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ABSTRACT

The recent development of wireless sensors for structural health monitoring has revealed their strong dependency on
portable, limited battery supplies. Unlike current wireless sensors, passive radio frequency identification (RFID)
systems based on inductive coupling can wirelessly receive power from a portable reader while transmitting collected
data back. In this paper, preliminary results of a novel inductively coupled strain and corrosion sensor based upon
material fabrication techniques from the nanotechnology field are presented. By varying polyelectrolyte species during a
layer-by-layer fabrication process, carbon nanotube-polyelectrolyte multilayer thin film sensors sensitive to different
mechanical (e.g. strain) and chemical (e.g. pH) stimuli can be produced. Validation studies conducted with different
carbon nanotube thin films designed as either strain or pH sensors reveal high sensitivity and linear performance. When
coupled with a copper inductive coil antenna, resulting RFID-based sensors exhibit wirelessly readable changes in
resonant frequency and bandwidth. Furthermore, a carbon nanotube-gold nanocomposite thin film is fabricated and
patterned into a highly conductive coil structure to realize a novel thin film inductive antenna. Preliminary results
indicate that nanotube-gold nanocomposites exhibit resonance conditions, holding great promise for future RFID
applications.
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1. INTRODUCTION

Over the lifespan of civil infrastructures (namely bridges, buildings, pipelines, among many others), unanticipated
extreme loading (e.g. earthquakes) and harsh environmental conditions (e.g. deicing salt on roadways) can adversely
affect long-term structural integrity and performance. As a result, researchers in the structural health monitoring (SHM)
community have utilized tethered sensor networks to measure structural responses that can be used to identify structural
deterioration. While traditional cabled monitoring systems are reliable, extensive cabling leads to high capital,
installation, and maintenance costs. For instance, a recent instrumentation on the Tsing Ma suspension bridge in Hong
Kong (2001) intended to monitor bridge behavior to strong wind and seismic loading costs $27,000 per sensing channel
[1]. Such high costs prevent many users from installing dense sensor networks that would be needed to identify local
damage. In recent years, a variety of low cost academic and commercial wireless sensor prototypes have been
developed in hopes to outperform traditional tethered monitoring systems [2]. By providing reliable wireless data
communication and embedded computing power, many wireless sensor prototypes have been validated in the laboratory
and in the field to reveal performance levels just as good, if not better, than cabled systems [3]. Unfortunately, one
significant disadvantage of wireless sensors is that they typically require portable power supplies (i.e. batteries) coupled
with them. Nevertheless, their lower costs permit dense sensor network installation to allow the transitioning from
global-based (e.g. modal analysis) to component-level monitoring.

Since wireless sensors suffer from finite power constraints, many researchers have developed low-cost wireless sensors
based on inductive coupling, also known as radio frequency identification (RFID) [2]. In particular, RFID sensors for
monitoring strain and corrosion environments (pH) have been proposed. Both types of sensors are monitoring the
structure at the local-level with strain correlated to some damage processes and pH changes suggesting environments
sensitive to the corrosion of steel materials [4]. Early RFID sensor investigation has been performed by Mita and
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Takahira [5, 6] where they have fabricated a prototype 2.16 MHz RFID capacitive peak strain sensor based on two
concentric aluminum pipes separated by a dielectric material. Upon installing these peak strain sensors at the base of a
seven-story base-isolated building at Keio University, sensor performance coincides with data obtained from a laser
displacement transducer [7]. Similarly, Todd [8] extends Mita and Takahira’s work by proposing an RFID peak strain
sensor fabricated with MEMS processes. Upon applied strain, conductive metal blocks sandwiching a dielectric material
will change in capacitance, thereby retaining maximum peak strain. More recently, Chuang et al. [9] demonstrate a
high-resolution passive wireless strain sensor exhibiting great linearity up to 130 um/m strains. The 2.4 GHz RF (radio
frequency) cavity wireless sensor exhibits a quality factor of greater than 2000 with a sensitivity of 2.6 kHz resonant
frequency shift per microstrain. Finally, Jia and Sun [10] develop a novel passive thick film strain sensor by
incorporating poly(vinyl fluoride) (PVDF) with an interdigital capacitor to enhance strain sensitivity of the wireless
sensor. Although only tested in tensile strain, their prototype sensor exhibits near-linear change in resonant frequency up
to 18,000 um/m strains. On the other hand, Bernhard et al. [11] have developed a 2.4 GHz embedded wireless sensor to
detect concrete corrosion processes via acoustic emissions; their sensor can identify the loss of interfacial bond strength
and reduction in reinforcing steel cross-sectional area. Instead of using an active acoustic transducer to sense corrosion,
Simonen et al. [12] have designed a small-footprint RFID sensor by implementing an external switch exposed to its
surrounding concrete as the corrosion sensing element. Using different gauge wires for monitoring different thresholds
of corrosion, they have successfully demonstrated dramatic characteristic frequency shifts between initial and corroded
states.

