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Developing a practical framework for long-term structural health monitoring (SHM) of
large structures, such as a suspension bridge, poses several major challenges. The
next generation of bridge SHM technology needs to continuously monitor conditions
and issue early warnings prior to costly repair or catastrophic failures. Additionally,
the technology has to interpret effects of rare, high-impact events like earthquakes or
hurricanes. The development of this technology has become an even higher priority
due to the fact that many of the world’s bridges are reaching the end of their designed
service lives. Current battery-powered wireless SHM methods use periodic sampling
with relatively long sleep-cycles to increase a sensor’s operational life. However, long
sleep-cycles make the technology vulnerable to missing or misinterpreting the effect of
a rare event. To address these practical issues, we present a novel quasi-self-powered
sensing solution for long-term and cost-effective monitoring of large-scale bridges. The
approach we propose combines our previously reported and validated self-powered
Piezo-Floating-Gate (PFG) sensor in conjunction with an ultra-low-power, long-range
wireless interface. The physics behind the PFG’s operation enable it to continuously
capture and store local, cumulative information regarding dynamic loading conditions
of the bridge in non-volatile memory. Using extensive numerical and laboratory studies,
we demonstrate the capabilities of the PFG sensor for predicting structural conditions.
We then present a system level design that adapts PFG sensing for SHM in bridges.
A challenging aspect of SHM in large-scale bridges is the need for long-range wireless
interrogation, as many portions of the structure are not easily accessible for continual
inspection and portions of the bridge cannot be frequently taken out-of-service. We
show that by combining self-powered PFG sensors with a small battery and optimized
long-range active wireless interface, we can realize a quasi-self-powered system that
easily achieves a continuous operating lifespan in excess of 20 years. The efficiency and
feasibility of the proposed method is verified in a case study of the Mackinac Bridge in
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Michigan, the longest suspension bridge across anchorages in the Western Hemisphere.
Associated data from the deployment are discussed, in addition to limitations, challenges,
and additional considerations for widespread field deployment of the proposed

SHM framework.

Keywords: structural health monitoring, quasi-self-powered sensing, piezo-floating-gate, mackinac bridge,

energy harvesting, machine learning

1. INTRODUCTION

Structural health monitoring (SHM) is the process of identifying
potential damage or impending failure in civil infrastructure
through the use of a variety of sensing modalities. While
several SHM techniques consist of legacy approaches, like
manual inspection of different structural components, recent
developments in the SHM field have investigated the capabilities
and advantages of wireless sensor networks (WSNs) for sensing
and data collection (Lynch and Loh, 2006; Yun and Min, 2011;
Yu et al., 2015). However, nearly all of the viable WSN platforms
use an external power source such as: batteries, solar, or physically
being wired into a power grid (Bennett et al., 1999; Watters et al.,
2003; Cho et al., 2008; Yun et al., 2011). Each of these powering
schemes hampers the WSN’s ability to effectively instrument the
structure of interest. The need for explicit wiring significantly
hampers the sensors ability to provide coverage on a large
structure, like a multi-span bridge, while the need for periodic
replacement of batteries can restrict the number of deployable
sensors —if the battery lifespan does not match or exceed the
lifespan of the structure. In addition, energy-harvesting solutions
such as solar can provide longer operational lifespans for the
sensors, but are not always an option, as in the case of sensors
that may require complete encapsulation or placement away from
direct sunlight (Sackin, 1999; Sirohi and Chopra, 2000; Spencer
et al, 2004; Pasupath et al,, 2008; Korhonen and Lankinen,
2014). Also, many of these sensors utilize polling methods and
sleep-wake cycles to reduce their energy usage (Lynch, 2004,
2005; Whelan et al., 2009) which inherently limites their ability
to accurately provide continuous monitoring of the structure’s
health during rare events.

While several researchers have proposed novel WSN systems
for SHM, few have been able to deploy these devices on real life
structures under actual loading and environmental conditions.
One example of real-world deployment is reported in Lynch et al.
(2001), where a proof of concept wireless sensing unit is shown
to acquire data and transmit directly to a single base station
with no intermediate hops. However, the proposed method
does limit the placement of sensor nodes and has not been
shown to scale beyond single devices. Another wireless sensor
network with multiple hops, “Wisden,” has been demonstrated
to accurately determine the dominant modal frequencies of a
structure, although this also has scalability limitations in addition
to the type of data that it can collect (Pack et al., 2004). It is
evident that there is a unfulfilled need for a power-efficient SHM
that can provide widespread instrumentation, regardless of the
size of the infrastructure.

