


FOREWORD

This report documents the development of a novel self-powered sensor system for continuous
structural health monitoring of new/reconstruction or resurfacing of asphalt and concrete
pavements. The system consists of a wireless integrated circuit sensor that consumes less than
1 microwatt of power and interfaces directly with and draws its operational power from a
piezoelectric transducer. Each sensor node is self-powered and capable of continuously
monitoring and storing the dynamic strain levels in pavement structure. The data from all the
sensors are periodically uploaded wirelessly through radio frequency (RF) transmission using a
RF reader either manually operated or mounted on a moving vehicle. The integrated wireless
sensor can provide many benefits to highway agencies by helping facilitate more effective
pavement maintenance and rehabilitation/preservation decision making by detecting possible
damage, monitoring mechanical load history, and predicting the fatigue life of the

monitored pavements.
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UDDER 3 U U A UR
APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
t? square feet 0.093 square meters m’
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft2 cubic feet 0.028 cubic meters m’
yc!3 cubic yards 0.765 cubic meters m’
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius €
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux 1%
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m* square meters 10.764 square feet ft*
m? square meters 1.195 square yards yd®
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m’ cubic meters 35.314 cubic feet ft?
m?* cubic meters 1.307 cubic yards yd?
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
T Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m® 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibffin’

*8l is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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CHAPTER 1. INTRODUCTION

This report describes the efforts undertaken to develop a novel self-powered strain sensor for
continuous structural health monitoring of pavement systems, which was conducted under the
Federal Highway Administration (FHWA).

1.1 BACKGROUND

State highway agencies (SHAs) typically spend several million dollars per year to monitor the
condition of pavement structures as part of developing their Pavement Management System
(PMS) databases. Two approaches are typically taken: (1) conducting manual distress surveys or
(2) conducting automated condition surveys using specially equipped vehicles. However, these
monitoring approaches are reactive instead of proactive in terms of detecting damage since they
merely record the distresses that have already appeared. In addition, for thicker pavements,
surface cracks may not be indicative of structural damage if they exhibit top-down cracking. The
true pavement structural condition and rate of deterioration are needed to plan optimal structural
rehabilitation activities and future budget needs. Therefore, with effective pavement preservation
activities that intervene early to preserve and extend the life of pavements, surface cracks cannot
be used as a reliable indicator of structural condition or health of the pavement structure.

Another approach used to monitor the structural health of the pavement network is deflection
testing. The most popular method is using a falling weight deflectometer (FWD), although it has
been largely implemented for project-level evaluations as opposed to network-level evaluations
mainly because of significant personnel time and costs as well as safety concerns. The latest
development of the traffic speed deflectometer (TSD) technology promises to address some of
these concerns. However, the current technology is only capable of measuring peak deflection,
which is not suitable for predicting remaining fatigue life. Furthermore, TSDs can only be used
cost effectively on a periodic basis (e.g., annually or bi-annually). As a result, there is a
continuing need for low-cost technologies that facilitate early damage detection and future
condition evaluation for pavement network management.

Currently, pavement instrumentation for condition monitoring is done on a localized and short-
term basis, mainly for research purposes. The currently used technology does not allow for
continuous long-term monitoring because of the limitations caused by the use of batteries

(i.e., it is impractical to replace batteries for embedded sensors). Also, the deployment of existing
systems on a network level remain unfeasible due to cost, unease of installation and data
collection techniques (need for fixed and rather massive data acquisition systems), and low
durability (due to required wiring).

Although recently there has been significant research performed on distributed wireless sensors
for monitoring industrial process parameters and environmental conditions, all of the
commercially viable sensors developed to date require either solar or battery power. It is unlikely
that such powering means would be practical for monitoring pavement structures because
periodic replacement of batteries or the expense of solar power technology would be cost
prohibitive and in some cases impractical (e.g., due to safety on highly trafficked or inaccessible
roads). It is believed that energy harvesting could constitute a viable alternative. Energy



harvesting (often referred to as “energy scavenging”) is the process of converting ambient energy
(i.e., the kinetic energy from structural vibration or mechanical strain) into electrical energy that
can be used to power the sensor.

1.2 PROJECT SCOPE

This research focused on designing and testing a sensor system for pavement monitoring. The
system consists of a novel self-powered wireless sensor capable of detecting damage and loading
history for pavement structures. The developed system is based on the integration of a
piezoelectric transducer with an array of ultra-low power floating gate (FG) computational
circuits. A miniaturized sensor was developed and tested. It was shown that it is capable of
continuous battery-less monitoring of strain events integrated over the occurrence duration time.

Successful development of the proposed strain sensor could dramatically transform the
economics of pavement preservation/management and ultimately improve the serviceability of
pavements. The developed system consists of a network of low-cost sensors distributed along the
pavement. Each sensor node is self-powered and capable of continuously monitoring and storing
the dynamic strain levels in the host pavement structure. The strain data are stored onboard the
sensor, which consists of the self-powered sensor strip and the small scale electronics. The data
from all the sensors are periodically uploaded wirelessly to a central database. The sensor is read
through standard radio frequency (RF) transmission using a RF reader that is either manually
operated or mounted on a moving vehicle. By directly outfitting service vehicles with low-cost
RF transponders, the roads can be frequently monitored to detect changes in structural integrity
that may not only foreshadow a future crack/distress manifestation but also allow for more
accurate scheduling of preservation actions. It should be noted that only a single RF reader is
needed to inspect the sensor network. Given the annual costs of infrastructure inspection, this
sensor cost could rapidly pay for itself. Figure 1 shows a schematic of the envisioned system.
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Pavement structure
Figure 1. Illustration. Array of self-powered sensors capable of monitoring cumulative

strain history of the host pavement structure.
1.3 PROJECT OBJECTIVES

The objectives of the project are as follows:

e Develop a sensor that has the following attributes: (1) self-powered, continuous, and
autonomous sensing; (2) autonomous computation and non-volatile storage of sensing
variables; (3) small size such that it can be installed using existing installation procedures



that are accepted by SHAs and will not constitute a major disruption to current practices;
(4) wireless communication to eliminate the need for embedding wires in the pavement
structure and the use of fixed data acquisition systems on the side of the road;

(5) robustness to withstand harsh loading and environmental conditions during initial
construction and throughout the life of the pavement; and (6) ability of integration in
large-scale sensor networks.

Manufacture sensor electronics and characterize their basic functionalities in a
laboratory setting.

Design and characterize the self-powering scheme based on piezoelectric transduction.

Design and test a robust packaging system to withstand loading and environmental
conditions for field implementation.

Develop a sensor-specific data interpretation algorithm for predicting remaining fatigue
life of a pavement structure using cumulative limited compressed strain data stored in the
sensor memory chip.

1.4 REPORT STRUCTURE

The remaining chapters of this report are organized as follows:

Chapter 2 describes the electronics design for the fatigue sensor as well as the
manufacturing and testing of the small-scale electronics in a standard 0.02-mil (0.5-pum)
complementary metal oxide semiconductor (CMOS) process. The self-powered FG array
sub-system sensor is capable of computing and storing the applied cumulative strain
history. The manufactured prototypes show robustness with respect to temperature
variations and manufacturing mismatches.

Chapter 3 outlines the development details of an efficient wireless communication
protocol between a moveable external reader and the embedded sensors.

Chapter 4 describes the mechanical testing for the survivability of the unprotected
piezoelectric ceramic transducers embedded in asphalt under compaction conditions, as
well as in fresh mix concrete. The observed performance variations are used to determine
the initial design parameters for the packaging system. Furthermore, the generation of
electrical energy, a critical aspect for the performance of the entire system, is investigated
under simulated stress/strain conditions. Theoretical models of the piezoelectric power
generation transducers are presented.

Chapter 5 describes the designing and testing of an implementable version of the sensing
module that includes protective packaging against moisture, temperature, and stress. The
shape, size, and conformity with the current installation procedures are important factors
in the design.



Chapter 6 evaluates the performance of the sensor for fatigue testing. The main goal is to
develop a robust data interpretation algorithm that is capable of using the diminished data
provided by the sensor to achieve reasonable predictive capabilities comparable to what
is obtained using conventional measuring techniques (conventional strain gauges). The
time-compressed cumulative data provided by the sensor result in a loss of information.
A set of laboratory tests were designed to quantify and characterize the effect of these
losses. The objective is to recreate the damage index variation curves using only the
cumulative information tracked by the sensor.

Chapter 7 summarizes the work performed under this project, outlines the main research
products developed, and presents the main findings of the study.

Appendix A describes a temperature probe that can be integrated on the same chip as the
strain sensor (or manufactured on a separate chip); it was developed and tested in the
laboratory. The designed system does not allow for continuous temperature monitoring.
Instead, the temperature data can be uploaded for the condition during the interrogation
time only. For example, data could be gathered during non-destructive (FWD/TSD) tests
as part of a pavement management program.

Appendix B describes wireless load cell and a moisture gauge. Off-the-shelf instruments
were tested. A soil moisture sensor (sensor model (SM) 200) was tested using a 9-V
battery as a power source, and calibration curves were obtained. Using the current
technology, it was not possible to completely powering these sensors remotely using RF
energy harvesting.



CHAPTER 2. SMART SENSING SYSTEM DEVELOPMENT

This chapter describes the electronics design for the fatigue sensor as well as the manufacturing
and testing of the small scale electronics in a standard 0.02-mil (0.5-um) CMOS process. The
self-powered FG array sub-system sensor is capable of computing and storing the applied
cumulative strain history. The manufactured prototypes show robustness with respect to
temperature variations and manufacturing mismatches.

2.1 SELF-POWERED SENSOR DESIGN

A complete circuit implementation of the developed system is shown in figure 2. It consists

of a cascaded current reference, a startup circuit, and an array of seven injector channels. Each
channel consists of an FG injector (F1-F7) whose source is connected to the current reference
through multiple diode-connected P-type metal oxide semiconductor (PMOS) transistors.

For purposes of clarity, the tunneling node for each injector is not shown in the schematic.
Transistors M1-MS8 and resistor R form a standard current reference circuit biased in the weak-
inversion region, which produces a constant current reference. The reference current is copied by
mirrors P1-P14, which provide source currents to all seven injector channels. A detailed
description of the sensor’s functionalities and the measured results are presented in figure 2.

Reference
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Figure 2. Illustration. Complete circuit implementation of self-powered event counter.

An FG transistor is a metal oxide semiconductor field effect transistor (MOSFET) whose
polysilicon gate is completely surrounded by an insulator, which in a standard CMOS fabrication
process is silicon dioxide (SiO,). Because the gate is surrounded by high-quality insulation, any
electrical charges injected onto this gate are retained for a long time (greater than 8 years). This
makes FG transistors attractive for designing non-volatile memories. A P-channel FG MOSFET
was used instead of its N-channel counterpart due to limitations imposed by the 0.02-mil
(0.5-um) CMOS process that was chosen for fabrication. Figure 3 shows a cross section of a
P-channel FG metal oxide semiconductor transistor, which is used to illustrate the mechanism of
impact-ionized hot electron injection (IIHEI). IIHEI in the PMOS transistor occurs when a high
electric field is formed at the drain-to-channel depletion region. Due to this high electric field,
the holes, which are the primary carriers in PMOS transistors, gain significant energy to dislodge
electrons by impact ionization (see figure 3). The released hot electrons accelerate toward the



channel region and gain kinetic energy in the process. When the kinetic energy exceeds the
Si-SiO; (> 3.2 eV) barrier and if the momentum vector is correctly oriented toward the Si-Si0O,
barrier, the electrons are successfully injected into the oxide. The injection process is also shown
using an energy band diagram in figure 4. As electrons are injected into the oxide and the FG, its
potential decreases. One of the disadvantages of using IIHEI as a computational medium is that it
requires a large voltage for operation. For example, in a 0.02-mil (0.5-um) CMOS process, a
drain-to-source voltage greater than 4.1 V is required to start [IHEI in a PMOS transistor.
Fortunately, commonly available piezoelectric materials are capable of generating large voltages
(> 10 V) although with limited current driving capability (< IpA). The limited current driving
capability is not a problem for ITHEI since it has been shown that when the PMOS transistor is
biased in weak inversion, the injection efficiency (ratio of injection current and source/drain
current) is practically constant for different values of source current. The principle of operation
of the piezo-driven usage monitor is shown in figure 5 where a piezoelectric sensor converts
mechanical energy into electrical energy, which is then used to inject electrons on the FG. The
total number of electrons on the FG is therefore indicative of the count of mechanical events.
However, IIHEI is a positive feedback process. As more electrons are injected into the FG, its
potential decreases, which in turn increases the drain current through the PMOS transistor. An
increase in the drain current increases the probability of impact ionization, thus increasing the
hot electron injection current. If left uncontrolled, ITHEI leads to the breakdown of the transistor.
Therefore, the current through the transistor is required to be carefully controlled in order to
perform any useful and long-term computation.
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Figure 3. llustration. ITHEI process in a PMOS FG transistor.
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Figure 4. Illustration. ITHEI using an energy band diagram.
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Figure 5. Illustration. Concept of piezoelectricity-driven ITHEI.

A circuit model of a current-starved FG injector is shown in figure 6. It consists of a PMOS FG
transistor whose drain is connected to a constant source current. Note that the FG node, Vg, is
insulated by the transistor gate oxide and other coupling capacitors. The choice of using a PMOS
FG transistor (as opposed to an N-type metal oxide semiconductor (NMOS) transistor) was to
ensure compatibility with the CMOS n-well (i.e., name of base layer) fabrication process used
for prototyping.
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Figure 6. Illustration. Electrical model of an analog FG memory cell.

The current source in figure 6 is powered using a potential source, V, which for the sake of this
derivation is assumed to be generated from the transducer signal. Figure 6 also shows a tunneling
node, V;,,, which is used for removing electrons from the gate and for initializing the FG node,
Vir. The FG voltage is also modulated using the control gate terminal, V.,. For the analysis
presented in this section, both V., and V,,, are assumed to be constant, and the source voltage, Vi,
has been properly initialized (using tunneling or the IIHEI) to be a predetermined value. Under
these conditions, the source current drives the source node to a higher voltage, which then
creates a sufficient electric field at the drain-to-channel region, triggering onset of the IIHEI
process. As hot electrons are injected onto the floating node, the potential V', decreases, resulting
in a decrease in V. The process stops only when the source-to-gate voltage is large enough that
the transistor source current equals the constant current source. To understand the dynamics

of this simplified circuit, an empirical model for ITHEI is first integrated with transistor
characteristics. Although several empirical formulations exist for modeling the process of IIHEI,
the following expression in figure 7 for the injection current is found to be sufficient to
characterize the dynamics of the injector.
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Figure 7. Equation. ITHEI current.

Where:

f and V;,; = Functions of transistor size and process parameters.
I, = Source current.
Vsa = Source-to-drain voltage.

By controlling the constant current source (also the source current) in figure 6, the FG transistor
can be biased in the weak inversion regime. The reason for biasing the transistor in weak
inversion is to reduce the power dissipation and obtain a log-linear response (shown in this
derivation). In weak inversion, the source current, /;, through the transistor, M, can also be
expressed as shown in figure 8.

m Ve
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Figure 8. Equation. Source current.

Where:

Iy = Pre-exponential component.

Vi = FG voltage.

Vs = Source voltage.

x = FG efficiency.

Ur= Thermal voltage (26 mV at 300 K).

For the constant source current /;, the relationship between the source voltage and the FG voltage
can be obtained from figure 9.
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Figure 9. Equation. FG voltage.

Applying figure 9 into figure 7 and expressing the injection current as the change of the FG
voltage with respective to time, the equation in figure 10 was created.
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Figure 10. Equation. Injection current as a function of the FG voltage.

Where:
C; = Total capacitance of the floating node V.



From figure 10, the differential equation for Vs can be expressed using figure 11 and figure 12.
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Figure 11. Equation. Differential equation for the source voltage.
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Figure 12. Equation. System variables.

Where:
K and K, = Constants.

The general solution of figure 11 can be expressed using the equation in figure 13.

v.(t)= —Kiln(Kler +e )
2

Figure 13. Equation. Source voltage as a function of the cumulative duration of the
injection process, 7.

Where:

V50 = Initial source voltage.
t = Cumulative duration of the injection process.

2.2 PRELIMINARY LABORATORY EVALUATION

The self-powered sensor design (described in section 2.1) was submitted and manufactured in a
standard 0.02-mil (0.5-um) CMOS process. Figure 14 shows a prototype chip on a dual in-line
package (DIP)40. The actual electronics are included on 0.0015-inch” (0.9678-mm?) area with
silicon at the center. The selected packaging is suitable for laboratory testing and can be easily
integrated on a testing board as shown in figure 15. The board was designed and interfaced with
a computer. Data are uploaded from the sensor to the database using a MATLAB® program. The
wireless interface, designed and integrated on a chip, alleviates the need for a test board. Data
can be uploaded directly using a wireless protocol. The test board was used throughout the
project as an easy way to manipulate testing support for the developed prototypes. These tests
allow for the identification of possible manufacturing mismatches and the verification of all
expected basic functionalities of the circuits.

Sensor electronics

Figure 14. Photo. Sensor prototype manufactured on a DIP40 packaging system.
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Figure 15. Photo. Prototype mounted on a testing board and connected to a computer using
a parallel port for data upload.