In this study, a unique multifunctional material in which strain and corrosion transduction mechanisms can be encoded is
derived from the nanotechnology domain. Since the discovery of carbon nanotubes (CNT) in 1991 [13], researchers
have expanded their applications to include nanocomposites [14], nanoelectronics [15], and a variety of sensing
transducers [16, 17]. It has been shown in previous studies that layer-by-layer (LbL) carbon nanotube-polyelectrolyte
thin films can be engineered to exhibit changes in resistance due to applied strain or when in contact with different pH
environments [18]. Extensions of this prior work are made in this study to realize a passive wireless RFID sensor by
fabricating coil-patterned LbL nanocomposites whose constituents include single-walled carbon nanotubes (SWNT),
gold nanoparticles (GNP), and various polyelectrolytes (PE). First, RFID validation studies performed with SWNT-PE
strain and pH sensors coupled with traditional copper-wire coil antennas are presented. SWNT-PE strain and pH sensors
are subjected to applied tensile-compressive cyclic loading (to +£10,000 um/m) and to different pH buffers (1 to 10)
while corresponding changes in the RFID sensor’s resonant frequency and bandwidth are measured. Finally, a SWNT-
GNP nanocomposite thin film is patterned into a coil antenna to verify potential thin film wireless communication
capabilities.

2. RADIO FREQUENCY IDENTIFICATION (RFID)

In its most basic form, radio frequency identification systems consist of a reader and a remote passive tag circuit where
wireless communication and power transmission are achieved through inductive coupling. The reader typically consists
of a coil antenna (inductor) and an alternating current (AC) source and is responsible for sending power while receiving
data from the tag. As an AC current source of a certain frequency (f) passes through the coil antenna, a magnetic field is
generated that causes a corresponding potential (voltage) drop and AC current to form in a tag in close proximity (based
on Faraday’s Law) [19]. Typically, the induced potential drop in the tag can power onboard electronics, thereby
allowing the tag to collect data and transmit the data back to the reader using amplitude (ASK) or frequency modulation
(FSK) techniques [19]. In this study, no tag electronics are included; rather, all sensing data will be transmitted back to
the reader by changes in the inductive coupling between reader and tag.

2.1 Reader

A bare backbone RFID reader consists of a loop antenna (with inductance Ly and inherent series resistance Ry) coupled
with an AC sinusoidal source. In this study, the Solartron 1260 impedance gain/phase analyzer will be used as the high
precision AC source. As the Solartron 1260 impedance gain/phase analyzer passes a monotonic regulated 3V AC signal
through the coil antenna, the magnetic field generated can be calculated as shown in equation 1 (assuming circular coil).

2
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Fig. 1. A schematic illustrating RFID wireless Fig. 2. (a) A schematic illustrating RFID reader impedance (2)
interrogation of a (a) parallel or (b) series resonant response when no sensor tag is in the vicinity. (b) When
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where [ is the current passing through the coil, R is the antenna radius, N is the number of turns, and x is the read-
distance along the central axis of the coil (Figure 1). From equation 1, it can be observed that a tradeoff exists between
different size antennas; smaller antennas are capable of generating higher fields at the coil axis, but larger antennas
generate higher magnetic fields over larger distances (x) [19].

2.2 Tag

Without considering any digital electronic components coupled with the tag circuitry, the simplest RFID tag (or
transponder) consists of an inductor coil antenna (L7) with inherent series resistance (Rg), a resistor (Ry), and a capacitor
(Cr) configured as an RLC series or parallel resonant circuit (Figure 1). While different resonant circuit configurations
are used for a variety of applications, the resonant frequency of a series and parallel tag will provide maximum current
(minimum impedance) or maximum voltage (maximum impedance), respectively [20]. In either case, the defining
characteristics of any RFID tag are its resonant frequency (f,) and bandwidth (B), as shown in equations 2 and 3
respectively.