To overcome the inherent limitations that arise from
sensors that require an external power source, a Piezo-Floating-
Gate (PFG) sensor was proposed (Chakrabartty, 2010, 2016;
Chakrabartty et al., 2011). The PFG sensor couples a piezoelectric
transducer to a custom CMOS ASIC and leverages quantum
physical phenomenon to achieve sensing and data-logging
of events using only the power available in the signal-of-
interest (Ueno, 2010; Huang et al., 2011). More recently, the
authors have developed an entirely self-powered wireless PFG
sensor for SHM applications (Huang and Chakrabartty, 2012;
Chakrabartty et al., 2013; Aono et al., 2016). By leveraging the
electro-mechanical properties of piezoelectric materials to sense
strain and acceleration in civil structures (Elvin et al., 2006),
and coupling them to PFG sensors to continuously log and
store relevant information in an on-chip, non-volatile memory
that can be accessed at a later time. This “sense-now-retrieve-
later” paradigm (Aono etal., 2017, 2018; Aono, 2018) can then
be scaled to achieve large coverage while also drastically
decreasing the complexity of a wireless network due to the fact
that there is no longer a need for instantaneous data transmission.
We have also shown that the sensitivity and efficiency of the
energy conversion process can be adjusted to allow the PFG
to sense both small and large magnitude events (Aono et al,
2014; Feng et al., 2015). We have also shown that using CMOS,
one can utilize the PFG principle in conjunction with self-
powered timers for time-stamping of recorded events, a feat
that was previously impossible in energy-harvesting solutions
since they do not offer continuous energy for keeping track
of time (Zhou and Chakrabartty, 2017; Mehta et al., 2018;
Zhou, 2018; Zhou et al., 2018). Further details on the PFG
sensor, with laboratory testing, are presented in section 2 of this
paper, including previously unreported temperature dependency.
Additional testing that demonstrates the viability of the PFG
sensor for detecting damage progression in civil infrastructure
has been previously reported (Alavi et al., 2016; Hasni et al,
2017a,b,c,d,e, 2018b,c; Jiao et al., 2017, 2018).

While the PFG sensing platform has been extensively tested
both numerically and in laboratory settings, validation of the
sensor through field testing has been limited. In the few real-
world deployments of the sensor, the PFGs were wired to
external controllers to allow for rapid debugging and monitoring
of recorded sensor values using conventional methods. This
paper presents a bridge health monitoring platform based on a
self-powered sensor and a battery-powered wireless transmitter,
henceforth referred to as a quasi-self-powered platform. This
quasi-self-powered platform was deployed on one of the longest
suspension bridges in the world, the Mackinac Bridge in northern
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Michigan, and studied for over 18 months. The prototype units
cost around US$150 (a larger-scale production would greatly
reduce manufacturing costs), compared to thousands of dollars
for a comparable traditional wireless sensing system with similar
sensing functionality. This work has two primary contributions
to SHM:

o Quasi-self-powered platform that leverages a self-powered
sensor with long-range, battery-powered wireless interface

o Verification of functionality in realistic loading and harsh
environmental conditions.

2. PIEZO-FLOATING-GATE SENSOR
2.1. Theory

At its core, the Piezoelectric-Floating-Gate Sensor (PFG) is
composed of a floating-gate transistor, which operates as a
non-volatile memory cell for storing information about the
cumulative strain applied to a piezoelectric transducer. In this
section, we will examine a few of the underlying principles behind
the operation of the PFG that allow it to operate as a self-
powered sensor and data logger. The physics underlying the
operation of this device have been extensively reported in Huang
et al. (2010) and Huang et al. (2011), however we will briefly
reiterate three of these key principles here to give readers a
basic overview.

The first of these principles is the piezoelectric effect, which
is the ability of a material to convert mechanical energy into
electrical energy, and vice versa. Specifically for the PFG, the
application of a strain across a piezoelectric will generate a voltage
that, if large enough in magnitude, powers the sensor. In this way,
the PFG can guarantee that an event that generates a sufficient
strain will result in sensor activation. Relevant parameters of
piezoelectric material for this specific application are given
in section 3.

The second of these principles is Impact-Ionized Hot-
Electron Injection (ITHEI), which is illustrated in a simplified
diagram in Figure 1A. ITHEI is a phenomena in which electrons,
which have enough kinetic energy, can overcome energy barriers
(Chynoweth, 1958). Specifically in the PFG, ITHEI occurs when
the sensor is powered by a mechanical excitation. During these
events, the circuit shown in Figure 2 is activated, causing current

Ite to conduct through transistor Mg,. During this conduction
flow, some electrons, with enough kinetic energy, break
through the Si — SiO, barrier of the PMOS transistor, causing
them to become trapped on an electrically-isolated floating-
gate (Tam etal, 1984; Rahimi et al., 2002; Huang et al., 2011).
Once trapped here, the electrons remain there almost
indefinitely, thus allowing the floating-gate to act as a
memory device (Srinivasan etal., 2007).Detailed information
about IIHEI, including a novel method for providing
a linear, predictable change in charge can be found
in Huang et al. (2011) and Sarkar et al. (2013).