Figure 16 shows the source voltage variation with respect to the injection duration as predicted
by figure 13 and also according to the measured results obtained from a fabricated prototype
(plotted using log and linear scale). The measured response matches the theoretical model. In
particular, the response in figure 16 shows two interesting regions of operation. The first region,
called “linear region,” is observed under the condition of ¢ « 1/K,; KzeKz Vso, of which figure 13
can be simplified, as shown in figure 17.
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Figure 16. Graph. Theoretical and measured results for source voltage response.
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Figure 17. Equation. Source voltage for short-term monitoring.
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Where the approximation In(1 + x) = x. Figure 17 demonstrates a linear response of the source
voltage with respect to the injection duration (see figure 16 inset) and is useful for monitoring
short-term events (typically less than a cumulative event duration of 100 s). However, for long-
term monitoring, the second region of operation called the “log-linear” region is important and is
observed under the condition 7 > 1 /K, K,eX2"s0, For log-linear conditions, figure 13 can be
simplified to figure 18.

| 1
V(t)=——In(KK,)——In(?).
S( ) K2 ( 1 2) K2 ( )

Figure 18. Equation. Source voltage for long-term monitoring.

Thus, the source voltage is a logarithmic function of injection duration. The response is
illustrated in figure 16 using both measured and empirical models where it is shown to be valid
for time (#> 1,000 s), and it is the fundamental behavior used for designing event monitoring
processors in this research. In fact, the log-linear model is valid beyond 100,000 s, where the
injection currents become as small as a single electron per second. This can be readily verified
from the measured response in figure 16, where the FG capacitance is 50 fF and the change in
voltage observed is 20 mV over duration of 10,000 s. Another interesting result that can be seen
from figure 18 is that V' is independent of its initial value and is only dependent on the

two constants, K; and K5. The slope of the log-linear response is completely determined by 1/K>,
while K; only introduces an offset capturing artifacts arising due to biasing condition, ambient
temperature, and CMOS process parameters. Thus, figure 18 also provides a model for
compensating these systematic errors using a simple differential offset cancellation technique.
Figure 18 can be written in its differential form as figure 19.

AVS(At):LIn( b J

K, \t +At
Figure 19. Equation. Change in source voltage.

Where #, denotes a reference time with respect to which the differential time intervalAs
1s measured.

From figure 19, it is apparent that the differential operation is independent of the parameter K.
Thus, the robustness of sensor performance is directly related to K,. Several experiments were
conducted to quantify the robustness of the parameter K, to different environmental and
manufacturing mismatch conditions. Figure 20 shows the responses obtained from multiple
memory cells on the same sensor that were biased with different current sources (/). The
mismatch in the parameter (K;) was calculated to be less than 10 percent for a bias current
variation greater than 100 percent. The result is encouraging since it implies that the precision of
the current source is not critical for the operation of the FG injector.
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Figure 20. Graph. Injector response measured at various source currents.

Figure 21 shows the responses obtained from eight cells, three of which were measured from
different prototypes fabricated in the same run, and five were measured using prototypes
fabricated in different runs. For these measurements, the mismatch in the parameter K, was
calculated to be 4.3 percent. The results demonstrate that the response of the injector is robust to
fabrication-related mismatch.
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Figure 21. Graph. Injector response measured by using eight prototypes fabricated in
different runs.

Figure 22 shows the response of the injector measured over a temperature range of 14 to 104 °F
(-10 to 40 °C). Measured results show that the parameter K, varies linearly with temperature,
with the temperature coefficient measured to be 0.01V'T. The parameter K, therefore varies
by 1V for a temperature range of 212 °F (100 °C), showing that injector response is robust
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with respect to external temperature. The measured results summarized in figure 20 through
figure 22 thus demonstrate that the sensor electronics are robust to variations in biasing and
ambient conditions and that no internal electric corrections are required. The designed
combination of the current reference and injection process constitute a self-correcting system
that cancels all external artifacts due to external environmental variations and internal
manufacturing mismatches.
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Figure 22. Graph. Injector response measured under different temperature conditions.

A manufactured sensor on a small-scale ceramic package was also manufactured and tested. The
small-scale package is a ready-to-implement packaging system that was selected by the team for
the latest version of the sensor. Figure 23 shows the new packaging design. Dimensions of the
sensor electronics (including the computation and storage circuitry and the RF communication
module) are 0.24 x 0.22 x 0.03 inches (6.09 x 5.59 x 0.76 mm). An interface board was designed
and manufactured (see figure 24). It acts as an interface between the active piezoelectric element
and the analog electronics. The board also contains all the electronic circuitry that interfaces the
sensor with the reading antenna. The board dimensions are 0.6 x 0.6 inches (15.24 x 15.24 mm).
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2.3 SENSOR ELECTRONICS REFINEMENT

During the second phase of the project, efforts focused on the following two aspects of the
fatigue sensor design:

¢ Fixing hardware bugs in the sensor integrated circuits (ICs) for the version tested at

FHWA'’s accelerated loading facility (ALF) at the Turner-Fairbank Highway Research
Center (TFHRC).
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e Investigating passive matching techniques, which can maximize the powering and
reading distance of the sensor given the size constraints.

Table 1 compares the list of hardware changes that were incorporated in different versions of the
sensor IC. Version 5.0 refers to the IC that was used in the FHWA field study at the ALF at

TFHRC. Version 7.0 refers to the final version of the sensor IC, which incorporates all the major
changes from the previous version.

Table 1. Hardware changes that were incorporated in different versions of the sensor IC.

Hardware Sensor Version
Change Version 5 Version 6 Version 7 Version 7(2)
FG array Seven-channel Four-channel level | Four-channel level | Four-channel
level detection and three-channel | and three-channel | level and three-
with injection rate detection with | rate detection with | channel rate
control linear injector linear injector detection with
linear injector
RF voltage Digital, analog, | Digital, analog, Digital and analog | Digital and analog
rectifier and FG array and FG array
Ring oscillator With regulator With regulator With regulator With regulator
Analog-to-digital | Fully differential | Single-end Single-end, Single-end,
converter (ADC) feedback feedback
Switching diode | Bulk switching | Bulk switching NMOS NMOS
PMOS PMOS
Protection Not working No RF, piezoelectric | RF, piezoelectric
Tunneling control | No bulk control | All bulks short to All bulks short to | All bulks short to
ground ground ground
Pull-down resistor | 155 megaohm 188 megaohm Resistor bank Resistor bank
Channel reset No With command 01 | With command 01 | With command 01
Pin number 40 40 40 40
Packaging DIP40 DIP40 DIP40 Quad-flat no-
leads package
Load modulation | Tunable Tunable Tunable Tunable
capacitor
Status Tested Tested Tested Tested

The important features incorporated in version 7.0 include the following:

e Over-voltage protection for piezoelectric transducer interface—Limits the input
voltage to the chipto 9 V.

e  On-chip full bridge rectifier—Eliminates the off-chip diodes and reduces the overall
power dissipation and sensitivity of the IC.

e Voltage regulation for RF powering—Reduces the variability in the sensor response
when powering distance between the reader and the sensor changes.
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¢ Eliminating command 06—Eliminates the condition when the sensor state-machine can
get stuck in an infinite loop.

e Improving RF clock recovery—Reduces the effect of jitter and improves the
performance of the ADCs.

The task of refining the sensor electronics was primarily based on debugging the prototype
sensor that was extracted from the field study at TFHRC’s ALF. Even though most of the
individual modules on the sensor were found functional post-extraction, the testing revealed the
following problems, which were addressed in the subsequent revisions of the sensor:

e After start up, the sensor boots into an undefined state where it continuously transmits
invalid data and does not respond to any commands sent by the reader.

e The command received by the sensor and the data transmitted to the reader was found to
vary significantly with the distance between the reader and the sensor.

e Many of the received commands were incorrectly decoded by the sensor.

e The resolution of the sensor data received by the reader was found to be less than 5 bits
when the ADC resolution was designed to be 8 bits.

The approach used to address these problems included providing worst-case scenario models
(e.g., the effect of reader-to-sensor distance) directly into the sensor simulation framework and
then verifying if each of the modules are functional. Through this simulation study, significant
changes were made to the modules, which are highlighted in red in figure 25. Each of these
individual changes is summarized in the following section.
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2.3.1 Voltage Regulators

The first prototype version of the sensor directly used the output of the voltage multipliers to
power the digital logic and the ADCs. However, experiments with fabricated prototypes have
revealed that the output of the multiplier is sensitive to the coupling coefficient between the
reader and sensor coil (which is a function of the distance between the two coils). As a result of
this variation, the supply voltage to the digital oscillator can vary, which can change the clock
frequency. Also, the output of the ADC is sensitive to the supply voltage variations. In newer
versions of the sensor IC, linear regulators have been incorporated, which can clamp the output
voltage irrespective of the loading current and the distance between the sensor/reader coils.
Two topologies of linear regulators were used in experiments: the classic operational amplifier
(OPAMP)-based regulator shown in figure 26 and a new diodic current conveyer-based regulator
shown in figure 27. The response of each of the regulators is shown in figure 28 and figure 29,
which plot the output voltages (one for analog supply and one for digital supply) when the
distance between the sensor/reader coil is reduced. It can be seen that after a critical voltage
level, the output of each of the regulators remains clamped. However, the OPAMP-based
regulator has a poor power supply voltage rejection at the output due to feedback delays.
Therefore, a diodic regulator was chosen in future versions of the sensor IC. The diodic
regulator has additional advantages, such as having a lower voltage drop and a higher
conversion efficiency.
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Figure 27. lllustration. Diodic current conveyer regulator.
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Figure 29. Graph. Simulated response for the diodic regulator.

Figure 30 shows the results measured from a fabricated OPAMP-based low dropout voltage
(LDO), where the supply voltage to the LDO is varied by 2 V. The output of the regular exhibits
ringing, illustrating stability problems. In past studies, this condition has been alleviated through
the use of compensation capacitors, which consume more power and silicon area.
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Figure 30. Illustration. Measured results from an OPAMP-based LDO showing potential
stability problems.

Figure 31 and figure 32 show the measured responses from two types of diodic regulators (with
different number of series diodes). Figure 31(a) shows the drop-out voltage when the input
supply is increased. The output voltage remains clamped and stable when the input increases
beyond a certain threshold. Figure 31(b) shows the power supply rejection ratio (PSRR) of the
diodic regulator where a sinusoidal disturbance is superimposed on the supply of the regulator.
The results show that the ripple at the output is significantly reduced. Similarly, figure 31(c) and
figure 31(d) show line regulation and line transient experiments corresponding to the diodic
regulator. Figure 32 shows similar results but for a diodic regulator with a longer chain of diodes,
which generates a higher regulated output voltage.
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Table 2 summarizes the performance metrics measured from fabricated prototypes of the diodic
regulator (with different regulator configuration).

Table 2. Summary of performance metrics of fabricated prototypes.

Input Output
Range Range Discharging PSRR at
Version (Volts) (Volts) Time 13.56 MHz
SPS v008 4.3-10 3.1-3.3 I ms at RL = 10M -24dB at RL = 10M
regulator 1 0.3msatRL=1M
SPS v008 5.7-10 4.2-4.5 I ms at RL = 10M -28dB at RL = 10M
regulator 2 0.3msatRL=1M
RFID201107 | 2.7-10 1.96-2.08 | 2 ms at RL=10M -26dB at RL = 10M
Reg Digital 0.36 msat RL=1M | -36dB at RL = 1M
40 ms at RL = 100K | -29dB at RL = 100K
4.2 ms at RL=10K | -24dB at RL =10K
RFID201111 | 4.8-10 3.94.0 0.5 ms at RL=10M | -14dB at RL = 10M
Reg Ana
RFID201111 | 2.7-10 1.9-2.0 0.5 ms at RL=10M | -16dB at RL = 10M
Reg Dig

RL = Remaining life.
M = Mega (10°).
K =Kilo (10%).

2.3.2 Additional Changes

Improvements have been made to the ADC by using large-size integrating capacitors and
introducing an improved topology of a sample-and-hold circuit, which reduces the effect of
channel charge injection and clock feed-through.

One of the primary sources of the data read-out problem was the substrate coupling of

13.56 MHz RF signal to the sensor and in particular to the FGs. One of the solutions to mitigate
this problem is to implement an on-chip RF shield, which is difficult because current and ground
loops cannot be completely avoided. Therefore, researchers decided to decouple the RF
identification (RFID) module from the piezo-powered sensing module and implement the RF
powering circuits on a separate silicon substrate. Figure 33 and figure 34 show the layout of

two separated modules. Because they do not share a common substrate, the effect of signal
coupling is significantly reduced. The RF module is responsible for generating a regulated

2 V supply voltage, which is used by the sensor module for all programming tasks. The
communication interface between the two modules is a serial peripheral interface (SPI), which
ensures compatibility with the previous sensor versions. An additional benefit of this decoupling
is that the sensor module could be interfaced with third party RFID interrogators like an Intel®
wireless identification and sensing platform, which hosts a programmable Texas Instruments (TT)
MSP430™ microcontroller. This controller could be programmed to generate the SPI command
and control required by the sensor module.
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2.3.3 Linear FG Sensor
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Figure 33. Illustration. Piezo-sensor module.
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Figure 34. Illustration. RF interrogation module on separate silicon substrates/ICs.

The concept of the linear IIHEI device relies on maintaining the current due to an ITHEI
constant. This ensures that the FG node of a PMOS transistor is discharged at a constant rate,
thus implementing a non-volatile linear integrator. The hot electron injection current is typically
a function of the transistor source current /;, the source-to-drain voltage, and the gate-to-drain
voltage across the transistor. This dependence is highly non-linear; the exact form of this non-
linear function is unknown, even though several empirical models have been reported in

23



literature. For the proposed linear injection technique, all the factors that affect the injection
current, such as the source currents and terminal voltages, are held constant so that the injection
is also constant. The structure of the linear injector circuit is shown in figure 35.
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Figure 35. Illustration. Ultra-linear FG injector circuit.

During the sensing mode of the injector circuit, the switch S, is open, which activates the
negative feedback loop formed by the OPAMP, 4, and the FG transistor, My,. The source current
is held constant at /., which ensures that the source-to-gate voltage, V,, remains constant during
injection. OPAMP A ensures that the source-to-drain voltage V, is held constant. V., will
linearly increase to maintain V', constant. Thus, V,, 1s also held constant, and the injection
current will remain constant. The programming is enabled for when the sensing signal is
activated, which ensures that a fixed amount of charge is injected onto the FG. During the
read-out mode, the switch S5 is closed, which makes V., = 0. The FG voltage V', of the PMOS
transistor is determined by the charge injected during the sensing phase and the total capacitor at
the FG node. As I..ris constant, the change in the source voltage AVs can be read through a
unity-gain buffer as shown in figure 35.

The dynamic range of the linear FG injector circuit was measured experimentally. The
supply voltage, V.4, was set to 6.5 V, S, was enabled, and V; was initialized to 4.1 V (using
Fowler-Nordheim tunneling).
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After each sensing cycle, V; was measured using an off-chip ADC. Figure 36 shows the
measured result when V,.r=4.9 V and /,.,= 50 nA and shows a close agreement with an ideal
linear model. Figure 37 shows the measured resolution over a dynamic range of 4 V output.
Since the least significant bit voltage for differential nonlinearity is less than 0.4 mV, the
equivalent resolution is above 13.4 bits.
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Figure 36. Graph. Measured response of the linear injector circuit showing a dynamic
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T T T T T T

= O

LSB (mV)

0 0.5 1 1.5 2 2.5 3
Programming cycles (x10%

Figure 37. Graph. Measured resolution over a dynamic range of 4 V output.

2.3.4 Over-Voltage Protection Circuit

In the final version, a chain of protection diodes was included that clamps the voltage whenever
the signal generated by the voltage multipliers or the piezoelectric transducer exceeds 10 V.
Figure 38 shows the measured output from a voltage multiplier (with an overvoltage protection
circuit) showing that the output remains clamped around 10 V when the input signal (i.e., the RF
signal) is varied.
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Figure 38. Graph. Measured response from over-voltage protection circuit showing the
output clamped to 9 V.

2.4 CONCLUSION

In this chapter, the basic functionalities of the electronics for signal processing and data storage
of the sensor were tested, and their performances were evaluated. It was shown that the self-
powered sensor is capable of continuous battery-less monitoring of strain events integrated over
the occurrence duration time. The sensor is based on the integration of a piezoelectric transducer
with an array of ultra-low power FG computational circuits.
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CHAPTER 3. DEVELOPMENT OF WIRELESS COMMUNICATION AND DATA
UPLOAD PROTOCOL

This chapter outlines the development details of an efficient wireless communication protocol
between a moveable external reader and the embedded sensors.

3.1 SYSTEM DESIGN

For this project, researchers used an inductive coupling technique for remote RF powering and
wireless communication with the sensor. Inductive coupling has been widely used for high-
frequency (HF) RFID systems that operate below 30 MHz. The basic principle of inductive
coupling is shown in figure 39 and figure 40 where inductor coil L1 is located on the reader and
inductor coil L2 is located on the sensor. For this project, the operating frequency was chosen to
be 13.56 MHz, which conforms to an existing HF RFID standard. When a 13.56-MHz signal is
applied to antenna U1, a time varying magnetic flux is induced across inductor L2, and a voltage
U2 is then established at the sensor due to mutual inductance M between the two coils. The
mutual inductance M depends on the distance between the two inductors and their dimensions.

Figure 40 shows the equivalent circuit model for the RFID system and the load modulation
scheme for wireless communication. R1 and R2 represent the coil resistances. R1, C1, and L1
form a serial resonance circuit for the reader, and R2, C2, and L2 form a parallel resonance
circuit for the sensor. The resonance frequency of both circuits is set to be 13.56 MHz, thus
maximizing the energy efficiency. The sensor impedance affects the observed voltage UO at the
reader. This voltage can be expressed as the equation in figure 41.
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Figure 39. Illustration. Principle of HF RFID used in the sensing system.
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Figure 40. Illustration. Equivalent circuit model for the RFID system and the load
modulation scheme for wireless communication.
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Figure 41. Equation. Input voltage.
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Where:

i1 = Current in the reader resonance circuit.
o = Resonance frequency.
R = Load resistance.

