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ABSTRACT 
Today the rapid growth of fiber-reinforced polymer (FRP) applications in the automotive and aerospace industry 
has motivated many researches to perform life-cycle analyses of FRP structures. While its strength-to-weight 
ratio outperforms conventional metals, FRP is inherently heterogeneous and experiences complex failure modes, 
thus making them challenging for structural analysis and design. Assessing structural conditions such as 
employing structural health monitoring (SHM) sensors to observe its in-situ behavior may help prevent 
large-scale structural failure while simultaneously providing a chronological account of structural behavior due 
to known damage occurrences. Among the various SHM techniques, carbon nanotube (CNT)-polymer thin films 
can be rapidly applied onto FRP surfaces, or possibly embedded in the material, for damage detection. In this 
study, the strain sensitivity of embedded CNT-polymer thin film strain sensors was improved by nearly three 
times. The goal was to use these sensors to capture mild structural deformation by measuring induced strains in 
the structure. Furthermore, the geometrical influence of a thin film on its electrical response was investigated. 
Both results provided guidance as to how these sensors could be eventually applied for real-world FRP 
structures. 
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1. INTRODUCTION  
 
Employing fiber-reinforced polymer (FRP) composites to construct load-bearing structural components 
currently proliferates in the automotive [1, 2], aerospace [3, 4], civil [5], and biomedical [6] industries. Carbon 
fiber-reinforced polymers (CFRP) are particularly favored by lightweight-designed structures. BMW i3 and i8, 
which are recently-launched electrical/hybrid vehicles developed by BMW Group, adopt CFRPs for their 
passenger compartments in compensation for the weight of their Lithium-ion batteries [2]. Airbus and Boeing 
also launched FRP-dominated commercial aircraft whose fuselage, spoiler, and/or wings are composed by 
CFRPs (e.g., the A350 series and the 787 Dreamliner) for improving their fuel efficiency [3, 4]. While it is 
advocated by the industry for its ultimate strength-to-weight ratio and resistibility to chemical corrosion, FRP 
suffers from a complex failure mode due to various reasons, such as its multivariate composition and inevitable 
inclusion of manufacturing flaws. Challenges are therefore posted to perform an FRP structure’s life-cycle 
analysis due to lack of a complete understanding of its damage-to-failure mechanism. To learn more about the 
impact of damage upon an FRP structure’s performance, a reliable, in-situ structural health monitoring (SHM) 
system is required. 
  
Many nondestructive testing (NDT) methods for identifying structural damage are found to be applicable for 
FRP composites, such as acoustic emissions [7], ultrasonic C-scanning [8], and X-ray scanning [9]. Examples of 
NDT methods for metallic structures include passive acoustic sensors collecting vibrational signals from 
rotational machineries to identify their stiffness degradation or air-coupled ultrasonic waves propagating 
through a structure to identify minor through-thickness defects of metallic plates. Radiography can also capture 
minor variations in plate thickness caused by defects or damages. In addition to their applications for metals, 
these techniques have demonstrated their ability to locate, quantify, and/or qualify damage occurring within or 
on the surface of FRP composites. Foil-type strain gages and fiber-optic sensors are also useful for measuring 
local strain magnitude [10]. These sensors, however, either have to be accompanied with a strictly controlled 



testing environment, which could be expensive to offer, or have to compromise between hardware cost and 
measurement resolution. Some of them may even interfere with a structure’s conventional operation or 
deteriorate its intrinsic material strength [11]. To overcome these challenges, many researches are motivated to 
develop broad range monitoring sensors that are low-cost, lightweight, and easy to install with no trade-off of 
reliability or durability. Some of the research takes advantage of material assembling techniques offered by 
nanotechnology, and carbon nanotube-embedded materials are one of these emerging technologies showing 
great potential for SHM [12]. 
 
Carbon nanotube (CNT)-embedded polymeric composites can be assembled through various fabrication 
techniques; their applications as sensing materials include detection of strain, pressure, and presence of oxygen 
[13-17]. Possessing remarkable mechanical and electrical properties, CNT-integrated polymer composites can 
be casted into thin sheets that are particularly sensitive to, e.g., strain. Lipomi et al. [13] spin-coated CNT-based 
poly(dimethylsiloxane) (PDMS) to form transparent, highly stretchable thin films that response to strain 
deformation in terms of change in material’s resistance and capacitance. Park et al. [15] suspended multi-walled 
carbon nanotubes in polyethylene oxide (PEO) solution to fabricate nanocomposite thin film strips in similar 
geometry to strain gages; their resistance variations correlated both linearly and nonlinearly to applied strain. 
Loh et al. [18] fabricated piezoresistive CNT-polyelectrolyte thin films via the layer-by-layer (LbL) method, 
and the corresponding strain sensitivity or gage factor was ~6.5, nearly three times higher than that of typical 
foil-type strain gages. When combined with an electrical impedance tomography (EIT) algorithm, similar thin 
films had been demonstrated for spatial damage detection in metallic coupons, lab-scale concrete beams, and 
composite coupons [18-21].  
 