However, since floating-gate can only store a finite amount
of charge, it will eventually saturate after a certain number of
injection cycles; therefore, it is necessary to have a method for
removal of charge to enable a reusable sensor. This leads to our
third main principle, Fowler-Nordheim (FN) Tunneling, which
occurs when a high-voltage is applied to the gate of the floating-
gate PMOS. This large field potential induces a large amount
of charge to leak out of a parasitic capacitance (Thomsen and
Brooke, 1991). In our implementation, the tunneling operation
is applied globally to all floating-gate channels present on the
chip, and only if an external power source is available. This is in
contrast to injection, which occurs on a channel-by-channel basis
and when self-powered.

2.2. Sensor Architecture and Operation

Seven floating-gate transistors are integrated into a System-
on-Chip (SOC) to create the PFG sensor platform used for
continual monitoring of mechanical excitations. Each of these
seven floating-gates are pre-programmed to have different
activation thresholds (7.75, 8.22, 8.69, 9.15, 9.62, 10.09, and
10.56 V), resulting in each of the floating-gates only being
injected if the piezoelectric input exceeds specific thresholds
that were hardwired into the device. These thresholds were
selected after consultation with domain experts regarding the
expected response of strain-mode piezoelectrics when deployed
on infrastructure. An overview of the general architecture of
the device used for this case study can be seen in Figure 1B.
As illustrated in the Figure 2A, the PFG has many modules in
addition to the floating-gate sensor core, all of which have been
previously reported in Huang et al. (2010, 2011), Aono et al.
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FIGURE 2 | (A) Block diagram of PFG and (B) custom fabricated System-on-Chip micrograph. (A) A high-level overview of the components in a PFG sensor.
(B) a. Digital Control, b. Oscillator, c. Charge Pumps, d. Protection, Rectifier, and Time Dilation, e. Pulse ADC, f. PFG Core, g. Voltage Reference and Injection Control.
Zoomed inset shows a single channel of the PFG, with the floating-gate highlighted in red.

(2014), and Borchani et al. (2016) and therefore they will only
be briefly touched on here in regards to their functionality in the
PFG sensors operation.

The PFG has two main operational modes, which are
distinguished by their powering modality. The first operational
mode is the self-powered mode, during which the PFG behaves
a self-powered data logger. This circuitry (see Figure2A) is
able to operate in a self-powered modality due to the fact
that the sensing, processing and data-logging is all completed
with pico-Watt power dissipation (Huang and Chakrabartty,
2011), that is provided by an input stimuli on the strain-
mode piezoelectric transducer (Sarkar and Chakrabartty, 2013).
After Vyqp drops below approximately 6V, the circuit is no
longer able to operate due to the voltage dropping below
the minimum threshold required to generate hot electrons
through a PMOS. This determination of this value is was
previously reported (Sarkar et al., 2013). Once this lower limit
is reached, the circuit goes back to sleep and awaits the next
mechanical excitation.

The second operational mode is the programming mode,
which requires an external power supply. In the programming
mode, the user is able to use a variety of digital commands to
set the amount of charge that is stored on the floating-gates in

preparation for a deployment. These three commands consist
of injection, which adds charge to the gate, tunneling, which
removes charge from the gate, and next, which changes the active
floating-gate channel on the PFG. External power is also required
to readout the values stored on each of the floating-gates. The
value of each of these floating-gates can be read out by either
sampling the analog voltage directly or by measuring the output
of the Pulse ADC. The Pulse ADC measures the voltage V, on
the actively selected channel (see Figure 1B) and converts this
voltage to a frequency value that is compatible with standard
digital systems. This frequency value is used to determine the
cumulative strain excitations that the piezoelectric transducer
experienced during its deployment.

2.3. Laboratory Validation

Before deploying the PFG sensors into real-world situations,
several laboratory tests were conducted to characterize the
performance of the device and determine its aptitude at detecting
and logging the strain applied to a piezoelectric material. Several
tests were done to characterize the rate of injection in terms
of both the Vi and the external tuning resistance used to
set Vier. Plots showing the relationships between these three
parameters can bee seen in Figure 3, where it can be seen that
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an increase of the external resistance results in a decrease in
the Vi which results in a decrease in the rate of injection.
In addition, due to the fact that these sensors are going to
be deployed in a variety of environments, it is also important
to characterize how the PFG is affected by temperature. Plots
describing how the rate of injection and the performance
of the pulse ADC can be seen in Figures 3G,H. The plot
relating the output frequency of the pulse ADC to V, can

be seen in Figure 4. Despite the fact that differing values of
the input voltage can have the same frequency output, these
values can still be differentiated by observing their duty cycle,
as explained in Aono et al. (2018) which shows the duty cycle
along with the output frequency. In order to validate the sensors
ability to detect strain, several testing methodologies were used.
These methodologies were previously reported in Hasni et al.
(2017d), with a setup for a four-point bending test presented
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in Figure5. From this test, it was verified that the PFG was
indeed able to measure and log variations in the strain applied
to a piezoelectric transducer. Using the cumulative strain history,