1
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While the resonant frequency is independent of tag circuit configuration, calculations of tag bandwidth varies depending
on whether it is a series (equation 3a) or parallel resonant circuit (equation 3b).

2.3 Coupled Reader and Tag System

When the sensor tag enters the vicinity of the reader, the Solartron 1260 impedance gain/phase analyzer measures the
inductively coupled sensor response superimposed onto the impedance of the reader coil (over a certain frequency range)
as depicted in Figure 2. Considering only the reader coil antenna without the presence of a sensor tag, the complex
impedance (Z=V7/I) of the reader can be represented by equation 4.

Z=Rp+ joLy “4)
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where w is the input AC sinusoid’s natural cyclic frequency (in rad/sec). However, when present with a sensor tag, the
reader’s complex impedance response is superimposed by an addition Z;’ term due to inductive coupling (equation 5).

In general, irrespective of tag circuit configuration (parallel versus series), one can begin to calculate the equivalent

complex impedance of each circuit element in the RLC circuit, namely the inductor along with its inherent series
resistance (Z;), capacitor (Z¢), and resistor (Zz) as shown in equations 6 — 8.

Z, =Rs+ jolL; (6)
1

Zc = 7

= aC, (7

Zp =Ry ®)

When present with a series resonant circuit, the total measured impedance at the reader side can be calculated with
equation 9 (Figure 2b).

k*o*LyL
Z=Rp+joly +——2—RZT_ 9)
Z,+Zo+2Zy
On the other hand, for a parallel resonant circuit, the equivalent impedance is (Figure 2b),
ko’ LyL
Z=Ry+ jolp + @ ZRET (10)

VZ, +1/Z- +1/Z,

where the first two terms in equations 9 and 10 represent the impedance due to the reader antenna coil alone (as shown
in equation 4) while £ is the coupling factor (between 0 and 1). In short, the coupling factor qualitatively describes the
mutual inductance between the reader and tag coil antennas. Although & can be calculated based on coil radii and read
range, the coupling factor is strongly dependent on coil geometry, among other factors. Nevertheless, full coupling (k =
1) can be theoretically achieved when the distance between the reader and tag coils is zero [19].

In this study, irrespective of the strain or pH sensing transduction mechanism, sensor response is translated into resonant
frequency shifts or bandwidth changes (equations 2 and 3 and Figure 2b). For example, when a sensor coupled to a
series resonant circuit exhibits a change in capacitance, its resonant frequency changes (equation 2), but its bandwidth
remains fixed (equation 3a). A schematic detailing the RFID reader response when the sensor resistance and capacitance
changes is presented in Figure 2 (for both series and parallel resonant tag circuits). While it is easier to identify resonant
frequency shifts in the frequency-domain, bandwidth change can be accurately captured via numerical model-fitting of
experimental results.

3. LAYER-BY-LAYER SENSOR FABRICATION

Homogeneous thin film carbon nanotube sensors are fabricated via a layer-by-layer template-assisted self-assembly
technique where oppositely charged species are deposited one monolayer at a time (Figure 3) [18, 21, 22]. In short, by
sequentially dipping a charged substrate in polycationic and polyanionic solutions, the weak van der Waals and
electrostatic force interaction allow one to deposit uniform monolayers of controlled thickness. In addition, the
flexibility of the LbL assembly technique allows one to tailor multilayer thin films with specific functionalities simply
by controlling the type of polyelectrolyte and nanomaterials used during fabrication [18]. In this study, three different
types of multilayer films are fabricated with specific sensing properties, namely (1) capacitive strain sensitive films, (2)
pH sensitive films using a conductive polymer, and (3) carbon nanotube-gold nanoparticle conductive films for inductive
coupling in RFID wireless communications (Figure 4).

To begin, the layer-by-layer self-assembly technique is realized by dipping a negatively-charged substrate (e.g. glass,
silicon, poly(ethylene terephthalate) (PET, 3M), among others) in a polycationic solution to deposit the initial
monolayer. In this study, 1.0% by wt. poly(vinyl alcohol) (PVA, Sigma), 1.0% by wt. poly(aniline) (PANI, M, =
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