In the case of ohmic load modulation, a switch, S, is used to change the load resistance of the
sensor. Two possible resistance values can be attached to the load, resistor RL (see figure 40),
and resistors RL||RM (see figure 40). These two states are used for amplitude shift key (ASK)
modulation between the reader and sensor for wireless communication.

3.2 CIRCUIT IMPLEMENTATION

The ASK modulation is achieved with a single NMOS transistor whose gate is connected to the
data output of the sensor. In the design, the data are in a serial pattern from the ADC, which
samples the source voltage of each FG channel. When data = 0, the NMOS transistor is turned
off, and the resistor seen by the reader is Rye,50- When data = 1, the NMOS is turned on and the
load resistor becomes 0. The different values of the resistor will change the amplitude of the RF
signal. The design of the reader, shown in figure 42, is based on the TRF7960 chip from TIL.
TRF7960 is a fully integrated 13.56-MHz RFID front-end and data framing reader system. The
13.56-MHz crystal generates the local clock signal for the RF front end. The reader system can
transmit the RF signal through the coil to the sensor and sense the variation of the envelope from
the sensor part. The reader system is controlled by the field-programmable gate array (FPGA) for
setting commands or receiving data.
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Figure 42. Illustration. System-level architecture of the wireless communication system for
the sensor.

The system architecture of the sensor is shown in figure 43, and the micrograph of a CMOS
prototype sensor is shown in figure 44. The core component of the sensor is the FG analog
processor, which is self-powered by the piezoelectric transducer.

The communication module in figure 44 consists of: (a) ADC, (b) voltage multiplier,
(c) demodulator and backscatter modulator, (d) high-voltage generator, and (e) digital base-band

module (DBM).
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Figure 43. Illustration. Architecture of the sensor.
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Figure 44. Photo. Micrograph of the sensor prototyped in a 0.02-mil (0.5-pm) CMOS
process.

3.2.1 Envelope Recovery Circuit

The envelope recovery circuit used in the sensor is shown in figure 45. The voltage doubler
implements a signal amplifier (gain equals 2), a rectifier, and a low-pass (cut-off frequency of
approximately 200 KHz). Thus, the signal, V;, extracts the envelope from the received RF signal
V.. Signal V; is low-pass filtered by another resistor-capacitor cascade to obtain an average
signal, V5. V| and V, are then compared using a comparator (highlighted in red), which produces
a digitized version of the envelope.
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Figure 45. Illustration. Envelope recovery module.

Figure 46 shows a simulation experiment where a 13.56-MHz RF signal was induced across
the sensor antenna. The envelope of the RF signal is modulated by a random noise process.
However, the comparator in previous versions of the sensor does not differentiate between
envelope variations caused by ambient noise and envelope variations due to ASK modulation.
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As aresult, the compared recovers an envelope that matches the preamble and a valid command.
This forces the state machine on the sensor to randomly switch states. In the newer version of the
sensor, the problem was rectified by using a hysteretic comparator (see figure 47).
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Figure 46. Illustration. Output of the envelope recovery module using hysteretic and
non-hysteretic comparators when a noisy RF signal is applied.

Figure 47. Illustration. Hysteretic comparator used in the improved envelope recovery
circuit.

A comparator consists of cross-coupled NMOS transistors Q4 and Q5 (see figure 47), which
introduce a dead zone where the comparator does not respond. The difference between the
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two input signals, V;,+ and V;,-, has to be greater than a certain value. Figure 46 (bottom

two plots) shows the output of the envelope recovery module where the comparator does not
produce any transition when the variations in RF signal envelope is small (less than 50 mV).
Figure 48 shows the response of two envelope recovery modules (using conventional comparator
and hysteretic comparator) for a 100 percent ASK modulated RF signal. The response shows that
both modules can successfully decode the preamble and command. An additional advantage of
using the hysteretic comparator is that it will reduce the output switching noise and the dynamic
power dissipation of the system. Figure 49 shows the measured result obtained from the
modified envelope recovery circuit (that includes the hysteresis comparator). The results show
an improved demodulation performance.
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Figure 48. Graph. Output of the envelope recovery module using hysteretic and
non-hysteretic comparators when a valid ASK modulated RF signal is applied.
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Figure 49. Illustration. Measured output of the envelope recovery module using hysteretic

and non-hysteretic comparators when a valid ASK modulated RF signal is applied.

3.2.2 ADC

ADC selects each channel of the FG processor and encodes the stored parameter into a digital
encoded data. In this prototype, there is an 8-bit single-slope ADC on the sensor. The structure of
the ADC is shown in figure 50. Before the conversion starts, S is zero, and the voltage on the
storage capacitor Cy, is charged to the input voltage V;,. When the conversion is triggered by
setting S to 1, Cy, is disconnected to the input, and a constant current source ;;; begins to
discharge the capacitor. Assuming the current is constant, the discharging speed of V, is also
constant. Meanwhile, the 8-bit counter is triggered by S and records the total discharging period
from V;, to V... When Vy, is reduced below V,.s; the output of the comparator is reserved, and the
counter stops. The residential value in the counter can be expressed as the equation in figure 51.
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Sy o— Counter
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Figure 50. Illustration. Functional architecture of the single-slope ADC.
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Figure 51. Equation. Residential value in the counter.

Where:

e = Clock frequency for the counter.

In figure 50, the bias current of the comparator is set to be 1.5 pA, which insures that the total
power consumption of the ADC is low.

Improvements to the ADC were also performed by using large-size integrating capacitors and
introducing a topology of a sample-and-hold circuit to reduce the effect of channel charge
injection and clock feedthrough. Figure 52 shows the measured responses from the fabricated
ADC when its input voltage is varied.
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Figure 52. Graph. Digital output stream produced by the ADC when the input voltage is
varied.

3.2.3 Voltage Multiplier

In most RF power harvesting systems, the amplitude of the induced RF signal from the antenna
is usually small and is not enough to operate any other circuit components. The voltage
multiplier is employed to boost the weak signal to a sufficiently high level and to build charge on
an on-sensor capacitor. The structure of the multiplier is based on the Dickson voltage multiplier
architecture in figure 53. Using the diodes, the current is only allowed in the direction that
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charges the capacitor in the next stage. For a multiple-stage voltage multiplier, the output voltage
can be expressed as shown in figure 54.
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Figure 53. Illustration. Structure of the Dickson voltage multiplier.
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Figure 54. Equation. Output voltage.

Where:

C = Storage capacitor.

Cpar = Parasitic capacitor.

Von = Turn-on voltage for the diode.

Vieaa = Additional voltage drop depending on the load current.

The induced RF signal V,is typically less than 1 V. As a result, diodes with large turn-on
voltage significantly decrease the generated voltage. The diode is usually replaced by a diode-
connected transistor in the design, so a low-threshold or zero-threshold transistor is preferred for
the voltage multiplier. When the low-threshold process is not available, using a Schottky diode is
another option to reduce V,,. A group of Schottky diodes with a different number of fingers and
same junction area have been fabricated in a 0.02-mil (0.5-um) standard CMOS process. The
diode with more fingers shows smaller V,, due to the reduction of the parasitic resistor.
However, the reversed current will also increase for the diode with more fingers. All the turn-on
voltages for Schottky diodes are measured to be close to 300 mV, which is much less than V7, for
the process (0.7 for NMOS and -0.9 for PMOS).

3.2.4 Demodulator and Backscatter Modulator

The demodulator module on the sensor is used to acquire command and control information (also
known as forward link) from the reader, whereas the backscatter modulator is used to modulate
the impedance of the coil and establish a reverse link communication from the sensor to the
reader. The system architecture implementing the demodulator and backscatter modulator is
shown in figure 55. In the forward link from the reader to the sensor, a pulse width modulation
(PWM) approach is used, where a pulse width of 75 ms indicates 1 and a pulse width of 50 ms
indicates 0. When the reader is sending a command, the variation on the RF envelope can be
detected. The recovered pulse signal itself resets the integrator and generates a different level
according to the pulse width. Afterwards, a level crossing decodes the received bit. For the
backward link from sensor to reader, a simple backscatter scheme is applied. After the voltage is
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sampled by the ADC, the result is encoded to a serial Manchester code for transmission.

The transmitted data are directly applied to the gate of the backscatter NMOS transistor. The
equivalent impedance seen from the antenna is changed when the NMOS transistor is turned
on/off. Such difference results in a variation on the RF envelope which can be sensed by

the reader.

Evp detect PWM demodulate

H ? : B J_ © data
reset

I 2 clock

Ant

Bac kgcatter

Figure 55. Illustration. Function blocks of the modulator and demodulator.
3.2.5 High-Voltage Generator

Initializing and configuring FG transistors in the analog processor requires on-chip, high-voltage
generation (> 17 V for FN tunneling and > 5 V for hot electron injection). This is challenging
because the CMOS fabrication process chosen for this project supports only n-well isolation, and
the rated break-down voltage of the oxide layers is approximately 8 V. Researchers implemented
a high-voltage generator using a modified Dickson charge-pump architecture (see figure 56 and
figure 57). Each stage of the charge pump consists of bulk-driven PMOS diodes, which are
driven by non-overlapping clocks. Like a Dickson charge-pump, in each clock-cycle, charge
builds up at the intermediate capacitor and the PMOS circuit provides bulk isolation from other
on-chip supply voltages. Thus, the proposed charge pump can generate voltages as high as 20 V.
This has been verified using measurement results from a fabricated prototype, and a sample
result is shown in figure 58. The generated voltage has a monotonic relationship with respect to
the frequency of the non-overlapping clocks because higher the frequency the faster charge can
be transferred between stages of the charge pump.
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Figure 56. Illustration. Charge pump used for implementing the high-voltage generator.
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Figure 58. Graph. Sample results from fabricated prototype.
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3.2.6 DBM

The DBM decodes the commands received from the reader and implements a state machine,
which controls the configuration, initialization, and communication functions of the sensor. The
functional architecture of the DBM and the state machine implemented by the DBM is shown in
figure 59.
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Figure 59. Illustration. State machine implemented by DBM.

The state machine is implemented with standard CMOS logic, and the architecture has been
synthesized using the standard logic synthesis procedure. By default, the state machine is in its
ideal state, Sy. Transition to the other states (51—S5) occurs when a valid command is received
from the reader. The validity of the command is confirmed when the data packet transmitted
from the reader is Manchester encoded and satisfies the parity check condition.

3.3 TESTING PROCEDURES AND MEASURED RESULTS

Prototype sensor ICs have been fabricated in a 0.02-mil (0.5-um) standard CMOS process. The
total area of the sensor IC is 0.06 x 0.06 inches (1.52 x 1.52 mm), which was then integrated on
a custom-made printed circuit board (PCB) as shown in figure 60. In order to optimize the power
transfer and increase the reading distance, an external reader was designed and manufactured
(see figure 60). The design is based on a commercial chip TRF7960 from TI, which is a fully
integrated 13.56-MHz RFID analog front-end system. The TI chip is controlled by an FPGA that
has been programmed for data encoding and decoding. The reader interfaces with an embedded
antenna, which fits the exact H-shape of the designed package, thus establishing a link for data
transfer (the embedded antenna is shown in figure 61). The antenna is connected to the board
shown in figure 60 along with the external reader to illustrate the size difference. Laboratory
testing showed that the reading distance highly depends on the parasitic capacitances of the
antennas and the manufactured sensor, varying between 1 and 13 inches (25.4 and 330.2 mm).
These capacitances are manufacturing process dependent. As a result, individual calibration is
required as well as testing under field conditions in order to assess the exact performance.
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For the evaluation, the protocol processing block in TRF7960 was disabled, and another FPGA
development board (SPARTAN"-3) was designed as the digital transceiver for the reader.
TRF7960 was working under direct mode where the PWM data were modulated onto the
13.56-MHz RF carrier with 100 percent ASK modulation. The received data from the sensor can
be detected and recovered into digital form after noise filtering and digitizing. Figure 62 and
figure 63 show measured results for the ASK modulation. In figure 62, channel 2 is the sample
output from ADC. It consists of the valid preamble, 8-bit data, and a 3-bit cyclic redundancy
check (CRC). The data are encoded to Manchester code for transmission. Channel 3 represents
the envelope variation of the RF signal. When the data equal 1 (binary code), the amplitude of
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the RF signal is close to 0 since the NMOS transistor shorts the load resistor to ground. When the
data are 0, the amplitude of the RF signal is high. Figure 63 shows a close-up image of figure 62.

Under matching conditions, the transmitted output power from the reader is 200 mW (23 dBm)
when referred to a 50-ohm load at 5 V. In the measurement, the sensor used the same coil
antenna as the reader, and it was measured to be powered by the RF signal at a distance of 16
inches (406.4 mm). All the function of the control logic has been verified in interrogating mode.
As shown in figure 64 and figure 65, the transition between the readout and injection state is
presented according to the state machine in figure 59. As shown in figure 61, before the
command to inject the FG channel is sent, the channel was within the 2-3 V range. After the
injection command was recovered by the RF front end, the channel voltage increased beyond
4V for hot electron injection. Figure 65 shows a sample result where the on-chip high-voltage
generator is activated after a tunneling command is received by the sensor. The result shows that
the output voltage increases to about 15 V within 625 ms. Note that a 10-M load resistance was
connected at the output of the charge pump, which indicates that the open-load voltage is
significantly higher and sufficient for tunneling.
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Figure 62. Illustration. Measured results for ASK modulation.

M Pos: 46.00 us

: Envelope variation
CH2 2.00¥ M 5.00us

Figure 63. Illustration. Close-up view of measured results for ASK modulation.
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Figure 64. Illustration. Measured results showing the sensor entering an injection state.
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Figure 65. Illustration. Measured results showing the sensor entering a tunneling state.

Figure 66 shows a sample result where the command was sent from the reader to remotely
acquire the magnitude of the voltage stored on a FG injector channel. After the integration time
required by the ADC, the 8-bit digitized result was packetized with valid preamble and 1-bit
CRC code. The data packet was then communicated from the sensor to the reader using
backscatter modulation using a series Manchester code. Figure 67 shows a sample result where
the data on the sensor are continuously sampled (when the sensor is in state Ss). As a result, the
data stored in all the FG channels are digitized and backscattered to the reader sequentially.
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Figure 66. Illustration. Measured results showing the sensor data received by the reader

when it sends an acquire command.
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Figure 67. Illustration. Measured results showing multi-channel sensor data received by

the reader when the sensor is in a continuous sampling state.

3.3.1 Testing RF Signal Propagation through Concrete and Asphalt

To test the communication protocol at the selected frequency, a set of preliminary tests were

conducted. Signals were sent through concrete and asphalt (see figure 68 through figure 72). The

digital command sent from the reader to the sensor was received in both cases. The feedback
signal sent back from the sensor was completely recovered when transmitted in concrete

(see figure 73), but it presented a loss of information when sent in asphalt (see figure 74). The
thickness of the concrete slab does not affect the accuracy of the recovered signal, while asphalt
introduces a reading error due to its viscoelastic properties. The energy is dissipated in asphalt
more than in concrete. This issue is solved by increasing the transmitted energy from the reader.
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Figure 71. Photo. Test setup with an asphalt concrete (AC) specimen introduced between
the reader and the receiver.
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Figure 72. Photo. Oscilloscope showing the Voltﬁge measured at the receiver.
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Figure 73. Illustration. Communication signals transmitted through concrete.
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Figure 74. Illustration. Communication signals transmitted through asphalt.
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3.4 CHALLENGES AND IMPLEMENTED SOLUTIONS

As anticipated, the system integration of the sensor and the wireless communication protocol was
one of the most challenging tasks in this study. Given the unique nature of the sensing system
and based on analog FGs, an adapted and equally unique wireless protocol was completely
designed and tested.

A major glitch in the high-voltage generation module caused delays, given that several versions
had to be manufactured and tested. The CMOS fabrication process used for this project supports
only n-well isolation, and the rated break-down voltage of the oxide layers is approximately 8 V,
preventing the generation of the 18 V required for the initialization of the memory gates. After
several iterations, a successful design was achieved (details are described in section 3.2.4).

As shown in figure 60 and figure 61, specific antennas were designed and manufactured for this
particular system (commercially available antennas and readers cannot be used because of the
low power levels at which the sensor operates). The reading distance from the sensor depends on
the tuning of the wireless links for maximum power transfer, which depends on the parasitic
capacitances of the antennas (embedded antenna and external reader) as well as the parasitic
capacitance at the sensors’ input. These capacitances are induced by the manufacturing process.
The reading distance at which the system can operate (and thus the installation strategy) depends
on the tuning outcome under specific field conditions.

3.4.1 RF Matching Network

Some research focused on optimizing the matching network that can maximize the read and
powering distance to the sensor. The design flow is summarized in figure 75, where R, RL,

and CL denote the reader impedance, sensor load resistance, and sensor load capacitance,
respectively. Q reader and Q tag denote the quality (Q)-factor of the reader and the sensor,
which, in-turn, determines the sensitivity of the reader. V,, I,, V;, I, PR,, and PRL denote the
internal electrical variables (voltage, current, and power) at the reader and sensor based on the
antenna dimensions, structure, and material properties including the propagation properties of the
ambient environment.
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Figure 75. Flowchart. Design flow to optimize the matching network that can maximize the
powering and reading distance between the sensor and the reader.

Figure 76 and figure 77 show the sample results obtained from the design flow for a 13.56-MHz
RF back-telemetry system (see figure 75). Figure 76 shows that for a 300-ohm sensor load, the
maximum powering distance occurs at 8 inches (203.2 mm), whereas figure 77 shows the
voltage induced at the reader when the distance between the reader and sensor is varied. These
figures can be used to calibrate the electrical circuit on the sensor IC.