N 4500 ‘ ‘ ;
—— Model
e

ey

o

o

o
T

= = N N w w
o w o w o w
o o o o o o
o o o o o o

wv
o
o

ADC Output, Pulse Train Frequency (H

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
ADC Input, Buffered VFG (V)

o

FIGURE 4 | Input-output characteristic of the pulse encoder ADC, peak output
frequency occurs near 470 mV. Though not monotonic in frequency output, the
duty cycle of the pulses is different on either side of the peak output frequency.

analytic and numerical methods are applied to ascertain the
structural health (Hasni et al., 2017b; Jiao et al., 2017).

3. TRANSDUCER SELECTION

3.1. Strain, Frequency, and Temperature

Calibration

Based on numerical simulations and feedback from previous
measurements on the Mackinac Bridge, we estimated the
anticipated strain response levels for the targeted areas to
monitor. The type of transducer that is coupled with the PFG
sensor from section 2 directly affects the amount of information
that the sensor logs since each piezoelectric responds differently
to ambient excitations when attached to steel in a strain sensing
modality (Hasni et al., 2017d, 2018a). Based on the numerical
simulations of the responses from different transducers, three
piezoelectric ceramic discs were identified and evaluated in a
controlled setting to investigate their behavior under anticipated
deployment conditions. Commercially available foil strain gages
were also used in paralegal throughout evaluation to provide
a ground truth comparison for the applied stains. In Figure 5,
we present a diagram of the experimental apparatus setup, a
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FIGURE 5 | Diagram and images of the test setup used for laboratory validation. (A) A diagram depicting the four-point bending test, with piezoelectrics affixed to the
bottom of a plate. The voltage response is measured using National Instruments devices. (B) The picture of our actual apparatus. (C) Close-up of the affixed

4

Frontiers in Built Environment | www.frontiersin.org

March 2019 | Volume 5 | Article 29


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Aono et al.

PFG Sensing on Mackinac Bridge

A 100 - - - = B 100 ——
. i '
5 95 N g 95} ~
2 Rate: 0.206% / Cycle 2 Rate: 0.209% / Cycle é
c
‘T 90 £ g0l
1S IS
[0 [0
© 14
85— : . : ’ 85— : ‘ ; ;
0 10 20 30 40 0 10 20 30 40
Loading Cycles Loading Cycles
C 100 ——— D 100 ——
- — . e
X ) X
5 95 = 95 N\
S == S
£ £ =
= = ~
2 Rate: 0.271% / Cycle = 2 Rate: 0.291% / Cycle E
£ 50 £ - N
© r - T ®© [ g 7
£ = £
. & E=
85— : : 85— : : : :
0 10 20 30 40 0 10 20 30 40
Loading Cycles Loading Cycles
FIGURE 6 | Measured injection profiles for a prototype sensor on four separate floating-gates. Excluding one outlier, all four are in close agreement, and the median
response follows a linear trend as expected. (A) Strain level 1, (B) Strain level 2, (C) Strain level 3, and (D) Strain level 4.

picture of the actual implementation, and a close-up of the
piezoelectric ceramic discs attached to a test specimen. As
shown in Figure 5B, we perform a four-point bending test
on an aluminum specimen by applying controlled repetitive
strains. The piezoelectric ceramic discs (PZTs) were sourced from
STEMINC Inc. The relevant parameters of each of the PZT discs
are as follows, PZT1 and PZT3 have the same diameter of 20 mm,
while PZT2 is larger with a diameter of 25mm. Both PZT2
and PZT3 have the same material thickness (height) of 700 um,
and PZT1 has a larger height of 800 um. Additional properties
available upon request.