Despite these aforementioned advances, there still remain several technical challenges for applying this sensor 
technology to real structural components, primarily due to scalability and the size of sensors required. First, the 
thin film fabrication procedure needs to be simplified for large-scale, complex-shaped surfaces. Loyola et al. [22] 
and Mortenson et al. [17] developed a rapid assembly method to spray CNT-based thin film with an airbrush. A 
CNT-suspended polymeric ink can be sprayed like paint directly upon the target surface. Unlike other methods, 
thin films sprayed through this method may conform to any geometrical surfaces, and the fabrication time 
required is drastically reduced [19]. Although the as-fabricated thin film is capable of identifying severity and 
locations of impact damage [19], its low strain sensitivity is insufficient for capturing mild deformations.  
 
In the first part of this paper, Pluronic will replace polystyrene sulfonates (PSS) in the original CNT ink formula 
for dispersing CNTs. Pluronic is a trademarked triblock copolymer exhibiting amphiphilic behavior, which 
makes it an excellent stabilizing agent for nanomaterials in aqueous solutions [23, 24]. Compared to PSS, 
Pluronic is able to create a more stable CNT suspension that lasts weeks or even longer. In this study, both 
CNT-PSS and CNT-Pluronic thin films will be sprayed onto polyamide coupons, and their strain sensitivities 
will be characterized using tensile cyclic tests. The second part of this paper intends to investigate the influence 
of a thin film’s width to its gage resistance response, so as to verify its electrical behavior as the size of the film 
grows. Due to the material’s piezoresistive nature, a change of its electrical property (i.e., resistance) can be 
correlated to a strain deformation/damage along its gage length; as the width of the sensing area expands, it is 
unknown if a remote deformation in the transverse direction to the current path can affect the electrical signal 
significantly. In this test, a two-point probe resistance measurement was established on a rectangular-shaped 
CNT-PSS thin film. The same measurement was repeated after every reduction of the thin film’s width. Results 
presented in this paper characterized the electromechanical behavior of CNT-embedded thin films, and better 
understanding of these films can facilitate their adoption as strain/damage sensors for practical FRP structures.   
 
 
2. EXPERIMENTAL DETAILS 
 
2.1. Electromechanical Characterization of CNT-Pluronic Thin Films 
 
Two kinds of polymers in this study were used to create CNT-suspensions, namely poly(sodium 
4-styrenesulfonate) (PSS) and Pluronic® F-127 (Pluronic). Together with multi-walled carbon nanotubes 
(MWNT), they were all purchased from Sigma-Aldrich. Details of the fabrication procedure of MWNT-PSS 
thin films can be found in Mortenson et al. [17] and Loyola et al. [22], whereas the fabrication details for the 
MWNT-Pluronic thin film will be discussed in the following section. 
 
2.1.1. Thin film fabrication  
The MWNT-suspended Pluronic solution was made in a similar fashion as that of the MWNT-PSS solution 
described by Mortenson et al. [17]. Pluronic powder was dissolved in deionized water to make a 2 wt.% 



Pluronic solution. The mixture was heated at 50°C and constantly stirred on a hotplate until it became clear with 
no visible signs of the polymer. MWNTs were then mixed with the Pluronic solution, and a small amount of 
N-methyl-2-pyrrolidinone (NMP) was added to improve its adhesion to poly(vinylidene fluoride) (PVDF) or 
latex micro-particles, which was added in a following step. The mixture was then subjected to a 0.5 s-on, 0.5 
s-off tip sonication for 60 min (Bandelin Sonopuls GM 70, 70 W, 20 kHz). The sonicated solution exhibits 
nearly homogenous properties similar to that of the MWNT-PSS solution [17]. Due to Pluronic’s extraordinary 
stabilizing ability, the shelf life of the mixture could be weeks or even months without noticeable precipitation 
of MWNTs.  
 
In order to bond the thin film tightly to its spraying surface, a PVDF latex micro-particle solution was added to 
the sonicated mixture as a binder. Moreover, it helps thicken the solution to facilitate spraying. A Kynar 
Aquatec ARC (a gift received from Arkema Inc.) latex solution was directly mixed with the CNT-Pluronic 
solution and sloshed to form a paint-like mixture. The added amount of PVDF shall be maintained at a level 
where the MWNT content of the final solid material is 5 wt.%. The spraying paint was then loaded into an 
airbrush (Agora-Tec, 0.5 mm tip) and sprayed over the polyamide 6 (PA 6) coupon surface. An infrared lamp 
(Philips IR 250 RH, 250 W) was hung over the coupon while spraying, so as to maintain the coupon’s surface 
temperature to be approximately 55°C. This was performed to quickly coagulate the MWNT-Pluronic-PVDF 
paint as it bonds to the surface, since aqueous Pluronic thickens rapidly under elevated temperature and/or 
scarce humidity [25]. The sprayed thin films were left to air dry for at least 1 h. In this study a 60 mm × 20 mm 
thin film was painted over the midsection of a PA 6 tensile testing coupon as demonstrated in Figure 2.1, and 
five specimens for each type of thin film were prepared for testing. 
  