Researchers developed a reactive voltage-boosting technique that can be used to overcome
threshold voltage limitations (and hence powering distance) imposed by voltage multipliers

in an energy scavenging sensor. Experimental results have shown significant improvements in
powering distance, which makes the proposed method attractive for implementing long-range
inductively coupled RF sensors.
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Figure 76. Graph. Simulation results showing the power received at the sensor when the
sensor-reader distance is varied.
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Figure 77. Graph. Simulation results showing the voltage induced at the sensor when the
sensor-reader distance is varied.

3.4.2 RF Matching Network—Voltage-Boosting Method

Several circuit techniques have been proposed to optimize the power transfer efficiency in an
inductively powered sensor. However, when high throughput for data transmission between the
sensor and the reader (or vice versa) is not required, then the Q-factor of the energy scavenging
frontend can be traded off with the communication bandwidth according to the Bode-Fano limit.
This is the case for the hybrid scavenging sensor, where mechanical events are asynchronously
sensed, computed, and stored without the requirement of real-time transmission. Enhancing the
Q-factor of the energy scavenging front-end has an added benefit in that it also overcomes the
minimum voltage (threshold voltage) requirement for jump-starting the voltage multiplier
circuits in the sensor. The efficiency of the voltage multiplying and the regulation circuit
significantly improves when the input voltage is larger than the threshold voltage. Therefore, the
proposed reactive voltage-boosting approach enhances the powering distance of the sensor when
compared to the traditional matching techniques.

The performance of the proposed voltage-boosting method has been verified using the
experimental setup shown in figure 78 in which the 13.56-MHz reader and the sensor are
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separated by an adjustable distance. The reader and the sensor coils have been fabricated on a
planar PCB. The reader coil is driven by a TRF7960 chipset with a maximum output power set
to 200 mW.

The voltage multiplier and sensor circuits are modeled by a load capacitance CL with a variable
resistance RL which is inversely proportional to the power dissipation of the sensor (see

figure 79). RL can also be obtained from the /-V curve in figure 80, which shows the diodic
response of a typical voltage multiplier. When the input voltage VL is below the threshold
voltage VON, the effective RL is large, and the multiplier is unable to boost the input voltage,
resulting in ultra-low power conversion efficiency. When VL is greater than VON, RL is small
enough to facilitate proper operation of the multiplier at the rated conversion efficiency. The
purpose of the series matching circuit is to pre-boost VL to overcome the threshold voltage VON
of the multiplier. For the proposed series matching on the transponder side (see figure 79), the
sum of CP and CL should resonate with LS and CS should resonate with Lz. At 13.56 MHz, the
input impedance of the sensor was measured to be CL = 72pF in parallel with RL =200 ohm. To
compare the performance of the proposed matching network, a sensor which integrates the
previous parallel matching network was used as a benchmark. Therefore, for parallel matching,
CP was set to 68 pF to resonant with 0.94 nH of L¢; for proposed matching, Cs was set to

140 pF, LS was chosen to be 180 nH, and CP was set to 650 pF.

Reader Coil Transponder Coil
Figure 78. Photo. Experimental setup used to validate the proposed reactive voltage-
boosting method.

48



Series FParallel Voltage

Matching Matching Mulriplier
I S !
1l ik | il .
-] -
! Ly

Figure 79. Illustration. Equivalent circuit model for the setup.

.4

- >
Voan !
Figure 80. Graph. Non-linear resistive model for the voltage multiplier on the sensor IC.

The measurement results using an 18-stage loaded Schottky multiplier (for analog circuits) are
shown in figure 81, where the inset shows the same response in logarithmic scale. These results
show that the proposed approach can significantly boost the voltage compared to the previously
used parallel matching approach. Note that the maximum output voltage of the Schottky
multiplier is limited by the over-voltage protection diodes integrated on the sensor IC. Figure 82
compares the measured response obtained from a 12-stage multiplier (used for powering digital
circuits). Again, the results show that the proposed matching can achieve higher output voltage.

However, compared to the results in figure 81, the improvement is not significant, which is

attributed to the minimum threshold voltage required for powering the Schottky multiplier and
higher load current required for driving the digital circuits.
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3.5 CONCLUSION

This chapter describes the design and development of a novel RF communication module. The

mixed mode module is specific for integration with the FG analog memories. The RF powering
mode is dissociated from the computing and storage circuitry and is achieved by harvesting the
RF signal. The salient modules of the RF module include the following:

e ADC for digitizing the stored usage statistics.
e Charge pumps for generating biases for erasing and remote initialization of the sensor.

e Encoding/decoding circuits for creating data packets with inherent clock/data
recovery mechanisms.

e State machine for command and control of the IC.

e REF interface circuitry operating at 13.56 MHz for harvesting energy from the reader
signal and for wireless transmission of the sensor data.

In addition, an external reader was designed and manufactured. The reader interfaces with an
embedded antenna, which was also designed and manufactured in-house and fits the exact
H-shape of the designed package. The embedded antenna is connected to the interface.
Laboratory testing showed that the reading distance highly depends on the parasitic capacitances
of the antennas (embedded antenna and external reader) as well as the parasitic capacitance at the
sensors input. These capacitances are induced by the manufacturing process and cannot be
predicted upfront. A calibration procedure and antennas resonance tuning is required.
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CHAPTER 4. LABORATORY MECHANICAL TESTING OF THE PIEZOELECTRIC
TRANSDUCER

The objective of the work described in this chapter is to test the survivability of the unprotected
piezoelectric ceramic transducers embedded in asphalt under compaction conditions and in fresh
mix concrete. The observed performance variations are used to determine the initial design
parameters for the packaging system. Detailed design, manufacturing, and testing procedures
for the package are described in chapter 5. Furthermore, the generation of electrical energy—a
critical aspect for the performance of the entire system—is investigated under simulated stress/
strain conditions. Theoretical models of the piezoelectric power generation transducers

are presented.

4.1 PIEZOELECTRIC TRANSDUCER DESIGN AND TESTING

Another component in the sensing system is the piezoelectric transducer. To evaluate the effect
of temperature on the complete system, commercial lead zirconate titanate (PZT) piezoelectric
transducers (CEB-35D26) were attached to AC specimens along with conventional linear
variable differential transformers (LVDTs). Specimens were tested in the indirect tensile test
configuration for different temperatures varying from 50 to 122 °F (10 to 50 °C). The test setup
is shown in figure 83 through figure 85. A train of sinusoidal loading pulses was applied to each
specimen. The magnitude of the pulses was set to increase by 225 1b (102.15 kg) for each

20 cycles, and the output of both the strain gauge and the piezo-transducer were monitored.

Figure 86 shows the correlation between the measured peak-to-peak strain and the observed
peak-to peak output voltage of the piezoelectric disc for different temperatures. It can be seen
that a linear correlation can be determined between the measured strain and the observed voltage.
The fluctuations in the observed data are due to measurement errors in the strain and voltage.
Testing the LVDTs at constant amplitude strain levels showed fluctuations of the results in the
same order as errors observed in figure 86. This prompted the acquisition of a high-precision
50-Hz clip gauge (data sheet is attached in appendix A). The gauge was used for advanced
calibration of the sensor (see chapter 6), thus allowing for a more reliable testing procedure.

From figure 86, it can be seen that the decreasing temperature increases the slope of the linear
correlation. This phenomenon might be exploited to improve the measuring performance of the
system. Alternative designs of the FG system could be studied with an envisioned objective of
enhancing the sensor’s output by recording the temperature variations at the time of strain
measurement and correlating it to different strain histograms output. The new design facilitates
the interpretation algorithms and alleviates the need for correction algorithms. Several modified
designs are still at the system-level simulations stage, and it is anticipated that such designs
require many cycles of improvements and testing that might be beyond the scope of the

current work.
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Figure 85. Photo. Piezoelectric disk transducer attached to the tested asphalt specimen.
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Figure 86. Graph. Correlation between measured strains and voltage output of the
transducer at varying temperatures.

4.2 PIEZOELECTRIC TRANSDUCER CALIBRATION

The objective of this task is to accurately calibrate the piezo-transducer in order to obtain
accurate strain measurements and to check which piezo material is more appropriate for strain
sensing. The piezo-sensor is immersed into epoxy. When the epoxy is strained, an induced axial
loading is applied to the piezo. The system’s configuration and the material properties of a
piezoelectric strain sensor (polyvinylidene fluoride (PVDF) film and PZT) subjected to axial
load are shown in figure 87 and table 3. The energy method is used to derive the constitutive
equations starting from the Hamilton's principle. The basic variational indicator equation is given
by the equation in figure 88.

/b¢ At F

| L
Figure 87. Illustration. Piezoelectric strain scavenger.

55



Table 3. Piezoelectric sensor properties.

Elastic Piezoelectric Electrical Beam Beam
Modulus Constant d;, Permittivity Length Wwidth | Thickness
Sensor (psi) (mV) (Farad/m) (inches) (inches) (inches)
PVDF 500,000 23e-12 7.7 €0 2.83 0.62 8x10™
PZT 10.4x10° 270e-12 3500 €0 1.57 04 0.02

€ = Vacuum permittivity.

n
f [oU+oW]dt=0
31
Figure 88. Equation. Varitional indicator.

Where U and W are the kinetic energy and the external work applied to the system, respectively,
defined as follows:

2 2
Figure 89. Equation. Kinetic energy.

1 T 1 T 1 T
Uz—f STdVS+—f STav, + < f E"Dav,
2y, vy v,

W=u,F(1)
Figure 90. Equation. External work.
Where:

u = Transverse displacement.
p = Density.
F = Applied load due to straining.

The subscripts p and s represent the PZT material and the metallic substrate, respectively. S, 7,
E, D, and V are the strain, the stress, the electric field, the electric displacement, and the
material’s volume, respectively.

Incorporating the linear piezoelectricity equations into the potential energy function yields the
following general potential form:

1
U=— f STCSav,+ f STcEsdv, f STe"Eav, — f ET eSdV, — f E" &% EdV,
2

Vs Vy Vp Vy Vy

Figure 91. Equation. Potential energy.

Where:

¢ = Modulus of elasticity.
& = Dielectric constant.
e = Coupling factor.

The superscripts, s and £, indicate that the parameter is estimated either at constant strain or
constant electric field.
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Taking the variation of the external work, the kinetic energy, and potential energy and
substituting it into figure 54, the variational indicator is obtained.
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Figure 92. Equation. Variational indicator.

The longitudinal displacement and the electrical field are expressed in the shape mode and field
coordinates as follows:

u (x,t) = Nu (x)r(?)
Figure 93. Equation. Longitudinal displacement.

E (x,0) = w (v(0)
Figure 94. Equation. Electric field.

Where l//( y) defines the field over the thickness of the PZT.

Substituting figure 93 and figure 94 into the variational indicator leads to the two coupled
equations in figure 95.

Kr(t) —0v(t) =F(2)
0" () - C,v(®) =4()
Figure 95. Equation. Piezoelectric constitutive equation.

Where the stiffness matrices of the system can be written as follows:

KZf Bu® (x)c,Bu(x)dV + f Bu” (x)c,Bu(x)dV,
Vs Vp

Figure 96. Equation. Stiffness.

F is the applied load induced by the strain is expressed as follows:

F=SE,Nu, (L)
Figure 97. Equation. Applied load induced by strain.

Where:

Sep = Elastic modulus.
E,, = Strain of the epoxy.
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The electromechanical coupling and the capacitance matrices are given as follows:

0= —I Bu' (x)eTl//(y)de

Figure 98. Equation. Electromechanical coupling and capacitance matrices.

Where ¢(¢) is the current output of the piezoelectric PZT element and can be directly related

to the power output through a load resistance, R. The developed generalized model can
accommodate more than a mode.

The strain is estimated to be 400 microstrain, and the loading frequency is 12 Hz. Figure 99
shows the voltage transfer function of the PVDF film and the PZT piezo under 400 microstrain
across 10 mega-ohm resistance. Usually, the output voltage of the PZT is more important, but
since its elastic modulus is much higher, the induced strain in the PZT is much lower.

Figure 100 shows the output voltage across the PVDF film and the PZT piezo versus the load
resistance. The output voltage is maximum starting from 30 mega-ohm load resistance.

PVDF is much efficient when it is embedded in epoxy, giving 3.5 V under 400 microstrain of
frequency 12 Hz across a 50 mega-ohm load resistance.

To ensure an accurate calibration of the sensor, the different start-up-strain levels that correspond
to the minimum voltage to start the sensor should be evaluated experimentally.
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Figure 99. Graph. Voltage transfer function of PVDF film and PZT piezo under
400 microstrain loading across 10 megaohm load resistance.
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First, the piezoelectric film is glued directly to a Plexiglas® beam (see figure 101) where the
strain transfer is almost 100 percent. The film is then embedded into epoxy and glued to a
Plexiglas” beam (see figure 102) and tested at different strain levels to evaluate the start-up
strain level for each setup. Finally the piezoelectric film is embedded into epoxy and glued to a
concrete beam (see figure 103), thus simulating real field conditions.

Figure 101. Photo. PVDF piezo film bounded to Plexiglas® beam.
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Figure 102. Photd; PVDF embedded in epoxy and bounded to Plexiglas® beam.

Figure 104. Photo. Bending test setup to check the activation strain loss from a
configuration to another.

For the two first setups (see figure 103 and figure 104), the experiments were consistent; the
strain amplitudes corresponding to 5.5 V amplitude were 550 and 650 microstrain, respectively,
for the naked and the embedded piezo film setups (see table 4).
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Table 4. Activation strain at different piezo configurations.

Piezo Configuration Activation Strain
Glued to Plexiglas® 550 microstrain
Embedded in the package and | 650 microstrain
glued to Plexiglas”
Embedded in the package and | 780 microstrain (30 percent loss)
glued to concrete beam

A total of five concrete specimens were tested under constant load (four-point bending fixture):
two steel-reinforced and three regular notched beams that had a span of 16 inches (406.4 mm), a
depth of 4 inches (101.6 mm), and a width of 4 inches (101.6 mm). The notch to depth ratio (a)
for each specimen was 0.35. A crack-opening displacement (COD) gauge was used to measure
the strain and was attached to a pair of knife edges that were mounted to the bottom face of the
beam by a fast-drying epoxy resin (see figure 104). The piezo was also mounted to the bottom
face of the beam. Each specimen was subjected to a 5-Hz cyclical load. The piezo was connected
to the sensor (see figure 105), and readings were taken every 10,000 cycles.

For the reinforced beams, the sensor activation strain amplitude was measured around
780 microstrain. (For the notched beams, the test was not successful since the strain was
concentrated around the notch and not distributed over the length of the gauge.)

Figure 105. Photo. Setup of sensor calibration and fatigue t-egts.
4.3 LABORATORY TESTING OF EMBEDDED SYSTEM

The objective of the work described in this section is to benchmark the performance of the
piezoelectric materials and the sensor electronics if they were to be embedded without any
external protection. The observed performance variations are used to determine the initial design
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parameters for the packaging system. Detailed design, manufacturing, and testing procedures for
the package are described in chapter 5.

4.3.1 AC Beam Testing
Testing Procedure

Piezo buzzers (CEB-35D26) were placed with the asphalt mix in a beam compactor (see
figure 106). After compaction, electric signals were measured from the embedded piezos
under applied load on the beams. Eight specimens were manufactured, three of which did

not respond to applied load and were assumed to be defective. Beams with dimensions of

15 x 2.5 x 2 inches (381 % 63.5 x 50.8 mm) were cut from the compacted slab (see figure 107
and figure 108). Piezoelectric disks with a diameter of 0.7 inches (17.78 mm) were placed so
that each cut beam had a disk at its center and was 0.4 inches (10.16 mm) from the surface.
The piezo-transducers were covered with a layer of rubber. The beams were then tested in a
four-point bending configuration. The output of the PZT transducers was monitored using an
oscilloscope with an input impedance of 10 megaohm.

Figure 107. Phoo. Compacted slab with embedded transducers.
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Figure 108. Photo. Cut asphalt specimen with embedded piezoelectric generator.

Results

Figure 109 shows a sample of the observed voltage response of a PZT ceramic embedded in an
asphalt beam tested at 77 °F (25 °C) under an applied sinusoidal load. The consistency of the
response of the transducers was tested. Each test was repeated three times and monitored for a
few hundred cycles. For a strain-controlled test, the response of the embedded transducer was
repeatable and consistent for short-term testing (i.e., hundreds of cycles).
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Figure 109. Graph. Sample of voltage response of PZT with time under applied sinusoidal
strain.
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4.3.2 Concrete Beam Testing
Testing Procedure

Concrete beams with dimensions of 10 x 2 x 2 inches (254 x 50.8 x 50.8 mm) were used in these
tests. Piezoelectric disks were used as generators. They were embedded into concrete during
casting at a controlled depth of about 0.3 inches (7.62 mm) from the surface (see figure 110).
Given that water is present in concrete, it is vital to isolate the substrate of the transducer from
the electrodes. The piezoelectric disks were covered with a layer of rubber (see figure 111). The
rubber is also useful to protect the disks from the external environment such as chemical attacks.
However, the thickness of the rubber layer is critical to the sensitivity of the generator to applied
strains, given that it defines the contact surface with the concrete. If it is too thick, it may modify
or even block the strains from being transmitted in the transducers. The used epoxies were
selected based on previous studies.!"?

Figure 111. Photo. Piezoelectric transducer covered with a layer of rubber.

All specimens were tested in a three-point bending configuration under varying temperatures
and input loads (see figure 112 and figure 113). The actual strains were determined using data
collected from the testing machine (actuator displacement) and also from surface-mounted
LVDTs connected on the specimens.
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Figure 112. Photo. Concrete specimen with embedded piezoelectric generator.

Figure 113. Photo. Concrete specimen loaded in a temperature-controlled environment.