In a four-point bending test, the strain is constant between
the load application points, with the controlled strain amplitude
given as:

3FA

b2’ M

Nsurf =
where F is the applied force, A is the coordinate of the first
inner clamp relative to the first outer clamp, b is the width of
the specimen under test, h is the height, and E is the elastic
modulus. The voltages generated from the PZTs are logged using
a high input impedance (~1 GS2) data logging device (National
Instruments - NI9220). Similarly, the strain gage reference
response is logged using an NI9236. Each PZT is connected
to a PFG sensor as depicted in the diagram of Figure 5A. The
testing load is applied using an MTS servo hydraulic machine

in displacement-controlled mode, with a cyclic displacement
applied for each test iteration. The applied load is slowly
increased, while monitoring the reference strain until the first
floating-gate transistor is activated as described in section 2.
Once a target load to apply was determined, the displacement
was applied for 40 cycles. The resulting PFG memory for four
different chips is presented in Figure 6A. Due to fabrication
mismatch in the CMOS, not all chips will behave exactly the
same. This is evidenced by the fact that the same loading activated
most of the chips, but one of them did not activate at the given
load. The procedure of of determining the activation load and
cyclically loading was also done for the second (Figure 6B), third
(Figure 6C), and fourth (Figure 6D) floating-gates on a PFG.
In those tests, all four test samples were in close agreement for
the load required to active. Moreover, Figure 6 demonstrates
that the PFG data-logging has a linear trend that is repeatable
and predictable. Based on these observations, PZT1 and PZT3
respond to a strain range of 75 e to 220 pe, while PZT2 is
effective at the range from 50 to 100 pe. The combination of all
of the PZTs is designed to cover the entire range between (50 jLe
and 250 je).

Additionally, the dynamic strains and vibrations on the
Mackinac bridge can contain components in the sub-Hz region.
In order to make sure this information is captured, additional
testing was conducted on PZT2 (high sensitivity) with loading
cycle frequencies of 400 and 500 mHz. The same testing
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TABLE 1 | Measured PZT strain-voltage and PFG activation vs. frequency.

Strain (jLe) 400 mHz 500 mHz
Voltage (V) PFG channel Voltage (V) PFG channel

50 5.00 0
60-62 6.67 0 6.73 0
73 7.38 0 7.68 1
80 7.83 1 8.64 3
87-89 8.31 2 9.33 4
99-101 8.84 3 9.67 5
119-121 9.60 4 9.89 5

TABLE 2 | Measured PZT strain-voltage and PFG activation vs. temperature.

Strain (jLe) 20°C -20°C
Voltage (V) PFG channel Voltage (V) PFG channel

50-51 7.37 1 7.04 0
62 8.50 2 7.75 1
72-73 9.38 4 8.67 2
82-83 9.80 5 9.42 4
92-94 10.05 6 9.77 5
103 9.91 5

procedure described above is maintained, and the recorded
results are presented in Table 1. For the sub-Hz region, the
sensors monitor events ranging from 70 to 250 je. Another
important consideration for the deployment of the PFG sensors
on the Mackinac Bridge is the significant variation in ambient
temperatures that are observed in northern Michigan. Similar
to the deployment conditions, a rubberized flexible sealant layer
was sprayed on the piezoelectric discs. The coating provides
protection against water, humidity, air, and other environmental
factors that could cause damage and corrosion. The testing
procedure described above is repeated for a 500 mHz loading
frequency temperature was varied from —20 to 20°C. The
collected data are shown in Table 2. The expected performance
variations for PZT2 at very low temperatures are characterized
when coupled with the PFG sensor. Only a slight variation is
documented for the first stage memory cells corresponding to low
strain levels.

3.2. Cabling Effects

In laboratory testing, we used grabber wires or alligator clips
for interfacing the PFG sensors with the PZT transducers, yet
when moving to an actual field deployment, where the setup
will be exposed to the elements, a more robust interconnect is
required. The type of wiring could have a noticeable affect on the
sensor performance, as the capacitance and electrical resistance
of the wires could vary depending on the gauge, shielding, or
wire arrangement of a cable. We sourced the C0744A.41.10
multi-conductor (eight wires) cable from General Cable, which
uses 24 AWG stranded copper as the conducting wires with
0.0320 in of poly-vinyl chloride (PVC) insulation. This cable has

a rated operational temperature range of —20 to 80 °C, an inter-
wire capacitance of 30 pF/ft, and a wire-to-shield capacitance of
55 pF/ft. We specifically chose this cable for it’s low-cost and high
availability (it is similar to cables used for Ethernet), as well as the
low capacitance offered by thin conductors. To test the effects of
a more robust cable, the C8101.41.03, also from General Cable,
was evaluated. The cable only has two conductors of 18 AWG
each and a much more robust 0.0160in Fluorinated Ethylene
Propylene (FEP) jacket insulation with operational ratings of
—40°C to 150°C and inter-wire capacitance of 51 pF/ft and
wire-to-shield capacitance of 91 pF/ft.