2.1.2. Electromechanical test setup  
The sprayed PA 6 coupons were 180 mm × 40 mm in dimension and subjected to cyclic tensile tests. As 
demonstrated in Figure 2.1, a PA 6 coupon was clamped onto an MTS 647 hydraulic wedge grip with an initial 
grip separation distance of 135 mm. A foil-type strain gage was attached to the mid-span of the coupon next to 
the CNT thin film, and an extensometer (MTS 634 31F-24) was installed on the back of the coupon. An HBM 
QuantumX MX840B multichannel data acquisition system was used to collect the thin film’s two-point probe 
resistance measurements, as well as signals from the strain gage and the extensometer at a sampling rate of 100 
Hz. Each coupon was loaded four times using a linear load-unload (triangular) tensile load pattern, where the 
peak load was 0.8 kN for the first two runs and 1.6 kN for the last two runs. A total set of 10 coupons were 
tested, with five of them sprayed with the MWNT-PSS thin films and the rest with MWNT-Pluronic thin films.  

 

Figure 2.1 A PA 6 coupon with an MWNT-based film was mounted in the load frame for testing. 



 
2.2. Dimensional Influence over Thin Film’s Electrical Response 
 
The goal of this test was to characterize how the fabricated thin film’s width impacts its gage resistance 
response. Following the fabrication procedure discussed in Mortenson et al. [17], an MWNT-PSS thin film was 
sprayed over a 152 mm × 152 mm flame-retardant multipurpose garolite (G10-FR4) composite plate, as seen in 
Figure 2.2. A wire was attached at the midpoint of an edge using two-part silver epoxy, and a second wire was 
attached at the midpoint of the opposite edge. These wires are for obtaining the thin film’s two-point probe 
resistance measurements along its gage length using an HP 34401A digital multimeter. The thin film’s width 
was reduced by cutting off a 5-mm strip along one side of the thin film’s gage length and the next on the other 
side. A resistance value was read after every width reduction. When the thin film’s width, W, reached 7 mm, the 
step size was reduced to 1 mm until W became 1 mm.  
 
 
3. RESULTS AND DISCUSSIONS  
 
3.1. Electromechanical Characterization of CNT-Pluronic Thin Films 
 
It should be firstly noticed that the displacement data from the extensometer and the strain gage were compared 
to check if possible bending could have occurred to the tensile coupons during loading. In addition, tensile 
strains calculated from extensometer’s displacement data suggested that each coupon was slightly bent while 
loaded (e.g., strain values calculated from the extensometer data were always higher than that of the strain gage 
on the opposite side of the coupon), with a strain difference of approximately 100-200 µm/m between the 
opposite sides. Since the degree of bending was relatively minor and considerably irrelevant to the topic covered 
in this study, the result was omitted from this discussion. 
    
The electromechanical response of the fabricated thin film was characterized by its normalized resistivity 
change, ρn, with respect to its strain, ε, due to deformation. A thin film’s average resistivity was calculated as its 
resistance value normalized by its dimensions: 
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where A is the cross-sectional area of the thin film, L is the gage length, and R is the measured resistance across 
L. The normalized resistivity change was therefore calculated as: 
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Figure 2.2 An MWNT-PSS thin film was sprayed over a G10-FR4 plate. Two wires were attached as 
demonstrated for measuring its gage resistance response with respect to width change (starting with 152 
mm).  

Width = 152 mm 

Gage Length = 152 mm 



 
where ρ0 is the initial resistivity of the thin film under unstrained condition. Figure 3.1 plots the applied strain 
profiles, and each plot was overlaid with the corresponding MWNT-PSS and MWNT-Pluronic thin film’s 
normalized resistivity change. Similar to results presented in Mortenson et al. [17], the normalized resistivity 
behavior of the MWNT-PSS thin film showed good agreement with the cyclic strain pattern applied, and the 
strain-sensitive behavior remained consistent even after multiple loading cycles. The result in Figure 3.1(b) 
shows that the MWNT-Pluronic thin film exhibits similar resistivity response with respect to the applied strain 
pattern. Both thin films exhibited piezoresistivity. It can also be noticed that ρn from both thin films varied with 
different magnitudes in response to a similar range of applied strains/deformation; this result revealed 
differences in the intrinsic strain sensitivity of these materials, which will be discussed in the following 
paragraph. 
 