The input load frequency was selected to be 1 Hz for all tests. The tested concrete specimens
with embedded PZT ceramics were subjected to temperatures varying from 14 to 104 °F

(-10 to 40 °C). The output of the PZT devices was monitored for different load and temperature
conditions using an oscilloscope with an input impedance of 10 mega-ohmes.

Results

Figure 114 and figure 115 show samples of the voltage responses of embedded PZT ceramic
under applied sinusoidal load. Figure 114 shows the output voltage for two applied strains
subject to 14 °F (-10 °C). Figure 115 shows the output voltage at two different temperatures for
the same input strain.
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Figure 114. Graph. Sample voltage response of embedded PZT at 14 °F (-10 °C) under
applied 177 and 441 microstrain load.
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Figure 115. Graph. Sample voltage response of embedded PZT under 278 microstrain at
32 and 86 °F (0 and 30 °C).

Figure 116 shows the correlation between the measured peak-to-peak strain and the observed
peak-to peak output voltage of the piezoelectric disc for different temperatures. A linear
correlation can be determined between the measured strain and the observed voltage. It is
observed that decreasing the temperature increases the slope of the linear relation. The extracted
linear correlation is used for temperature correction of the collected data. In this experiment, a
Schaevitz sensor XS-B 099 LVDT was used (datasheet attached in appendix B), which

presents a significantly higher precision compared to the standard LVDTs of the simple
performance tester.
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Figure 116. Graph. Correlation between measured strains and voltage output of the
transducer at varying temperatures.

Figure 117 isolates the effect of the varying temperature on the voltage output of the piezo
generator when subject to cyclic stain with a constant peak-to-peak value. Initial observations
show that temperature variations have a greater effect at lower strains. The extracted curves

are used to determine the temperature correction factor for each level of strain. A reference
temperature is selected at which the calibration of the sensor is performed. Later, if
measurements are collected at a temperature different from the reference, the change of voltage
due to temperature variation obtained from figure 117 is subtracted from the measured voltage
change so that it reflects the variation solely due to stain fluctuations.

Commercially available piezoelectric ceramic transducers (CEB-35D26) were embedded into hot
mix asphalt (HMA) subject to compaction and in fresh concrete mix. The transducers were
virtually unprotected except for a thin layer of epoxy that acted as an insulator between the

two electrodes. All eight transducers embedded in concrete were functional after hardening of
the beams. The specimens were subject to a cyclic loading at 1 Hz with varying amplitude levels.
All but two transducers presented a consistent output until the failure of the concrete specimens,
which occurred at different points for different beams between 1,000 and 10,000 cycles (random
behavior of concrete). The two underperforming elements were recovered, and a slip occurred at
the contact between the transducers and the concrete.

For tests with compacted AC, five out of eight specimens survived the compaction phase. All
transducers showed a degradation of behavior (drop in output voltage) for loading cycles above
2,000 to 3,000 cycles. Forensic analysis showed that aggregates caused the initiation of cracks in
the piezo-ceramic. Although the transducers survived the compaction, they were significantly
weakened. Observations made during the execution of this task helped set the rules and the
requirements for the protective packaging system described in chapter 5. It was also shown that
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sufficient voltage/power can be generated from the embedded transducers in order to insure
proper functioning of the memory gates.
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Figure 117. Graph. Effect of temperature on the output voltage at different levels of
fluctuating strains.

4.4 CONCLUSION

This chapter focused on the survivability of the unprotected piezoelectric ceramic transducers
embedded in asphalt under compaction conditions as well as in fresh mix concrete. It was shown
that mechanical protection is required for the piezoelectric transducer; however, adding a
protective epoxy layer reduces the coupled strains from the host material to the sensor. This
means that the sensor with mechanical protection will measure a lower strain than that actually
experienced by the host material. Tests were conducted to evaluate this coupling effect, and it
was found that up to a 30 percent loss in strain can occur. It should be noted that this strain loss
occurs in any other embedded strain measuring system such as the commercially available strain
gauges. This issue can readily be accounted for through the calibration process. The temperature
effect on the piezoelectric output was also investigated, and a linear relationship exists. This
means that this effect can be easily accounted for by a simple temperature correction factor.
Also, the generation of electrical energy was investigated under laboratory loading conditions. It
was shown that sufficient energy can be generated to power all sensor electronics using an
embedded PVDF or PZT within the size limitations imposed by the protective package. The
results were used to guide the further development of the robust packaging system, which is
described in chapter 5.
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CHAPTER 5. DESIGN OF ROBUST PACKAGING SYSTEM AND INITIAL FIELD
TRIALS

This chapter describes the designing and testing of an implementable version of the sensing
module. The shape, size, and the conformity with the current installation procedures were
important factors in the design.

5.1 CURRENT STATE OF THE PARCTICE FOR STRAIN GAUGE INSTALLATION
TECHNIQUES

Embedded strain gauges made specifically for AC have been widely used by several research
programs. The used sensing principle is based on mechanical indicators such as an extensometer,
resistive wires, and foil gauges. To ensure a good contact, most of the recently developed and
marketed gauges are H-shaped (see figure 118 and figure 119). It was decided that the package
designed for the sensor should have a similar shape and could be installed using existing
installation procedures that are accepted by State transportation departments and will not
constitute a major disruption to current practices.

Figure 119. Photo. Second example of corrimercially available asphalt strain gauge.

Many past projects dealt with the installation of monitoring gauges in both asphalt and concrete
pavements. This section describes the used installation procedure based on the work by
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Hornyak et al. from the Transportation Research Center at Marquette University and a report
prepared for the California Department of Transportation (Caltrans) by Roesler et al.®¥ The
locations of the gauges were identified and marked. A pre-mixed matrix of sand and binder was
reheated and placed in a 0.5-inch (12.7-mm)-thick patch on an open-graded base layer at the
location of each sensor. These patches served as the base pad for the asphalt strain gauges
(ASGs). The ASGs were then placed on their respective base pads, and the leads were organized
and buried into the open-graded base layer (see figure 120 and figure 121). A cable armor
installed on the exposed length of the leads served as protection for the wiring from puncturing
from the aggregates during paving. The ASGs were placed so that the leads exiting the protected
portion of the gauge did so against the direction of paving; otherwise, forces and motions
generated by the paving equipment may have a tendency to pull the sensor leads away from the
strain gauge, destroying the gauge. Strain relief was provided multiple times. Shortly before the
paving, asphalt material from the paver hopper was screened off on the */s-inch (9.53-mm) sieve
and a roughly 1 inch (25.4 mm) layer was placed on the gauges. The material was compacted by
mild compaction force using a hand tamper. A layer of unscreened asphalt (about 2 inches

(50.8 mm) thick) was placed on top of the gauge arrays and compacted using a gas-powered
plate tamper (see figure 122 and figure 123). After this was complete, the paver passed over the
strain gauges. The wireless nature of the developed system reduces the required preparation time
before paving.

Off-the-shelf dynamic strain monitoring gauges were used in the Caltrans project.”” The used
installation techniques could be considered representative of methods currently used by State
transportation departments. Initially, shallow trenches were dug in the aggregate base, and
polyvinyl chloride (PVC) pipes were laid in the trenches so that wires running from each
instrument could be threaded through the PVC pipe system to the shoulder of the pavement and
connected to the online data acquisition (see figure 124 and figure 125). The channels and pipe
system were then backfilled with the aggregate base. For the cement-treated base, a saw was
used to cut shallow grooves in which to run the gauge lead wires (see figure 124 and figure 125).
These steps are skipped when installing a newly developed sensor. After the wires were placed,
fast-setting cement mixed with sand was used to backfill the channels. All strain gauges were
placed on the base material with small steel frames (see figure 126). Each instrument was
attached to its steel frame using a plastic zip tie. Each instrument was attached firmly enough so
that it would not become dislodged when the concrete was placed but also in such a manner that
the fasteners would not restrict gauge movement once the concrete had set.
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Figure 122. Photo. Placing screened asphalt on top of gauges and carefully compacting.
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Figure 124. Phot(;.‘Layil.lg instrument wiring and pipihg in aggregate base.

Figure 125. Photo. Cutting grooves in cement-treated base for instrument leads.®
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Figure 126. Photo. Collecting a concrete strain gauge using steel frames.

It should be noted that for these gauges, no electronics were embedded with the system since
they do not have on chip capabilities such as computation and memory storage. In addition, the
resistive strain gauge can withstand high temperatures. One of the disadvantages of this system
is its high sensitivity to temperature variations. In the design presented in this report, the
piezoelectric transducer is attached to the core reinforced epoxy, and a thermal insulator coating
is used to protect the embedded electronics in contrast with commercial devices which do not use
a thermal insulation layer (figure 127). To prevent the undesirable effects of moisture on the
circuit, silicone rubber polymer, which is an excellent impervious material, is used.
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In order to not disrupt the stress field in the pavement, the system’s stiffness must be close to that
of the pavement. A low stiffness is desirable, but the device must be able to survive the stresses
imposed during paving. Most of the systems are designed to approach the stiffness of asphalt at
77 °F and 320,000 psi (25 °C and 2,204,800 kPa). The main frame of the package is made of
epoxy on which the sensor and the piezoelectric are attached. The layers used for thermal and
chemical insulation have a very low stiffness compared to the main frame epoxy. The choice

of the epoxy is based on several parameters such as the thermal conductivity and the electric
conductivity. Two types of epoxy were identified—Conathane® TU-981 and Araldite® GY-6010.
Both types have a tensile modulus close to 300,000 psi (2,067,000 kPa) and high tensile and
flexural strengths above 4,000 psi (27,560 kPa). Both are good electric insulators, but the
Araldite® GY-6010 has an upper thermal resistivity.

5.2 SYSTEM DESIGN
5.2.1 Thermal Insulation

According to the results shown in Timm et al., the typical mix temperature in a paving project
decreases from around 302 °F (150 °C) to around 158 °F (70 °C) in about 2 h and then oscillates
between 158 and 212 °F (70 and 100 °C) as lifts are applied.”’ Thus, the circuit needs to be
protected. From a simple finite element simulation in which the external temperature is assumed
to be constant all the time at 302 °F (150 °C) (conservative condition), it was concluded

that the conductivity of a 0.4-inch (10.16-mm) isolating material layer should be less than

0.554 inch hr''ft °F' (0.08 W/mK). Polyurethane foam was identified as a viable candidate for
thermal protection. Its thermal conductivity is lower than 0.346 inch hr'ft* °F' (0.05 W/mK).
Furthermore, it has a high abrasion resistance and impact strength. The selected foam was
tested in a high-temperature environment where three thermocouples were placed inside an
environmental chamber with a controlled temperature increasing gradually from 86 to 230 °F
(30 to 110 °C) and then maintained at that level for 60 min. The first thermocouple was placed
with no protection, while the second and third thermocouples had coats of 0.08 and 0.3 inches
(2.03 and 7.62 mm), respectively. A sample is shown in figure 128. Figure 129 shows the
variation of temperature for different sensors. From the figure, it is observed that a polyurethane
layer significantly decreases the observed temperature.

Figure 128. Photo. Thermocouple covered with a layer of polyurethane foam.
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Figure 129. Graph. Measured output from protected and unprotected thermocouples.

5.2.2 Mechanical Protection

The sensor needs to be coated with a layer of a thin, rigid material in order to protect it from the
stresses during paving (compaction for HMA pavements) as well as damage due to aggregates
that might puncture the system under high pressure. This layer should be very thin so it does not
affect the overall stiffness of the system. Some commercial gauges use titanium as an external
protective layer, while others use rigid nylon. In this case, metallic materials were not used
because they act as a Faraday cage and inhibit wireless communication. Smooth-cast 385,
which is a mineral-filled urethane casting resin that is very hard and durable, was selected as a
candidate to test. It also has a very high flexural and compressive strength and resists moisture
and mild solvent. A simple circuit consisting of a resistor in series with a capacitor was covered
by a 0.2-inch (5.08-mm) layer of polyurethane foam for temperature protection and a 0.06-inch
(1.52-mm) layer of the smooth-cast 385. The sample was placed within the asphalt mix in a
linear kneading compactor. The compaction was set to obtain an air void of 4 percent so that
maximum stresses are applied on the sample. The system was then recovered from the
compacted beam. The protective layer showed multiple cracks and deformations (see

figure 130 through figure 133). The implanted circuit was tested and was perfectly functional.
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Figure 130. Photo. Testing of the selected protective materials under compaction condition.

Figure 131. Photo. Material prototype placed in a compactor.
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Figure 133. Photo. Material specimen recovered from the asphalt beam after compaction.
5.2.3 Package Design for Implementation in HMA

As discussed previously, the package designed for the sensor has a similar shape to existing
systems and could be installed in the field using existing installation procedures that are

accepted by State transportation departments and will not constitute a major disruption to current
practices. The required materials have been identified. The main frame of the package is made of
an epoxy on which the sensor and the piezoelectric are attached. Araldite® GY-6010 epoxy was
used; it has a tensile modulus close to 300,000 psi (2,067,000 kPa) and high tensile and flexural
strengths (above 4,000 psi (27,560 kPa)). A layer of polyurethane foam, which has a thermal
conductivity lower than 0.05 W/mK, was used for thermal protection. Smooth-cast 385 was
deposited as an external layer for mechanical protection.

A simplified finite element analysis of the H-shaped sensing module was performed to determine
the required thickness of each material layer (see figure 134 through figure 136). Maximum
stress and deformation levels tolerated within the system were selected so that an embedded
piezoelectric element was not overstrained or crushed during compaction. The applied stress was
290 psi (1.998.1 kPa), which simulates the stress levels that would be experienced by the system
in the field during compaction. It was determined that a layer of epoxy with a minimum
thickness of */1¢ inch (4.76 mm) was required as the frame core. The minimum required
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thickness for the polyurethane and the resin layers was also determined to be
/16 inch (1.59 mm).

Figure 134. Illustration. Finite element model of the H-shaped package.

Figure 135. Illustration. Simulated stress distributions.

Figure 136. Illustration. Simulated nodal deflections.

Silicone rubber was used to build the molds for the H-shaped layered systems. Silicone rubber
was selected because of its resilience, high-temperature stability, and general inertness
properties. In addition, it can easily reproduce any irregular shapes and sizes with high accuracy.

The desired shapes were made of wood and/or steel, and silicon was cast to produce the needed
molds (see figure 137 through figure 139). Different materials were then formed on top of each
other with a larger mold used in each step to deposit an additional layer. The thickness of each
layer, or the depth of the mold, accurately reproduces the results obtained from the finite
element analysis.
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Figure 139. Photo. Finished molds.

In figure 139, from left to right, the first mold (smallest) is used to cast the Araldite® GY-6010
epoxy core, which serves as the first protection to the piezoelectric transducer and the electronics
as well as the sensing medium that its modulus is close to the AC’s modulus. Once cured, the
obtained core is placed in the second mold, and the polyurethane foam is deposited. The

two other molds are used to cast the external layers.
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Figure 140 shows an embedded piezoelectric transducer within Araldite® GY-6010 epoxy
resin cured with Jeffamine D-400 amine for 7 days at room temperature. The formed core has
an elastic modulus of 300,000 psi (2,067,000 kPa), a tensile strength of 4,000 psi (27,560 kPa),
a compressive strength of 5,100 psi (35,139 kPa), and a flexural strength of 7,300 psi

(50,297 kPa). Figure 141 shows the formed polyurethane layer over the cured epoxy using a
silicon mold with a depth of */;6 inch (4.76 mm) and a '/,¢-inch (1.59-mm) space filled with the
foam. A casting resin layer is then deposited on top of the insulator foam to increase the overall
mechanical resistance to load. Initial tested specimens showed a poor adherence between
polyurethane and the casting resin. As a result, an additional layer of Araldite® GY-6010 was
added for mechanical protection given its toughness prosperities. Samples are shown in

figure 142.

Figure 140. Photo. Piezoelectric transducer embedded in Araldite® GY-6010 epoxy.

Figure 141. Photo. Polyurethane thermal insulator coat deposited on top of the epoxy core.
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Figure 142. Photo. Tested prototypes of piezoelectric transducer embedded in epoxy and
coated with a polyurethane thermal insulator.

5.2.4 Laboratory Testing and Results

Using a slab compactor, the package prototypes were embedded in AC and subject to
compaction (see figure 143). The compaction curves, uploaded from the compactor’s controller
unit, are shown in figure 144. All the compaction tests conducted here for the package testing
have similar compaction curves to the one shown in figure 143. Compressive loads exceeded
290 psi (1,998.1 kPa), which is close to the estimated in-filed stresses. The temperature was
around 302 °F (150 °C).

A forensic analysis was conducted to evaluate the behavior of different prototypes. Although
both recovered prototypes had an undamaged transducer that showed characteristics close to
pre-compaction behavior, the external layer was affected by the high temperature and showed
little damage (see figure 145 and figure 146).

Figure 143. Photo. Specimens placed in the compactor.
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Figure 144. Graph. Measured compaction curves.

Figure 145. Photo. Recovered sample 1 after compaction.

Figure 146. Photo. Recovered sample 2 after compaction.
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Modified prototypes with an added thin layer of urethane casting resin were manufactured and
tested. The added material proved to adequately bond to the Araldite® GY-6010 epoxy,
providing the required external resistance (see figure 147). Five samples were tested under
compaction; they all survived the test and showed much greater resistance to local damage
induced by aggregates (see figure 148).

Figure 147. Photo. Final version of the prototype with an external resin layer.

Figure 148. Photo. Recovered specimen.

The anticipated objectives of this task were achieved. A robust system that can withstand
simulated field construction conditions was developed, manufactured, and tested. A survivability
rate of over 90 percent under laboratory conditions was achieved.