Each cable was tested using the low input frequency and room
temperature configuration of the four-point bending test that
is described above. We recorded the threshold strain levels and
voltage generated and found that for PZT?2 the average difference
in PFG channel thresholds between the two cables was about
0.86 pue or 15.7 mV. Similarly, the average differences for PZT3
were 1.85 e and 10.0 mV, allowing us to conclude that the cables
had negligible effect on the threshold performance of the PFG
sensors. Although the performance was not degraded by the
choice of cabling, it is important to source cables that are rated
for the expected deployment environment.

4. SYSTEM DESIGN FOR DEPLOYMENT

The Mackinac Bridge is the gateway to the north that connects
the upper and lower peninsulas of Michigan in the United State of
America. When construction was completed in 1957, it claimed
the title of longest suspension bridge and was regarded as one of
the greatest engineering feats to date. Decades later, it remains
the longest suspension bridge in the western hemisphere with
a total structure length of 3.038m (26,372 ft), a deck width
of 209m (68.6ft), and peak tower height of 168 m (552 ft).
It's scale provides an excellent venue for testing our bridge
sensing platform, especially considering the harsh climate that
the sensors will need to endure, with months of sub-zero
weather anticipated.

In earlier deployments of the PFG for pavement monitoring
applications, we demonstrated the feasibility of using a
backscatter RF interface for data retreival (Huang and
Chakrabartty, 2012; Chakrabartty et al., 2013; Aono et al,
2016). However, those communication methods are not
optimal for steel-dense structures, especially considering
that the sensors could be placed on elements of the bridge
that are not near the road surface. Therefore, we coupled
the self-powered PFG sensor to an active Radio Frequency
(RF) communication link leading to a quasi-self-powered
platform (Aono et al., 2017; Aono, 2018; Kondapalli et al., 2018).

4.1. First Deployment

Before the 2016 winter season, we deployed an initial prototype
on the bridge to get a rough indication of the environmental
conditions that sensors would be exposed to throughout their
deployment lifetime. The initial prototype was designed to test
our assumptions about appropriate procedures for developing a
quasi-self-powered platform.

Frontiers in Built Environment | www.frontiersin.org

March 2019 | Volume 5 | Article 29


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Aono et al.

PFG Sensing on Mackinac Bridge

FIGURE 7 | Initial wireless sensor box that was installed in autumn of 2017
and failed during the 2017-2018 winter due to water ingress. This box was
deployed as a means to provide rapid-verification of the PZT selection and
PFG data-logging capability. (A) Initial prototype’s weather proofing enclosure,
a sample PFG sensor and PZT are shown next to a U.S. quarter for scale.

(B) Launchpad with adapter PCB to interface with three PFG sensors, black
sections are weatherproofed debugging pads, and the batteries are mounted
on the underside of the PCB.

The initial prototype had three PFG sensors, each attached
to either PZT1, PZT2, or PZT3 from section 3. Each of
the three PFG sensors were connected to an off-the-shelf
RF Microcontroller (MCU) from Texas Instruments (TI)
that was able to collect data from the PFGs and wirelessly
transmit it back to a moving vehicle on the bridge. An
image of the first version of this prototype can be seen
in Figure 7, with specifications given in Table 3. Initial data
collected from each of the three PFGs provided insight into
their efficacy and demonstrated the viability of the wireless
interface. However, upon returning to the installation site
after the winter, we found that the initial prototype had
failed due to moisture entering the encapsulated prototype.
This initial prototype and deployment gave us the following
information:

o The PFG was able to cumulatively record strain events

o PZT2 provided the best data

o A majority of the power was used to provide a low-latency
wireless interface

« Data collection does not need to occur frequently

o More than one layer of weather-proofing is required

o Alkaline batteries would not match the target lifespan.

TABLE 3 | Prototype specifications.

Parameter Version 1 Version 2
PCB area (cm?) 180 2215
Transmission power (dBm) 6 8
Transmission distance (m) >10 >50
Lifetime (yrs) 0.25 >20
Number of PFG 3 3
Transmission latency (s) 0.15 300
POWER BUDGET

Battery capacity (mAh) 10,000 1,200
Supply voltage (V) 3.6 1.8
Dormant 202 (WW) 141.9 (nW)
Awake and sensing (mW) 10.08 10.86
Transmitting (mW) 51.8 57.2

4.2. Second Deployment

Taking into account the lessons learned from the initial
prototype, we designed an improved version. The improved
sensor assembly is shown as Figure 8A and the weatherproof
enclosure is presented in Figure 8B. A custom PCB that
has a built-in PCB antenna connected to TIs CC1310
RF MCU was designed. As in the initial prototype, this
component enables the active wireless communication and
interfaces with up to three PFG sensors per box. Each
PFG is soldered onto an individual daughterboard PCB that
can be easily swapped in or out on the RF motherboard
via flexible flat cables. This capability allows for rapid
replacement of PFG sensors if we need to change the injection
rate, diagnose a failure, or reset the floating-gate memory
(though possible through the wireless communication, we
removed this option to prevent malicious tampering of data at
this stage).