The correlation between a thin film’s resistivity variation and its strain variation quantifies the material’s 
electrical sensitivity to mechanical deformation, or the strain sensitivity. In this study, the strain values of PA 6 
coupons measured by strain gages are used to calculate their sprayed thin film’s strain sensitivity. Figure 3.2 
plots the normalized resistivity responses of both thin films as a function of the applied strains. A linear 
relationship between change in normalized resistivity and strain was found, and this result was consistent for 
both types of thin films; linearity over multiple cycles was also observed. Similar to any linear strain sensors, 
the thin film’s strain sensitivity, Sε, can be expressed as: 
 

  

(a) (b) 
Figure 3.2 The (a) MWNT-PSS and (b) MWNT-Pluronic thin films’ normalized change in resistivity with 
respect to the applied strains show their linear strain sensing properties. 

  

(a) (b) 
Figure 3.1 The normalized resistivity time history plots of PA 6 coupons coated with (a) MWNT-PSS and 
(b) MWNT-Pluronic thin films are overlaid with the applied strain time histories. The electrical properties 
of both thin films show good agreement with the applied strain profiles. 



 
ε
ρn

ε
=S  (3.2) 

  
where ε is strain. A linear least-squares fit was applied to each loading cycle to calculate the thin film’s strain 
sensitivity, and the final result presented is the average value of all the fittings from five load cycles applied to 
five different thin film specimens. Figure 3.2 shows examples of the linear fits (i.e., the regression line fitted by 
using the data of cycle 4). The average value of the MWNT-PSS thin film’s strain sensitivity (and standard 
deviation) was calculated to be 0.62 ± 0.12; this result was similar to the results reported by Mortenson et al. 
[17] (i.e., 0.77 ± 0.02), as determined from tests conducted on freestanding MWNT-PSS thin films. The strain 
sensitivity of MWNT-Pluronic thin films is 2.06 ± 0.18, similar to a foil-type strain gage. The result suggests 
that Pluronic as the polymeric stabilizer outperforms PSS in terms of improving the thin film’s strain sensitivity 
by more than three times. Although its mechanism is still not completely understood, this improvement was 
thought to be due to a more stable, more uniform nanotube suspension. This result gives promise for enhancing 
the strain sensitivity of CNT-based thin films so that they can measure small strains.   
 
3.2. Dimensional Influence over Thin Film’s Electrical Response 
 
Figure 3.3 plots the two-point probe resistance response versus the width of the thin film, whose gage length is 
152 mm. The result shows that the thin film’s gage resistance, R, was significantly influenced by its dimension 
when W is smaller than 22 mm; however, the response became relatively insensitive to the change of width 
when W becomes larger than 30 mm. This suggests that when a current passes through the thin film from one 
electrode to another, the effect of the thin film’s dimension in the transverse direction becomes minor in 
responding to the electrical load. Figure 3.4 plots the absolute value of change in normalized resistivity |ρn| with 
respect to the thin film’s width-to-length ratio (W/L). The values of |ρn| remain relatively constant until W/L 
exceeds 0.15, suggesting that the effective transverse range of electrical responses with respect to a perturbation 
along its gage length shall be within W ≤ 0.15L. The result further suggests that the thin film would not be able 
to effectively respond to damage or strain deformation that take place outside the transverse range of 0.15L from 
its resistance measurement path (i.e., at least if average resistance was measured using a two-point probe 
technique, which was done in this study).         
 
 
4. CONCLUSIONS 
 
In this study, an airbrushing technique used for fabricating carbon nanotube-polymer thin films was modified to 
create thin films with higher strain sensitivity. Pluronic replaced PSS as the carbon nanotube stabilizer to create 
an MWNT-suspension that was characterized by a prolonged shelf life, and it could be sprayed over any desired 
surface that was heated to an elevated temperature (55°C). The two-point probe resistance response of the 
MWNT-Pluronic thin film varied linearly in response to applied strain, and the strain sensitivity was found to be 
2.06 ± 0.18, which is more than three times higher than that of MWNT-PSS thin films fabricated using the same 
technique. In the second part of this study the effects of a thin film’s width on its gage resistance were 

 

Figure 3.3 The gage resistance of an MWNT-PSS thin film was measured as the film’s width was varied. 
 



investigated. The result showed that a two-point probe measurement of a thin film’s resistance would not able to 
pick up strain deformations or damages outside the 0.15L range in transverse direction to its gage length. Future 
research activities will be dedicated to applications of CNT-Pluronic thin films as two-dimensional spatial strain 
sensors over real-world FRP structures (i.e., by coupling these films with an electrical impedance tomography 
algorithm).  
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