5.3 PRELIMINARY LARGE-SCALE TESTING

Issues that need to be addressed in field implementation include: (1) stiffness compatibility
between the epoxy and the host material (HMA or portland cement concrete (PCC)), (2) size and
shape of the protective package, and (3) thickness of the epoxy layers. The objective of this task
is to empirically investigate different packaging configurations for an enhanced strain coupling.
The effect of the shape, thickness, and material properties were investigated.
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Stiffness compatibility can be achieved using epoxy with a lower stiffness than the host material.
Two different materials were used: Araldite” GY-6010 epoxy cured with Jeffamine D-400 and
Conathane®™ TU-981.

Most of the commercialized strain gauges are H-shaped. The anchors are usually metallic to
avoid damage in the corners due to stress concentration. However, for better structure integration
and strain transfer, the modulus of those anchors should be the same or less than the modulus of
the host material. Two different shapes were considered: regular H-shaped and bone-shaped
(developed in the lab).

The third parameter to investigate is the gauge thickness. While increasing the thickness leads to
higher survivability rates, it affects the structural integrity of the host material. Using very thin
gauges is conceptually desirable for better strain compatibility between the gauge and the host
material; however, they are more prone to breakage. Two different thicknesses were evaluated
for the different shapes and materials: 1/4 and %/ g inch (6.35 and 9.53 mm).

The strain gauges were tested at TFHRC’s ALF. The gauges were installed following the
schematic shown in figure 149.

Center Line Wheel
Path

\ | Thin H-C | ‘ Thick H.C ‘ ‘ Thin bone-C ‘ |m'ckbone_c |

| Thin H-A | | Thick H-A | | Thit bone-A | |Thickbone—_—‘1 |

Figure 149. Illustration. Layout of ASGs.

Simulations using the Viscoroute program were conducted to estimate the expected strains

in the ALF test lane and compare with the strain measurements from the different gauge
configurations. The pavement structural configuration and material properties were obtained
from FHWA. The moduli of different layers were backcalculated using EVERCALCO at a
pavement temperature of 78.8 °F (26 °C). Strain gauge responses were recorded at a temperature
of 66.2 °F (19 °C) and a wheel load of 16,000 Ib (7,264 kg). Figure 150 shows a typical
computed longitudinal strain at the surface under a moving load. As the load approaches a fixed
point in the pavement (where the gauge is), the strain increases in tension and then reverses from
tension to compression then back to tension as the load moves away from it before dying out.
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Figure 150. Graph. Simulated longitudinal strain using Viscoroute.

Figure 151 through figure 154 show a comparison of the measured strains between the H-shape
and the bone shape for the different thicknesses and materials properties. Theoretically, if the
bonding of the strain gauges to the pavement surface is perfect, the transferred strain can never
exceed the strain induced in the pavement. The higher the recorded strain, the better the
configuration.

Figure 152 and figure 154 show the strain measurements from the H-shape and bone shape for
the two thicknesses using the Araldite® epoxy (modulus is 300,000 psi (2,067,000 kPa)). The
noise to signal ratio in these measurements is high, and the peak strain is relatively low
compared to the theoretical values (see figure 150). This is due to the high tensile modulus

of the Araldite® epoxy. Usually for a better strain transfer, the modulus of the gauge should be
comparable (or lower) with respect to the modulus of the pavement material.

Figure 151 and figure 153 show the strain measurements from the H-shape and bone shape for
the two thicknesses using the Conathane® epoxy (modulus is 30,000 psi (206,700 kPa)). While
the noise level is much lower, the peak strain recorded using the H-shape is very low due to the
softness of the anchors. They deform under loading, inducing a loss in the strain transfer.
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Figure 151. Graph. Measured longitudinal strain using thin H-shape and bone shape made
of conathane.
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Figure 152. Graph. Measured longitudinal strain using thin H-shape and bone shape made
of araldite.
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Figure 153. Graph. Measured longitudinal strain using thick H-shape and bone shape
made of conathane.
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Figure 154. Graph. Measured longitudinal strain using thick H-shape and bone shape

made of araldite.

The bone shape made with the Conathane® TU-981 epoxy appears to perform better compared to
the other configurations. It allows for a better strain transfer (higher signal), and it has no
anchors, ensuring a better survivability rate by avoiding stress concentrations at corners.

Figure 155 shows the measured strains using the bone-shaped gauges manufactured using
Conathane® TU-981 for two different thicknesses. The observed peak strain is close to the
theoretical value. This result might be due to the fact that the gauges were carefully installed at
the surface by grinding the existing pavement and properly bonding the gauges to the surface
using a special epoxy (see figure 156 through figure 163).
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Figure 155. Graph. Measured longitudinal strain with bone-shaped conathane strain
gauges using two different thicknesses.
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Figure 158. Photo. Placed sensor prototype.
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Figure 160. Photo. Different tested types of packa prototypes.

Figure 161. Photo. Prepared grooves for prototype installation.

&9



Figure 162. Pl;oto. Special epoxy used tb bo..nd.g.auges to surface.

Figure 163. Photo. Installed prototypes.

An integrated prototype of the sensor was also installed at the ALF facility at TFHRC. The
objective was to evaluate the short-term survivability and basic wireless functionalities of the
sensor after applying the loading cycles. The results from this experiment were used to help
refine the sensor electronics and the wireless communications protocols. Details of these
refinements are discussed in chapters 2 and 3 of this report.

In addition, different prototypes of the packaging system were installed during a construction
project in Michigan. Regular strain gauges were included in the packages. During installation, a
procedure was used that did not cause any delays to construction. The gauges were laid just
ahead of the compactor and secured with small HMA patches (see figure 164 through

figure 167). The survivability rate dropped to 25 percent mainly because of the high strains on
the wires during compaction. A total of 75 percent of the gauges that survived were placed in the
transverse direction.
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Figure 164. Photo. Installation f the prototype packaging system installed during a
construction project near Lansing, MI.

Figure 165. Photo. Specimen preparation and placement.
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Figure 167. Photo. Installed prototypes ahead of the compactor.
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5.4 CONCLUSION

In this chapter, a packaging system was designed and manufactured to encase the sensing
modules. The package was designed so that it has a similar shape to existing systems and can be
installed using existing installation procedures. Nonmetallic materials were used so that it allows
for RF communication. A layered system mainly consisting of Araldite® GY-6010 epoxy,
polyurethane foam, and mineral-filled urethane casting resin was used to provide the required
mechanical and thermal protections for field installation. The system, entirely built in-house, was
tested under a laboratory setup simulating field conditions as well as in construction projects.
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CHAPTER 6. LABORATORY FATIGUE TESTING AND DEVELOPMENT OF
SENSOR-SPECIFIC DAMAGE PROGNOSIS ALGORITHMS

This chapter focuses on evaluating the performance of the sensor for fatigue testing. The main
objective is to develop a robust data interpretation algorithm that is able to use the diminished
data provided by the sensor to achieve reasonable predictive capabilities comparable to what is
obtained using conventional measuring techniques (conventional strain gauges). The time
compressed cumulative data provided by the sensor result in a loss of information. A set of
laboratory tests were designed to quantify and characterize the effect of these losses. The
objective is to recreate the damage index variation curves using only the cumulative information
tracked by the sensor.

6.1 DATA INTERPRETATION ALGORITHMS

Measured peak strain distributions in a pavement are approximated by Gaussian distributions for
all of the considered cases. The variation of the strain amplitude over time is due to the increase
of the compliance (i.e., induction of fatigue damage in the specimen). Figure 168 shows the
strain amplitude variation of a concrete beam over time under cyclic loading at a constant
amplitude. The strain amplitude is shown to increase, which explains the loss in the elastic
modulus of the beam. This increase in amplitude causes the increase of the output voltage
amplitude that is recorded by the sensor.

The considered hypothesis is that a shift in the measured strain distributions toward higher
strains over time is indicative of damage accumulation. Thus, monitoring the mean and the
standard deviation of the distribution over time and tracking the mean variations allow
researchers to determine the levels of strains that are induced in the specimen between reading
periods. By determining these response levels, the compliance can be evaluated. A simplified
model, described in this section, shows how these measurements are obtained and related

to damage.
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Figure 168. Graph. Strain amplitude variation of a concrete beam under cyclic load with
constant amplitude.
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The strain cumulative density function (CDF) is characterized by figure 169 as follows:

- 2-er(2)

Figure 169. Equation. Strain cumulative density.

Where:

u = Mean of the strain distribution.
¢ = Standard deviation reflecting the width of the normal distribution.
B = Total cumulative time of applied strain.

The sensor output data are defined by these three parameters, which are obtained by fitting the
sensor’s output distributions collected from all the memory cells.

Figure 170 shows the measured strain CDF from the sensor at different life stages of
the beam. The amplitude is expressed in voltage, which is directly related to the event’s
cumulative durations.
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Figure 170. Graph. Cumulative distribution of strain expressed in voltage.

The shift of the mean due to the strain amplitude variation cannot be directly obtained from the
cumulative distributions. Figure 171 shows the normalized density distribution reconstructed
from the measured CDF at different life stages. The mean of the distributions is equal to the
average induced strains amplitude, thus proving the consistency of the assumptions.

To determine the final design of the sensor, the number of gates per sensor was evaluated using a

sensitivity analysis. Figure 172 shows the variation of the relative error per gate versus the sensor

strain level for different specimens at different life stages. Starting from eight gates per sensor,
the relative error is less than 1 percent.
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Figure 171. Graph. Normalized density distribution expressed as normalized voltage.
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Figure 172. Graph. Relative error of fitting per gate for specimens at different life stages
versus number of gates per sensor.

Due to the missing load data and the fact that the output response is collected periodically

(e.g., once every year), the damage index cannot be evaluated as a deterministic value. In this
project, the damage index is considered to be the ratio of the elastic moduli of the beam at any
time, ¢, with respect to a predefined initial condition (baseline). The sensor output, as defined in
figure 169, is a cumulative distribution of multiple normally distributed strain histograms defined

by the equation in figure 173.
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Figure 173. Equation. Cumulative distribution.

The standard deviation, the cumulative loading time, and the mean of the cumulative strain are
evaluated from the parameters of the strain loading distributions shown in figure 174 through
figure 176.

a=Ya
i

Figure 174. Equation. Cumulative loading time.

E[€]=Z%ﬂl—

Figure 175. Equation. Mean of the cumulative strain.

var[s]=Y Zo?
T a
Figure 176. Equation. Standard deviation.

Using figure 175 and figure 176, the mean and the standard deviation of the applied strain
amplitude at a time ¢ can be evaluated using two consecutive readings, as expressed by the
following equations in figure 177 and figure 178.

A(uc)
Aa
Figure 177. Equation. Mean of the applied strain amplitude at time z.

Figure 178. Equation. Standard deviation of the applied strain amplitude at time #.

Once the mean and the standard deviation of the strain distributions are evaluated, Taylor series
with exact derivation are used to derive the mean and the variance of the damage coefficient,
which are given by figure 179 and figure 180.

E[D]= H
Hy
Figure 179. Equation. Mean of the damage coefficient.
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Figure 180. Equation. Variance of the damage coefficient.

Var[D] =

The reliability index, considered with respect to a damage coefficient equal to 0, is then
evaluated as follows:

7
B= 02 2
HoOy
2
N

o+
Figure 181. Equation. Reliability index.

The probability of failure, which is defined as the probability of the damage coefficient being
less than 0, is then given by the following equation:

P failure) :%[””f@% H

Figure 182. Equation. Probability of failure.

Expressing the failure of the structure in terms of probability of failure is more meaningful, given
that the damage coefficient at failure is not a predefined value, and it varies from one specimen
to another.

6.2 ALGORITHM EVALUATION USING CONCRETE BEAM FLEXURAL BENDING
FATIGUE TESTS

A total of 23 plain PCC three-point single-edge notched beam specimens were tested under
constant and variable amplitude fatigue loading. Two beam sizes were considered: the large-
sized beams had a span of 16 inches (406.4 mm), a depth of 4 inches (101.6 mm), and a width
of 4 inches (101.6 mm). The small-sized beams had a span of 8 inches (203.2 mm), a depth of
2 inches (50.8 mm), and a width of 2 inches (50.8 mm). The notch to depth ratio for each
specimen was 0.35. A COD gauge was used to measure the crack mouth opening and was
attached to a pair of knife edges, which were mounted to the bottom face of the beam by a fast-
drying epoxy resin, as recommended by Shah et al.") Each specimen was subjected to a 2-Hz
cyclical load. Ten specimens were subjected to constant amplitude loading using a stress ratio
(max load/peak load) of 0.85 and 0.95. The other specimens were subjected to variable loading
in which both the R ratio (minimum/maximum load) and the stress ratio were varied at several
stages throughout the test.

The concrete mix used in this research consisted of ASTM C-150 type I cement, a natural sand,
and a limestone coarse aggregate (nominal maximum size of 1 inch (25.4 mm)). The water-to-
cement ratio was 0.45, and the air content was 6.5 percent. The unit weight was 142 1b/ft’

(22.7 kg/m).
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The average 28-day modulus of rupture and the split tensile strength, f°;, were 760 and 419 psi
(5,236.4 and 2,886.91 kPa), respectively. The 28-day compressive strength was 3,626 psi
(24,983.14 kPa). The specimens were cured for 1 year inside of a humidity room and then
placed in ambient temperature for one more month to ensure minimal strength gain during
fatigue testing.

The full strain-time history output from the COD gauge was used as an input into the damage
algorithm proposed. The measured peak strain distributions monitored by the COD gauge over
the entire life of the specimens under constant and variable loading can be approximated by
Gaussian distributions as shown in figure 183 through figure 185. The figures show the strain
distribution at different life stages of a specimen subject to variable loading. The shift of the
strain amplitude over time is due to the variation of material stiffness, which happens because the
material is damaged.

The same observations remain valid for strain distributions at different life stages of a specimen
under constant loading. However, the standard deviation is higher under variable loading, which
is expected because there is an additional strain bandwidth caused by the variation in loading
amplitude (and not damage).
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Figure 183. Graph. Strain distribution histogram at different life stages of the beam at
100 cycles.
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Figure 184. Graph. Strain distribution histogram at different life stages of the beam at
25,000 cycles.
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Figure 185. Graph. Strain distribution histogram at different life stages of the beam at
40,500 cycles.

Using eight gates per sensor, the cumulative strain-time distributions are fitted (see figure 186
through figure 188). Using the mean and the amplitude of the distribution, the actual induced
strains distribution can be evaluated using figure 177 and figure 178. The initial mean strain (u0)
is evaluated at the initial stage of specimen life (less than 100 cycles). Approximation of the
extent of damage can thus be obtained.

1200

1000
800 \
600
400
200

Cumulative Time (second)

0

2 4 6 8
Strain Level (107 &)
Figure 186. Graph. Fitting the sensor’s output at different life stages of the specimen at
100 cycles.
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Figure 187. Graph. Fitting the sensor’s output at different life stages of the specimen at
25,000 cycles.
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Figure 188. Graph. Fitting the sensor’s output at different life stages of the specimen at
40,500 cycles.

Figure 189 shows the variation of the damage coefficient distribution versus the number of
applied load cycles. The accumulation of damage is shown as a decrease of the damage
coefficient mean value and a flattering of the distribution, explained by the increase of the
uncertainty. As shown in figure 189, the mean damage index is decreasing over time, which is
inversely proportional to the strain amplitude variation. However, the variance of the distribution
is almost constant over the lifetime, with a fast change at the failure stage of the beam explained
by important variability of the induced stain during failure. Once the standard deviation and the
mean are evaluated, the reliability index and the probability of failure can be calculated using
figure 181 and figure 182.
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Figure 189. Graph. Probability distribution of the damage coefficient versus the number of
cycles of loading.

Figure 190 through figure 193 show the variation of the reliability index of the damage
coefficient as well as the probability of failure versus the number of cycles.
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Figure 190. Graph. Variance damage coefficient distribution.
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Figure 193. Graph. Reliability index of one of the samples versus the number of load cycles.

6.3 ESTIMATION OF REMAINING LIFE—PRELIMINARY RESULTS

Researchers estimated remaining life of the host structure using only the compressed data from
the sensor and the models discussed in section 6.2. The evaluation of the deterministic values of
the damage coefficient based only on the mean value has proven to be an unreliable indicator of
remaining life. This is due to the high variability of the coefficient around failure.
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Table 5 shows the reliability index, the damage coefficient, and the probability of failure just
before failure. Due to the high variability of the damage index at failure, the probability of failure
just before failure and the reliability index are not consistent. For a better remaining life
estimation, the damage index variability at failure needs to be accounted for.

Table S. Reliability index, probability of failure, and damage coefficient at failure for
different specimens.

Reliability Probability of Damage
Index at Failure Just Coefficient
Sample Failure Before Failure at Failure
1 0.54 0.29 0.3
2 0.77 0.25 0.44
3 0.72 0.31 0.56
4 0.51 0.31 0.46

6.3.1 Mechanistic-Empirical Approach

Figure 194 and figure 195 show the linear damage accumulation rule that is used in mechanistic-
empirical (M-E) models. The coefficients,; are calibrated for every specimen using the sensor
damage reading at the damage inflection point. Subramaniam et al. observed that under constant
amplitude loading, the inflection point between the deceleration and the acceleration cracking
region occurs at approximately 40 to 50 percent of the total life of the specimen.m Thus, the
coefficients pertaining to the first half of the specimen’s life should be similar to the second half.
Once the coefficients are known, a remaining life prediction can be made.

D—Zl
DN

Figure 194. Equation. Linear damage accumulation rule.

1\P
LOg(Nf) = Bo (S_R> + Bz
Figure 195. Equation. Remaining life.