The CC1310 from TI is a commercial off-the-shelf RF
MCU that enables wireless communication in the 915 MHz
Industrial, Scientific, and Medical radio band (ISM band), while
simultaneously offering capabilities typical of MCUs, such as
programmable general purpose input/output pins (GPIO), clock
timing with ms precision, and user-programmable firmware. In
this second prototype, the GPIOs are used to give a rising
edge to pre-determined pins of the PFG to send commands
such as: increment selected channel, reset all channels, program
current channel, enable readout, and reset PFG state machine.
The CC1310 was configured for an average active supply current
draw of 12mA with wireless communication sensitivity below
—110dB m, estimates using TI datasheets suggest that this setup
could yield wireless ranges in excess of 1km even with a low
efficiency PCB antenna. Indeed, we were able to communicate
with sensors deployed on the steel structure of the bridge using
a CC1310 connected to a PC on the road surface. The data from
sensors are logged on the PC for later analysis.

The RF motherboard includes a buck converter to extract
more energy from the batteries before the system stops
responding due to low supply voltage. Additionally, a nano-
power timer (TI TPL5111) disconnects all electronics from the
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FIGURE 8 | Second version of the sensor platform, deployed for testing in spring of 2017 and still responding in autumn of 2018. (A) Custom PCB with (a)
Sleep-mode timer, (b) Connectors for PFG and piezo, (c) Battery Management, (d) RF MCU, (e) PCB Antenna, and (f) PFG modules. (B) Weatherproof housing with
cabling, a batteries mounted, and the RF PCB installed. PFG module not mounted, and the lid is removed for this image. (C) Pictures showing the Mackinac Bridge,
installation of the second version, and a mock-up of how the sensor platform is affixed to steel plates.

battery by turning off a load switch. This user-configurable timer
was set for 5 min, therefore the prototype would be unresponsive
for 5 min at a time, but would only lose a miniscule amount
of supply current to leakage, measured to be less than 50 nA.
On the initial startup, the RF MCU is programmed to go into
a “search” mode where it will listen for an interrogator (i.e.,
an operator that has a similar RF board connected to their PC
which is asking for data). Only if an interrogator is detected
will the prototype sample and transmit the PFG sensor data.
This is done since the energy cost of a transmission is much
larger than receiving, in particular the CC1310 was configured
to listen for an interrogator for 6s at a time with an average
supply current of 225 pA while a transmission can take as long as
13.5 s with an order of magnitude larger supply current of 2.5 mA.
Based on these supply currents, we can estimate typical supply
currents of:

Tonton + Isearchfsearch + Lofitoff
fon + tsearch + foff

Request =

_25m- 135+ 225 -6+ 50n - 300
a 13.54 6 + 300

< 110 pA

Isearchtsearch + Iofftoﬂ

fsearch + foff
. 225w -6 4+ 50n - 300

6 + 300

No request =

< 5pA

If we collect data from these sensor boxes twice a day (that is, 1%
of the time), and use a ¥2 AA battery with 1.2 Ah of capacity, then
it would remain operational for:

lyr
8766 h

1.2Ah = (0.99-5n +0.01-110 ) A - ( > A 23.5 years.

In a more traditional sensing platform, the MCU would need to
periodically poll the sensors to collect data, which would prevent
them from operating at the nA range that our prototype does.
Moreover, in such polling methods, the collected data would not
represent the entire history of the structure’s health since these
sensors are not continuously sampling and are only collecting
data when the sensor node wakes up to transmit (Chakrabartty
et al., 2013). Due to the reduction in energy requirements that
were realized from the periodic transmission, a more robust
battery (Tadiran’s lithium thionyl chloride) chemistry could
be employed. Similar batteries have demonstrated 40 years of
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operating life, and accelerated testing in a temperature chamber
gave results consistent with our previously outlined assumptions
about battery life.

The cables of the second prototype were upgraded to a
six conductor cable with 24 AWG wires (General Cables,
C3029.41.86) which has a flouropolymer jacket insulation that
is rated for operation between —40 and 150°C and has a
reduced capacitance of 13 pF/ft between conductors and 23 pF/ft
conductor-to-shield capacitance. This allows the cable gland
to be given a tighter fit, we also filled the inside of the
gland with a copious amount of sealant.The water-tightness
of this setup was verified with a one week submersion test
with daily agitation of the water. The inside of the box did
not show any signs of being compromised, and the non-
conformal coated electronics still responded after being removed
from the water bath. In the final deployed prototype, all
electrical components in the box were treated with a silicone
conformal coating, which by itself provides protection against
water or ice causing electrical shorts. The enclosure was
reduced in size to 59 x 94 x 35mm?> and the material was
also upgraded from an economical plastic to a more robust
UV-stabilized polycarbonate.

