond 0.8%, carbon nanotubes undergo large displacements resulting in the loss of many carbon nanotube-to-carbon 
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Figure 7.  EIT conductivity maps as axial strain (compressive and tensile strain) is applied to the SWNT-5 specimen 
(gray-scale bar shows conductivity in terms of S/cm-1).  
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Figure 8.  Change in thin film conductivity maps as axial strain (compressive and tensile strain) is applied (gray-
scale bar shows conductivity in terms of S/cm-1). 
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nanotube junctions; as a result, at 0.8% strain, the carbon nanotube distribution drops below the percolation threshold 
resulting in a distinct change in the gage factor.     

4.3 Change in Film Conductivity with pH 

Carbon nanotube thin films assembled using PANI can serve as pH sensors due to PANI’s electrochemical response to 
acids and bases.  To further investigate the sensitivity of SWNT-PSS/PANI thin films to pH, thin film specimens 
(SWNT-9 and -10) are evaluated by EIT when exposed to various buffer solutions ranging from pH 1 to 10.  Prior to 
testing, two cloning rings (labeled as well A and B) are mounted to the surface of the thin film using high vacuum grease 
(Dow Corning) to serve as the chambers for various solutions (Figure 9).  After buffer solutions (1 mL) are added to 
each plastic well, EIT is conducted to map the conductivity of the thin film.      

In order to account for any inhomogeneity in the thin films used for the pH studies, background EIT conductivity maps 
are obtained for the dry films (with no solution present).  Results presented for various pH have thus been corrected by 
subtracting this background conductivity.  By doing so, the conductivity changes caused by exposure to the different pH 
can be clearly identified.  The changes in conductivity of specimen SWNT-9 and -10 are presented in Figure 10 as 
different pH buffer solutions are added to the wells.  The pH response of 2 thin films (SWNT-9 and SWNT-10) are 

 

Well A

Well B

 

(a) (b) 

Subplot number Thin film number Well A pH Well B pH 
( i ) SWNT-9 1 1 
( ii ) SWNT-9 1 2 
( iii ) SWNT-9 1 3 
( iv ) SWNT-9 1 4 
( v ) SWNT-9 1 5 
( vi ) SWNT-10 1 8 
( vii ) SWNT-10 1 9 
( viii ) SWNT-10 10 9 

(c) 

 

Figure 9. (a) SWNT-PSS/PANI thin film with wells attached; (b) designation of the wells; (c) table detailing 
different pH solutions added to the two wells.   
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                      (i)                                   (ii)                                     (iii)                                    (iv)                                   (v) 

(b) 

 

 

   

 

   

 

 

                                                              (vi)                                   (vii)                                (viii)                    

Figure 10. Change in SWNT-PSS/PANI conductivity in response to pH exposure.  EIT conductivity maps of (a) 
SWNT-9 film sequentially exposed to pH conditions i-v and (b) SWNT-10 film exposed to pH solutions vi-viii.     
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presented in Figure 10(a) and (b), respectively.  For the SWNT-9, the pH in well A is kept constant (pH 1), while the pH 
in well B is varied from pH 1 to 5, to determine the conductivity change of the thin film in acidic environments.  Thin 
film SWNT-10 is used to determine the effect of basic pH on the film conductivity.  The circular shape of the wells are 
identifiable with change in conductivity within the circular well lobes correlated to pH value.  To identify the sensitivity 
of the SWNT-PSS/PANI thin film to pH, the average change in conductivity in the well is calculated and plotted as a 
function of pH.  As shown in Figure 11, the change in conductivity to pH is linear with conductivity increasing as acidic 
pH solutions are injected in the wells.  In contrast, conductivity decreases as basic pH solutions are injected into the 
wells.  

5. CONCLUSIONS 

In this study, electrical impedance tomography is proposed for nondestructive evaluation of carbon nanotube composite 
thin films.  The method has the distinct advantage of providing a spatial map of the distribution of conductivity of the 
thin film; such information is currently unattainable by two- or four-probe resistivity measurement methods.  EIT takes 
on greater significance when considering the use of SWNT-PE thin film materials for various sensing applications.  The 
response of SWNT thin films’ conductivities to strain and to pH has thus been presented.  EIT imaging of carbon 
nanotube composites is thus an important tool that will open up new venues for the application of SWNT thin films in a 
plethora of applications such as a multifunctional sensing platform for strain, pH as well as other chemical and biological 
species.  Future work is needed to improve the method resolution simultaneous to verifying its accuracy using more 
traditional approaches to measuring film conductivity.        
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Figure 11.  Normalized conductivity of carbon nanotube thin film under various pH values 
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