Table 6 shows the predicted remaining life using the described method based on the sensor
output (models described in section 6.2) and based on the calibrated coefficient of the linear
damage accumulation rule for different tested specimens. The loading of the specimens was
stopped, and the remaining life was estimated using the different methods and based on the
evaluated damage at that stage. The tests were then continued until failure in order to record the
actual remaining life. As observed in the results, for the considered cases, the predictions
evaluated using the localized sensor data are closer to reality than linear damage accumulation
predictions based on averaged values.
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Table 6. Predicted remaining life cycles using M-E calibrated coefficients and using the
updated sensor output.

Exact Predicted Remaining Predicted
Remaining Life Using Linear Remaining Life
Life (Loading | Damage Accumulation | Using the Sensor

Cycles) (Loading Cycles) (Loading Cycles)
391 709 325
20,527 716 5,873
420 835 425
9,350 902 7,125
7,022 922 11,048
10,980 990 23,011

6.3.2 Probabilistic Approach

Reliability engineering and survival analysis mostly deal with a positive random variable called
“lifetime.” The lifetime is manifested by a failure or other end event. In this case, failure is
defined by the total break of the beam, and the lifetime variable is the time, 7, at which the
failure occurs with a cumulative distribution function F(T), defined by the probability of the
damage index at time 7 being higher than the damage index at failure, as seen in figure 196.

F(T) =P,(D;<D)
Figure 196. Equation. Cumulative distribution function.

Figure 197 shows the density function of the damage coefficient at failure. A total of
63 specimens have been tested, and the index has been measured using COD. The fitted
distribution is a logit-normal distribution.
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Figure 197. Graph. Probability density function of the damage index at failure.
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Researchers evaluated the survival probability function of the specimens based on the evaluated
damage index obtained using the sensor and also evaluated the probability density function of the
index at failure.

The remaining life CDF is defined using the law of conditional probability, the condition being
that the beam did not fail at time 7 = x.

Pr(X<T<X+t):F(X+t)—F(X)

P.(x<T) F(x)
Figure 198. Equation. Remaining life CDF.

Fy(T) =

The corresponding survival probability function of the beam is given by the following equation:

F(x +1)

F(x)
Figure 199. Equation. Survival probability function of the beam.

F(T) =

Remaining life is then estimated to be the expectation of the survival probability function:

ftoo F(u) du
F(t)

Figure 200. Equation. Expectation of the survival probability function.

Rem=E(T))=

However, the life probability function is not defined.

Remaining life should be expressed as a function of the damage index probability function (the
only information that the sensor can provide). Using a change of variable, figure 199 can be
expressed as a function of the damage index.

» Fg(D) dD
=3
dt
Fyq(D)
Figure 201. Equation. Function of the damage index.

Rem=E(T,)=

Where dD/dt is the variation of the damage index with respect to time evaluated by fitting a
shape function to the discrete values evaluated using the sensor. The assumed shape functions
are linear, exponential, and arcsine.

Figure 202 shows the normalized predicted remaining life (see figure 201) derived using the
developed methodology based solely on the sensor’s output. The associated probability (from
figure 198) is shown in figure 203. As the number of applied cycles increases, more readings are
incorporated into the adaptive models, which are used as fitting points. This implies that as the
specimen gets closer to failure, the prediction accuracy improves, which is shown by the higher
probability (reliability) of the estimated remaining life.
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As discussed, the probability of the remaining life is a good indicator of predictions reliability.
As shown in table 7, for a probability higher than 0.6, the relative error of the predicted
remaining life is less than 50 percent.
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Figure 202. Graph. Normalized estimated remaining life versus the normalized specimen’s
lifetime using three fitting shape functions.
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Figure 203. Graph. Remaining life probability versus normalized specimen’s lifetime using
three fitting shape functions.
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Table 7. Estimated remaining life using the different fittin

shape function.

Exact Exponential Shape Function Linear Shape Function Arcsine Shape Function
Remaining | Remaining Error |Remaining Error |Remaining Error
Life Life Prob. | (Percent) Life Prob. | (Percent) Life Prob. | (Percent)
0.9 0.1809| 0.6406 71.91 0.3003| 0.6071 59.97 0.4064| 0.2133 49.36
0.8 0.2014| 0.6565 59.86 0.3435|0.6149 45.65 0.4347| 0.3459 36.53
0.7 0.2026| 0.6913 49.74 0.3539 0.6309 34.61 0.4207| 0.4346 27.93
0.6 0.2116| 0.7688 38.84 0.3703] 0.6746 22.97 0.4221) 0.5455 17.79
0.5 0.2031| 0.807 29.69 0.3629| 0.6959 13.71 0.3881) 0.5988 11.19
0.4 0.1919] 0.8444 20.81 0.3496| 0.717 5.04 0.3481 0.6436 5.19
0.3 0.1796| 0.8751 12.04 0.3368| 0.735 3.68 0.3115|0.6784 1.15
0.2 0.1719] 0.9068 2.81 0.3287) 0.7575 12.87 0.2836|0.7218 8.36
0.1 0.1617]| 0.9315 6.17 0.3171)0.7748 21.71 0.2525| 0.757 15.25

6.4 DATA IMPUTATION—MISSING FULL-FIELD DATA GENERATION

Several researchers studied the effects of traffic wander on pavement performance.® ' It was
shown that the wheel wander is critical because it determines the distribution of load location on
the pavement as well as the frequency at which a point is loaded. Measurements from a field
study conducted by Timm and Priest showed that wheel wander tends to be normally distributed
with a standard deviation ranging from 8 to 24 inches (203.2 to 609.6 mm)."" Given that only a
limited number of sensors can be implemented on a pavement section, it is critical to generate
full field data and incorporate the effect of traffic wander in the fatigue prediction algorithms that
use the data collected from the implemented sensors. In addition, the obtained full field data can
be used to backcalculate the traffic wander distribution at a given location by tracking strain
peaks in the generated data in a pavement cross section. These problems could be considered as
missing data problems. Several techniques have been used to generate missing data from a set of
measurements at a set of predetermined locations. In this report, the Kriging technique was
implemented to test its applicability to the specific data collected from the developed sensors.

The novel self-powered microsensors presented in chapter 2 of this report are capable of
continuously monitoring local strains of the host structure. They implement the level-crossing
counting algorithm. A network of N implemented sensors will generate N random variables
(X,,..., X, ) that describe the response of the system at a given state.

Examples of strain output distributions are shown in figure 204. The shown data are obtained
from the model of piezo-powered sensors attached on a simply supported beam with dimensions
12 x 1 x 1 inch (304.8 x 25.4 x 25.4 mm) and subject to a random applied loading at its center,
inducing a mid-span deformation of amplitude varying between 0.04 and 0.12 inches (1.02 and
3.04 mm). PZT piezoelectric generators with dimensions of 0.4 x 0.2 x 0.004 inches (10.16 %
5.08 x 0.10 mm) were used in the simulation. The generators’ output were obtained at three
different positions (x = 2.9, 3.7, and 4.9 inches (73.66, 93.98, and 124.46 mm)), where X is the
position of the piezo-strip center measured from the left end of the beam. The cumulative strain
data at each sensor node can be fit to a variation of the exponential discrete probability

distribution of the form f(y) = 9le'92y2 *03y where y = (1,2,...,7) is the memory cell number also
associated with a strain amplitude level, and 6" = (0,,0,,05) represents the parameter of the strain

109




distribution at a given location. The vectors 0" are specific to a location and a system’s
condition; they are the parameters to estimate at the missing locations.

0.4
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A Probability data for sensor 2 - x=9.5cm
B Probability data for sensor 3 - x=12.5cm
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Figure 204. Graph. Example of data from distributed sensors on a simply supported beam
under random loading.

0

In its simplest form, the basic goal of the Ordinary Kriging (OK) is to estimate the attribute value
at an unobserved location by interpolating the observed values in the neighborhood locations. If
(u;, i=1..., n) at n locations in a region of interest R where the field data X has been observed,
and u denotes a specified but arbitrary unobserved location in the region R, then the value to
estimate X* (u) at location u is given by the following equation:

1—2 o; (w)

X' =) w@X(w)+ m(w)

1 1
Figure 205. Equation. Estimate of X as a function of mu.

Where m(u) is the mean of X(u) ando,(u) are the Kriging weights that can be determined for the
case of an OK formulation by solving the following system of equations:

( n n
> @) 11w | Y @ | =y
Ji=1 j=1
2 o;(u) =1
\ i=1

Figure 206. Equation. System of equations to solve for the case of an OK formulation.
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Where:

(u; — uj) = Distance between location 7 and location j.

(u; — u) = Distance between location 7 and the location to be estimated.

[(u) = Lagrange parameter.

Y = Predefined semi-variance property that expresses the degree of spatial dependence
between points.

A simply supported beam setup was initially used to test and tune the developed techniques
under simplified strain distributions; the load configuration consisted of a moving concentrated
load for generating linear strains along the beam and a distributed load for quadratic strains.
Simulated strain data were generated using the piezoelectric generator and the sensor models
described in chapters 2 and 3. The frequency distribution of strain levels at a selected reference
location (x = 3.7 inches (93.98 mm)) of the beam was estimated for different loading and known
data combinations. One million cycles of random amplitude for each loading combination were
simulated. Values of ¥ in figure 206 were extracted using linear and quadratic variograms. It
was determined that higher order variograms do not improve the obtained estimations for the
considered strains. It was also observed that a better estimation is obtained when the missing data
point is located between the known points. For example, the cumulative relative error when the
known couple is located at 3.34 and 4.1 inches (84.84 and 104.14 mm) is 0.0193, while it is
equal to 0.0567 for the case of a known couple at 4.1 and 5.3 inches (104.14 and 134.62 mm).
The error decreases to 0.0433 for 3.34 and 5.3 inches (84.84 and 134.62 mm) even though the
relative distances to the point at which an estimate is desired are the same.

An example of estimated probabilities obtained using the Kriging technique is shown in

figure 207. The probability mass function of the strain levels at the location x = 3.7 inches

(93.98 mm) if a sensor was to be installed at that position is also shown. Second order
polynomial variograms were used for this case. The computed errors are 0.0415, 0.0694, and
0.072, respectively, for the cases 3.34, 4.1, and 4.5 inches (84.84, 104.14, and 114.3 mm), 3.34,
5.3, and 5.7 inches (84.84, 134.62, and 144.78 mm), and 4.1, 5.3, and 5.7 inches (104.14, 134.62,
and 144.78 mm).
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Figure 207. Graph. Theoretical and estimated strain probability distributions at
3.74 inches (94.99 mm) using data from groups of three sensors at different locations.

The refined algorithms were then tested under more realistic conditions with complicated strain
profiles. The objective was to prove the validity of the methods for pavement structures. The
three-dimensional response of a layered system under a moving load with static and dynamic
components has been modeled. The properties of the used layered system were obtained from
Chabot et al."® The three-layered system consists of a top viscoelastic layer modeled through
the Huet-Sayegh model, a road base (3.14-inch (79.76-mm) thickness), and a subbase layer
(16.5-inch (419.1-mm) thickness) both assumed to be elastic and dependent on thermal

and moisture characteristics.">'® Detailed properties are given in Chabot et al. and

Nilsson et al.'>!'®

Traffic distributions were generated and applied as input loading to the pavement structure. Four
different types of trucks were considered in the analysis: classes 9, 11, 5, and 16.7 To simulate
traffic wander, five different possible positions within the wheel path were selected. In total,
1,000 passing truck events were simulated. Each event corresponds to a randomly selected truck
type passing at a randomly selected position within the wheel path. The loading per axle as
applied in this analysis was as follows: 15,400 1b (6,991.6 kg) for steering axle, 18,000 1b

(8,172 kg) for single axle, 16,000 Ib (7,264 kg) for tandem axle, and 13,000 1b (5,902 kg) for
tridem and higher axles. Figure 208 and figure 209 show an example of generated longitudinal
strain response for the class 9 trucks at the bottom of the viscoelastic layer. The results indicate a
significant interaction between the axles and relatively large tensile strains (compressive strains
at the surface of the pavement). At each node location in figure 208 and figure 209, the
cumulative strain data induced by randomly generated truck traffic distributions were
compressed into probability mass function histograms using the piezoelectric generator and the
sensor models described above. The objective of this exercise is to recreate the probability mass
functions of cumulative strains induced by all the loading events at all locations within the
pavement section using only a finite number of sensors implemented at determined

node locations.
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Figure 208. Illustration. Example of a class 9 truck used for strain response data
generation.
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Figure 209. Graph. Example of longitudinal strain profile evaluated at the bottom of the
HMA layer for a moving load induced by a class 9 truck.

The frequency distribution of strain levels at a selected location 9 inches (228.6 mm) away from
the center of the wheel path under the moving load is shown in figure 210. Estimated probability
mass functions using two sensors placed on each side of the unknown data node are also shown.
Results from known nodes at 3.93- and 7.87-inch (99.82- and 199.89-mm) spacings (1.96 and
3.93 inches (49.78 and 99.82 mm) from the location to estimate) are shown. Values of ¥ in figure
206 were extracted using cubic variograms. It was determined that higher order variograms do
not improve the obtained estimations for the considered strains.
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Figure 210. Graph. Theoretical and estimated strain probability distributions at a selected
transverse location using data from two sensors at different spacing distances.

Figure 211 shows the computed relative error obtained from estimated probability distributions
at all the nodes in the pavement section for different known nodes spacing distances varying
from 4 to 40 inches (101.6 to 1,016 mm) (the nodes’ spacing resolution is 1.96 inches

(49.78 mm)). The averaged and maximum observed values are shown for each case. It can be
seen that in order to achieve full reconstruction of the data in all the field points with an average
error less than 10 percent, the maximum spacing between placed sensors has to be less than
7.87 inches (199.89 mm).
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Figure 211. Graph. Maximum observed relative error and average relative error from
generated data at all field points using known nodes at different spacing distances.
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6.5 CONCLUSION

In this chapter, a sensor-specific data interpretation algorithm for predicting remaining fatigue
life of a pavement structure was developed using cumulative limited compressed strain data
stored in the sensor memory chip. The algorithm was verified using actual laboratory fatigue test
results of a notched concrete beam under constant, variable, and random loading histories.
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CHAPTER 7. CONCLUSION

The research in this project led to the development of a novel sensor system for continuous
health monitoring of pavement structures. The system consists of a self-powered wireless
sensor capable of detecting fatigue damage in pavement structures under actual traffic and
environmental load history. The developed system is based on the integration of a piezoelectric
transducer with an array of ultra-low power FG computational circuits. A miniaturized sensor
was developed and tested. It was shown that it is capable of continuous battery-less monitoring
of strain events integrated over the occurrence duration time.

Successful development of the proposed strain sensor could dramatically transform the
economics of pavement preservation/management and ultimately improve the serviceability of
pavements. The developed system consists of a network of low-cost sensors distributed along the
pavement. Each sensor node is self-powered and capable of continuously monitoring and storing
the dynamic strain levels in the host pavement structure. The strain data are stored on-board the
sensor, which consists of the self-powered sensor strip and small-scale electronics. The data from
all the sensors are periodically uploaded wirelessly to a central database. The sensor can be read
through standard RF transmission using a RF reader that is either manually operated or mounted
on a moving vehicle. By directly outfitting service vehicles with low-cost RF transponders, the
roads can be frequently monitored to detect changes in structural integrity that may not only
foreshadow a future crack/distress manifestation but also allow for more accurate scheduling of
preservation actions. It should be noted that only a single RF reader is needed to inspect the
sensor network.

The main characteristics of the new sensor are as follows:

¢ Self-powered, continuous, and autonomous sensing. Testing of the sensor showed that
it is able to operate using only self-generated electrical energy harvested directly from the
sensing signal induced by a piezoelectric transducer attached to the pavement.

e Autonomous computation and non-volatile storage of sensing variables. The
design uses the physics of FG transistor injection principles for computing cumulative
mechanical strain patterns experienced by the pavement structure. The design details and
corresponding steps are detailed in chapter 2 of this report.

e Small size. The actual size of the analog electronics circuit, manufactured in a special
small package, is 0.23 x 0.21 x 0.03 inches (5.84 x 5.33 x (.76 mm). An interface board
was designed and manufactured in-house. The board acts as an interface between the
active piezoelectric element and the analog electronics. The board also contains all of
the electronic circuitry that interfaces the sensor with the reading antenna. The board
dimensions are 0.6 x 0.6 x 0.04 inches (15.24 x 15.24 x 1.01 mm). The size of the active
piezoelectric element, used as sensor and source of energy, depends on the desired level
of sensitivity and accuracy required at each measuring node. The amplitude of the
measured strains determines the size of the transducer to be implemented. A minimum
voltage of 2.3V is required at the piezo’s output to activate the gate’s memory system.
Thus, for low-level strains, a bigger active area is required to generate the needed power.
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During the current research, transducers varying from 0.78 % 0.04 x 0.007 inches

(19.81 x 1.01 x 0.18 mm) to 2.36 x 0.4 x 0.07 inches (59.94 x 10.16 x 1.78 mm) were
used. The complete system (analog electronics, interface board, and a piezoelectric
element) are integrated in a package designed and manufactured in-house. The package
was designed so that it has a similar shape to existing systems, and it can be installed
using existing installation procedures that are accepted by SHAs and will not constitute a
major disruption to current practices.