5. FIELD DEPLOYMENT: MACKINAC
BRIDGE

The improved prototype was deployed in May of 2017 (shown in
Figure 8C), and in this section we present two particular events
that show the data-logging capability of the proposed quasi-self-
powered platform. It is shown that the PFG sensors were able to
detect the increase in traffic due to the influx of bridge crossings
that occurs during the annual Mackinac Bridge Labor Day Walk.

5.1. Data From 2017

Data were collected between May 25th and September 5th of
2017 and had a corrective factor applied (Aono et al., 2018).
Based on the traffic patterns provided by the Mackinac Bridge
Authority, an expected response model for the PFG sensor was
developed using in-lab testing characterizations (Huang et al.,
2011; Aono et al., 2014; Feng et al., 2015; Borchani et al., 2016).
For the analysis presented here, we operate under the assumption
that this model is ground truth since data from continuously
powered commercial sensors is not available. The measured data
from the PFG sensors were compared against the model, and
the mean-squared deviation is given in a box-whisker plot as
Figure 9. What we found is a deviation from the model around
September 4th. This date coincides with the annual Mackinac
Bridge Labor Day Walk, which drew a crowd of over 25,000
people (the Mackinac Bridge does not typically have foot traffic).
It should be noted that the traffic pattern data used to generate
the ground truth model did not include the traffic data from
that specific date, as the supplied traffic data was in aggregate
form, nor does it include any foot traffic. The observed deviation
indicates the successful detection of traffic patterns using our
sensor platform.
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FIGURE 9 | Variation of data collected from four sensors during 2017, as
compared against vehicle traffic trends. A large deviation around September
4th (Labor Day Walk) is observed.

5.2. Focus on 2018 Labor Day Walk

After leaving the prototypes deployed on the bridge for the 2017-
2018 winter season, they were still responding when we returned
in the spring of 2018. Upon opening the boxes for inspection, we
found that none of four units showed signs of water ingress or
other hardware failures, and that the battery levels were also as
expected based on our calculated operational lifespan of 23.5 yrs
per %2 AA battery. The sensors remained operational through
the summer season as well. Before the annual Mackinac Bridge
Labor Day Walk for 2018, we replaced the PFG sensors in Box 12
with ones that would log data more quickly (as in Figure 3, we
used a smaller external tuning resistor on the reference voltage
generator) to see if we could replicate the results from 2017.
We also translated the pulse encoder output frequency into the
equivalent stored floating-gate charge, which we denote as the
PFG Data in volts. The resulting data plots are given in Figure 10.
Sensor 2 was consistently logging data, regardless of the traffic
levels, which might be expected due to the placement of that PZT
since it could be tracking the sway of the bridge from winds.
According to the Mackinac Bridge Authority, it is typical for
winds to cause horizontal sways, and if the placement of the
PZT is correct, Sensor 2 could be logging such horizontal strains
instead of the vertical strains that would be generated by passing
traffic. The important aspect is to note that Sensors 1 and 3 did
detect the variations in traffic around the Labor Day Walk.

6. DISCUSSION AND CONCLUSION

In this paper we presented a quasi-self-powered structural health
monitoring sensor system based on the Piezo-Floating-Gate
(PFG) sensing technology. The sensor operates on a “sense
now, retrieve-later” paradigm where cumulative strains are
continuously logged and wirelessly retrieved and reconstructed
at a later stage. In addition, we demonstrated how the system
parameters could be optimized to ensure that the sensor is
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FIGURE 10 | Sensors 1 and 3 show data-logging events around the 2018
Labor Day Walk (on September 03), Sensor 2 logging did not deviate due to
the event. Trend line is expected data if no event occurred on September 03.

continuously operational for greater than 20 years. The proposed
sensing technology was deployed at mesoscale on the Mackinac
Bridge in northern Michigan and data were presented from two
retrieval studies. Deployed prototypes have been demonstrated
for over two years, with an estimated lifespan measured in
decades. Across two years, we show that variations in traffic
were successfully detected through this sensing technology. We
anticipate that the life-span of the sensor would ultimately
be determined by components of the prototype (capacitors,
PZT, weatherproof seals, etc.) besides the battery, which is a
limiting factor for many SHM WSN. This thereby demonstrates
the utility of our quasi-self-powered approach for long-term
sensing. One of the new research directions would be to
reduce the latency of wireless transmissions and to create a
network of the quasi-self-powered sensor prototypes. In this
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