Wireless communication. A novel RF communication module was designed in-house.
The mixed mode module is specific for integration with the FG analog memories. It
should be noted that commercially available RF modules cannot be associated with the
used circuitry given the very low current levels in the system. The RF powering mode is
dissociated from the computing and storage circuitry and is achieved by harvesting the
RF signal. The salient modules of the RF module include: (1) ADC for digitizing the
stored usage statistics, (2) charge-pumps for generating biases for erasing and remote
initialization of the sensor, (3) encoding/decoding circuits for creating data packets with
inherent clock/data recovery mechanisms, (4) state machine for command and control of
the IC, and (5) RF interface circuitry operating at 13.56 MHz for harvesting energy from
the reader signal and for wireless transmission of the sensor data. In addition, an external
reader was designed and manufactured. The reader interfaces with an embedded antenna,
which was also designed and manufactured in-house and fits the exact H-shape of the
designed package. The embedded antenna is connected to the interface. Laboratory
testing showed that the reading distance highly depends on the parasitic capacitances of
the antennas (embedded antenna and external reader) as well as the parasitic capacitance
at the sensors input. These capacitances are induced by the manufacturing process and
cannot be predicted upfront. A calibration procedure and antennas resonance tuning

is required.

Robustness to withstand harsh environmental conditions. As mentioned, an
H-shaped packaging system was designed and manufactured in-house to encase the
sensing modules. The package was designed so that it has a similar shape to existing
systems, and it can be installed using existing installation procedures. Nonmetallic
materials were used so that it allows for RF communication. A layered system mainly
consisting of Araldite® GY-6010 epoxy, polyurethane foam, and mineral-filled urethane
casting resin was used to provide the required mechanical and thermal protections for
field installation. The system, entirely built in-house, was tested under a laboratory setup
simulating field conditions as well as in real construction projects.

Possibility of networks deployment. As market penetration increases, sensor prices are
expected to fall. The estimation for the electronics cost is based on prices of other mass
produced RFID tags sensors and varies depending on vendor, system complexity, and
level of demand. The cost projection for this research was developed based on literature
reviews."® Presently, for passive tags, the cost is less than $1 per unit. For active tags,
the cost ranges from $10 to $50, and these costs include the cost of batteries. The
functionalities of sensor for this study are much more developed than the passive tags.
Therefore, the cost should be somewhere between the cost of active and passive tags. It is
envisioned that extensive sensor networks could be deployed in a given pavement
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structure. This allows for simple statistical compensations for external parameters
(temperature variations and traffic wander).

Finally, a sensor-specific data interpretation algorithm for predicting remaining fatigue life of a
pavement structure was developed using cumulative limited compressed strain data stored in the
sensor memory chip. The algorithm was verified using actual laboratory fatigue test results of a
notched concrete beam under constant, variable, and random loading histories.

7.1 RECOMMENDATIONS FOR FUTURE RESEARCH AND DEVELOPMENT

While the development of the new sensor constitutes a major achievement towards the future
implementation of self-powered autonomous sensor networks for the continuous health
monitoring of in-service pavement structures under actual traffic and environmental loadings for
extended periods of time, there are still some challenges for the acceptance in to practice by
SHAs. These challenges include the following:

The installation procedure in the field. The current package design described in this
report and implemented in this project was selected to mimic the current installation
procedures used typically in specific pavement sections for research purposes (e.g.,
accelerated load facilities, long-term pavement performance Specific Pavement Studies
(SPS)-1 and SPS-2 instrumented test sections, and in a limited number of special
pavement test sections in other countries). Such installation procedure demands require
considerable care during construction (even without the use of wires, which is the case
for the system developed in this project) in order to insure that the H-shaped gauges are
properly bonded to the pavement surface layer (AC or PCC) and are properly aligned in
both horizontal and vertical directions. One possible solution to the alignment problem is
to include orientation detection devices (e.g., a miniature accelerometer). The issue of
bonding quality between the gauge and the pavement surface material is not unique to the
developed system,; it is present in other existing strain measurement systems. Another
possible alternative solution is to consider embedding the sensor in a spherical packaging
with a size of the order of a coarse aggregate particle. This would entail modifications in
the size and shape requirements of the piezoelectric material, the antenna, and the
inclusion of orientation detection devices. The advantages of such system are the ease

of installation (the pebble size sensor would be placed in the mix at the site) and the
capability of measuring strains in multiple directions (the maximum strain could be
calculated from the strain values in three different directions).

The continuous monitoring of pavement temperature and correlating it to corresponding
loading events. A potential solution to this challenge requires additional research.

The identification of axle type (i.e., differentiating between single and multiple axle

configurations). It is known that fatigue damage is different under different axle
configurations even at the same peak strain level.
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APPENDIX A. DEVELOPMENT AND LABORATORY TESTING OF A PASSIVE
TEMPERATURE GAUGE

The objective of this task is to show the feasibility of an on-chip passive temperature gauge that
is able to transmit temperature data when interrogated. The gauge does not record temperature
data continuously; it is only activated when a reader is within transmission range.

A.1 SENSOR DESIGN AND TESTING

The probe is based on the fact that the behavior of a transistor depends on temperature and
employs an enhanced design of a proportional to absolute temperature current/voltage reference
to output electrical variables (/, V) that are linearly related to temperature. The probe was
translated to a schematic design, and a prototype was manufactured in a standard 0.02-mil
(0.5-pm) CMOS process and was tested. Figure 212 shows the implementation of the sensing
probes. The obtained curves are used to calibrate the measurement probe. Figure 213 and
figure 214 show the measured current and voltage from a tested prototype at temperatures
varying from -4 to 122 °F (-20 to 50 °C). The response is clearly linear with respect to
temperature, especially for voltage variations. The circuit in figure 212 is connected to the
same wireless reading module discussed.
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Figure 212. Illustration. Circuit implementation of a temperature-dependent measuring

system.
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Figure 213. Graph. Variations of measured output current (figure 212) with respect to
temperature.

0.46

0.44 :
20 10 ()} 10 20 30 40 50

Temperature (°C)
°F=1.8°C+32

Figure 214. Graph. Variations of measured output voltage with respect to temperature.

CMOS technology provides a means for integrating temperature and fatigue monitoring
functionality on the same silicon substrate. A prototype was manufactured and tested, thus
accomplishing the set objectives for this task. Although the temperature is not monitored
continuously, the pavement temperature data can be collected during non-destructive testing
(FWD/rolling wheel deflectometer) as part of a pavement management program.
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APPENDIX B. INTEGRATION AND LABORATORY TESTING OF WIRELESS
PROTOCOL WITH OTHER EXISTING INSTRUMENTATION

Researchers studied the feasibility of equipping existing off-the-shelf pressure and humidity
sensing systems with RF power-harvesting modules that would alleviate the need for wired
power delivery.

B.1 TESTING

A commercial moisture cell was tested in this study. The Dynamax SM200 gauge was selected
(see figure 215 and figure 216). The input voltage of the cell was between 5 and 15 V, which
allows for powering using a regular 9- or 12-V battery. The output is a voltage signal varying
from 0 to 1 V directly proportional to the level of moisture. This format of the output can be
integrated with a wireless transmitter. Initial testing was conducted. The main objective was to
test the powering scheme of the cell and identify the format of the output. The cell was attached
to a 9-V battery, and the output was measured using a commercial multimeter (figure 218).
Water was added gradually to a box of sand, and the output voltage was monitored as shown in
figure 217. Testing showed that a commercial battery-powered RF module can be used to
transmit moisture data.

Figure 215. Photo. Overhead view of Dynamax SM200 moisture gauge.
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Figure 216. Photo. Dynamax SM200 moisture gauge.
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Figure 217. Graph. Measured output voltage of the moisture cell powered by a 9-V battery.
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Figure 218. Photo. Testing setup for the moisture cell.

Testing showed that a commercial battery can be used to power the module and transmit the
moisture data, which will eliminate the need for wires. It was also concluded that complete RF
powering is not achievable using current commercially available passive modules. The depth at
which these gauges are to be embedded causes the RF wave to attenuate to levels below the
required minimum power. The non-feasibility of a completely continuous RF powered module
will not affect the long-term monitoring performance for the purpose of fatigue prediction. Time
snapshots of moisture and subgrade pressure levels can be still acquired and used.
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APPENDIX C. DATASHEET AND CALIBRATION CERTIFICATE FOR USED COD
GAUGE

Model 632.03 Clip-On Gages

These clip-on gages are also used to perform the ASTM standard fracture mechanics tests for
K1C,]J1C, crack growth and R-curve determination.They can be used with compact tension,
round compact tension, C-shaped, WO.L., bend specimen and other specimen geometries. They
feature an improved slot geometry with 3 point contact knife edges for better location and
more accurate measurement than the 632.02 family. The 632.03-2X is the most common unit,
the -3X series features more options for gage lengths and longer travel for J-integral and crack
growth tests, and the -5X series is designed for the high pressure hydrogen gas environment.

See your Service catalag for Calibration Services.

General Specifications for 632.03 Units

Model Gage Length Travel Non-Linearity Max Frequency Compressed Force
632.03F-2X 12 mm (0.475 in) 4 mm (0.15 in) 0.15% 100 Hz 2500 g
632.03F-5X 12 mm (0.475 in) 4 mm (0.15 in) 0.15% 100 Hz 2000 g
632.03F-3X see below various 0.20% various various
Metric Units
-2X Models Temperature” Part Number -5X Models Temperature® Part Number
632.03F-20 -100°C to 150°C 47400204 632.03F-50 -100°C to 150°C 47400210
632.03F-21 -210°C to 65°C 47400205 632.03F-51 -270°C to 65°C 47400211
632.03F-23 -100°C to 175°C 47400206 632.03F-53 -100°C to 175°C 47400212

-100°C to 150°C -270°C to 65°C -100°Cto 175°C
-3X Models (option) Gage Length Travel Part Number (for -30's) Part Number (for -31's) Part Number (for -33's
632.03F-3X (001) 2mm 4 mm 47400310 47400328 47400346
632.03F-3X (002) 2.5mm 4mm 47400311 47400329 47400347
632.03F-3X (003) 4.5 mm 4 mm 47400312 47400330 47400348
632.03F-3X (004) 5mm 4 mm 47400313 47400331 47400349
632.03F-3X (005) 6 mm 6 mm 47400314 47400332 47400350
632.03F-3X (006) 6 mm 12 mm 47400315 47400333 47400351
632.03F-3X (007) 11.7mm 12 mm 47400316 47400334 47400352
632.03F-3X (008) 20 mm 12 mm 47400317 47400335 47400353
632.03F-3X (009) 12 mm 12 mm 47400318 47400336 47400354
English Units
-2X Models Temperature® Part Number -5X Models Temperature* Part Number
632.03E-20 -150°F to 300°F 47400201 632.03E-50 -150°F to 300°F 47400207
632.03E-21 -452°F to 150°F 47400202 632.03E-51 -452°F to 150°F 47400208
632.03E-23 -150°F to 350°F 47400203 632.03E-53 -150°F to 350°F 47400209

-150°F to 300°F -452°F to 150°F -150°F to 350°F
-3X Models (option) Gage Length Travel Part Number (for -30's) Part Number (for -31's) Part Number (for -33's
632.03E-3X (001) 0.075in 0.15in 47400301 47400319 47400337
632.03E-3X (002) 0.10in 0.15in 47400302 47400320 47400338
632.03E-3X (003) 0.1751in 0.15in 47400303 47400321 47400339
632.03E-3X (004) 0.20in 0.15in 47400304 47400322 47400340
632.03E-3X (005) 0.25in 0.25in 47400305 47400323 47400341
632.03E-3X (006) 0.25in 0.50in 47400306 47400324 47400342
6372.03F-3X (007) 0.475in 0.50in 47400307 47400325 47400343
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I— MTS Systems Corporation
s «a
) 14000 Technology Drive CALIBRATION CERT #1145.01
Eden Prairie, MN 55344-2290
MTS Field Service
Certificate of Calibration
Page: 10f3
Customer Name: Michigan State University Certificate Number: 1506-1033
System: US1.39843 Site: 506644
System ID: US1.39843 Location: Room 1528 Country Code: USA
Equipment
Device Type: Length Model: 632.03E-20 Serial No.: 10313176A
Controller/Conditioner Model: 494.25 Serial No.: 02061537
Readout Device Model: 494.25 Serial No.: 02061537 Channel: S2-J2B

MTS Field Service is accredited by the American Association for Laboratory Accreditation (A2LA Cert. No. 1145.01).
The basis for this accreditation is the international standard for calibration laboratories, ISO/IEC 17025

"General Requirements for the Competence of Calibration and Testing Laboratories”.
Defined and documented measurement assurance techniques or uncertainty analyses are used to verify

the adequacy of the measurement processes.

Calibrations are performed with standards whose values and measurements are traceable to the

National Institute of Standards and Technology.

When parameter(s) are certified to be within specified tolerance(s), the measured value(s) shall fall within the appropriate

specification limit and the uncertainty of the measured value(s) shall be stated and provided to the customer for evaluation.
|E:ALIBRATION INFORMATION

As Found: Out of Tolerance Max. Error As Found: -2.50 % Calibration Date: 27-Aug-10
As Left: In Tolerance Max. Error As Left: 0.64 % Calibration Due: 28-Aug-10
Tolerance:  +/-1.0% of Applied Length
Calibration Procedure:  FS-CA 2124 Rev. A
Full Scale Ranges: 15 inch
Note:
||S'TZ\'ND_.€\'H'D'S_US'ED—F6R_CALIBRATION
MTS Asset Number Manufacturer Model Number Description Cal. Date Cal. Due
18786 Fluke 189 Fluke 189 DMM 9-Aug-10 9-Aug-11
14057 Fluke 80T-150U Temperature Probe 9-Aug-10 9-Aug-11
17921_L Heidenhain 650.05-01 Extensometer Calibrator 20-Dec-09 20-Dec-10
Certified by: Issued on:  27-Aug-10
— el = ,/)
i L A S weee i ACS Version: 8.1
ACSRepRevX
DBH 15-Mar-10
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APPENDIX D. DATASHEET FOR USED LVDTS

XS-B Series

Sub-Miniature LVDT

The XS-B series was designed for micro applications. It is
particularly well suited for multi-point measurement of
small components. Core weight is virtually negligible.
Manufacturing requires extremely sophisticated assembly
techniques. Coils are wound from hair-thin wire. Lead-
wire bonding and other exacting operations are performed
by highly skilled specialists with binocular microscopes.
Housing provides magnetic shielding.

Features
0 Sophisticated manufacturing processes
insure quality

O Low mass core

0 Threaded mount (Meiric) available for 100 XS-BG
0 Calibration certificate supplied with all models
Applications

U Micro applications, such as miniature
gageheads and servomechanisms

U Ideal for multi-point measurement of small
components

1 Recommended where small size is the
overwhelming requirement

Options
[ See page 72 for XS-BG connector information

N

piE—

A

XS-B Specifications

Input Voltage
Frequency Range ..............
Operating Temperature ...
Range
Null Voltage
Shock Survival .................
Vibration Tolerance
Coil Form Material ..........
Housing Material ............

Lead Wires

1V rms (maximum)

2.5 kHz to 20 kHz

-65°F to 300°F

(-55°C to 150°C)

<1.0% full scale output
1,000 g for 11 msec

20 gup to 2 kHz
Laminated glass epoxy
AISI 400 series magnetic
stainless steel

36 AWG, stranded copper,
Teflon-insulated, 12 inches
(300 mm) long (nominal)

XS-BG Specifications

Input Voltage ....................
Linearity ............
Sensitivity ..
Null Voltage ...
Phase Shift................ .
Primary Impedance ..........
Secondary Impedance ......
Operating Temp. Range ..
Cable

3.5V rms at 5.0 kHz (nom)

... £0.2% of full range max
... 5.0-5.5mV/V/.001"
... 5.0 mV (max)

.. 3.0°£3°

960 ohms

2150 ohms

-40°F to 160°F (-40°C to 70°C)
6.5 feet (2 meters), 32 AWG
stranded, PTFE insulated,
shielded polyurethane jacket,
6 conductor

Cable Exit ...........cccoceee Axial standard; adaptor provided
allows for radial exit
Performance and Electrical Specifications
Series Nominal Linearity Sensitivity Impedance Phase
Model Linear Range +% full range mV out/V in Per Ohms Shift
Number inches mm 50 100 0.001 in mm Pri Sec Degrees
099 XS-B! =0.100 +2.4 0.30 0.50 1.5 60 30 48 +50
249 XS-B! +0.250 +6.4 0.20 0.50 1.4 56 135 320 +36
100 XS-BG? =0.100 +2.4 See XS-BG Electrical Specifications chart above

At 2.5 kHz. All calibration is performed at room ambient temperature.
?At 5.0 kHz. All calibration is performed at room ambient temperature.
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Green lead is center tap of
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— o RED
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1 g—:—:—o GRN
= 1
el BLK
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Note:

BLU and GRN tied for differential
output with YEL and BLK common.
The output is in phase, with core
displaced toward cable end. (Retract)

in {mm)
XS-B XS-BG
0.188 *0.010 ° °§3§ t-g'ggz
g +0.
(4.77 +0.254) Dia. 0.315 (6272009 1.16 0.010 78.0
0.080 *0.005 (8.00) (294 +10.25) > (1981 2T
r (2.03+0.127) Dia. / Acros.s Flats _ (?.1432_: ggéﬂ, Minimum
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1
7 S | s =
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= — ¥
$0762) Rl 2093 4000 ‘\ Adjustable
+0.07) Lock Nut
2:36 2o
0.062-+0.005 0030 ¥ ¥ M7 x 05 (12.7) - 6G
(157+ 01127) 0762
Diafheter ©0.041 #0.003
L J } Le (1.04 30.07)
I . _+ @ : 309 ?1%6§ Eg?gs Nominal Center Position!
' R (1.93 ¥0.07) 830.13) I
+0.030 of Core at Null
| B +0.762)
XS-B Series Weight Dimensions
Model Body Core A (Body) B (Core)
Number 0z om oz oam in mm in mm
099 XS-B 0.14 4.0 0.013 0.36 0.88 224 0.50 12.7
249 XS-B 0.31 8.7 0.021 0.60 1.88 47.8 1.25 31.8
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