DUAL-USE STRAIN SENSORS FOR ACOUSTIC EMISSION AND QUASI-STATIC BENDING
MEASUREMENTS

JASON MATTHEW STIEFVATER
Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in partial fulfillment of
the requirements for the degree of
Master of Science

In
Mechanical Engineering

Wing F. Ng, Chair
Alfred L. Wicks
Robert L. West

May 4, 2023
Blacksburg, VA

Keywords: Acoustic Emission, NDE, SHM, MEMS, Strain Sensor, Source Location, Plate Bending



DUAL-USE STRAIN SENSORS FOR ACOUSTIC EMISSION AND QUASI-STATIC BENDING
MEASUREMENTS

JASON MATTHEW STIEFVATER
ABSTRACT

The application of piezoelectric sensors such as the ultrasonic transducer has significantly enhanced the
fields of nondestructive evaluation (NDE). Their application of piezoelectric materials allows for the sensing of
low energy, high frequency acoustic emission (AE) events such as fatigue cracking in metals and delamination
in composites. Utilizing the physical characteristics of these AE waves, the location of these structural defects
can then be source located by means of time-of-flight trilateration. The real time sensing of such events has led
to the field of structural health monitoring (SHM) and has revolutionized NDE. Furthermore, with the
application of modern micro-electromechanical system-based (MEMS) technology, the fields of NDE and SHM
can be improved greatly, and sensing instrumentation simplified.

A novel piezoresistive-based MEMS strain sensor is presented as this improvement to NDE and SHM. The
ultrathin silicon membrane-based (USM) strain sensor’s ability to capture an AE signal is demonstrated by a
Hsu-Nielsen source and shows comparable frequency content to a commercial piezoceramic ultrasonic
transducer. To the knowledge of the authors, this makes the USM strain sensor the first known piezoresistive
strain sensor capable of recording low energy AE. The novel improvements to NDE and SHM arise from the
sensor’s low minimum detectable strain and wide frequency bandwidth, enabling a dual-use application of both
AE and static strain sensing. The USM sensor’s ability to document quasi-static bending is demonstrated and
once again compared with an ultrasonic transducer, which provides no significant response. This dual-use
application is proposed to effectively combine the uses of both strain and ultrasonic transducer sensor types
within one sensor, lending itself novel and useful to NDE and SHM. The potential benefits include enhanced
sensitivity, reduced sensor size and cost, and reduced instrumentation complexity.
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GENERAL AUDIENCE ABSTRACT

Visual inspection for cracks and defects has long been staples of assessing structural health throughout
human history. These surface imperfections are an obvious hindrance to structural integrity and routine
observation and inspection is needed to ensure a structure’s safety. With the progression of technology and the
discovery of piezoelectric materials, more advanced methods have been devised to detect and source locate not
only surface level but sub-surface cracking. This has been accomplished through the use of piezoelectric
ultrasonic transducers to monitor the propagation of acoustic emission (AE) vibrations, which are the result of
energy redistribution by events such as cracking. The remote monitoring of AE events has led to the growth of
the nondestructive evaluation (NDE) field, where these cracks and defects can be located by the detection of
their AE source. These transducers, however, are met with limitations in their applications. Operating off the
piezoelectric effect allows for a superb response to low energy, high frequency excitation characteristic of AE,
but results in no response to quasi-static strain measurements, such as that of a slowly applied bending load on a
plate.

In the work herein, modern micro-electromechanical system (MEMS) based technology is utilized to devise
a sensor capable of both AE and static strain measurements. The dual sensing of both of these measurements
can allow for the source location of cracking events along with the monitoring of structure strain, effectively
combining the use of two sensors into one. This dual-application use can have a great impact on the evaluation
of critical structures like bridges and aircraft and simplify and reduce costs inherent to nondestructive
evaluation.



PREFACE

The work presented in this thesis covers the various applications of a novel piezoresistive strain sensor to the
fields of nondestructive evaluation and structural health monitoring. The sensor’s ability to detect low energy
acoustic emission is demonstrated and analyzed in addition to bending strain sensing, which is typically
characteristic of a piezoresistive strain sensor. The importance of these sensing abilities is presented as its
potential dual-application sensing to critical structures such as bridges and aircraft.

The National Aeronautics and Space Administration (NASA) provided funding for this research project.
NanoSonic Inc. sponsored this research project and provided the USM strain sensor, signal conditioning board
and box, and additional necessary testing apparatus and laboratory equipment. The author was involved in all
aspects of the research work, including the experimental setup design and build, data acquisition, data
reduction, and data analysis. Throughout his M.S. program, the author worked closely with two NanoSonic
employees Albrey de Clerck and Noah Jones.

The primary objectives of this research work are as follows:

I. Demonstrate the USM strain sensor’s ability for dual application sensing.

I1. Apply acoustic emission source location techniques using the USM strain sensor.

I11. Explore and apply the USM strain sensor to other areas of nondestructive evaluation.

This thesis mainly consists of a journal article with additional research relevant to the main body article and
primary research objectives presented in the appendices. The journal article presents the USM strain sensor as
the first piezoresistive strain sensor capable of low energy acoustic emission detection and its novel dual
application sensing. This article is being prepared for submission in the journal of Structural Health Monitoring.
The appendices include additional supplementary materials and methods relevant to the article, as well as
additional research that plans to be rewritten and submitted to another journal at a later date. This work includes
preliminary results in acoustic emission source location by the USM strain sensor of both a Hsu-Nielsen source
and a high velocity impact and exploring other aspects of NDE including demonstrating the sensor’s ability to
differentiate the energy of impacts and sensor response to a vibrating plate in the form of a Chladni figure.
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1. INTRODUCTION

Nondestructive evaluation (NDE) is crucial in assessing
structural integrity by detecting imperfections and damages
such as fatigue cracking, high velocity impacts, and
delamination through the sensing of acoustic emission (AE)
(1). The nondestructive nature of the testing lends itself well to
the assessment of permanent structures such as bridges, for
repetitive use items subject to fatigue cracking such as
airplane wings, and even monitoring projectile impacts on
spacecraft. Its applications in these fields make NDE
imperative to their safety and performance. Originally by
purely visual inspection, techniques for flaw detection have
been employed throughout history to assess the quality of
structures. While visual inspection remains, complex
instrumentation is now supplementarily utilized in NDE to
assess subsurface structural damage unobservable to the eye
and to reduce the need of routine inspection. The introduction
of such complex instrumentation has undoubtedly furthered
the field of NDE and improved the safety of many crucial
aforementioned industries. However, with continuous
advancements in manufacturing and technology, advances in
nondestructive testing and evaluation (NDT&E) must keep
pace. This calls for improvement in testing instrumentation
and data collection with the goal of realizing a seamless
connection with the requirements of modern technology (2).

The sensing of vibrations within NDE typically exists in
two categories: active and passive measurements. The scope
of this work focuses on measurement and analysis by the
application of passive sensing, where sensors measure
excitation created by a controlled outside source (3, 4). A
common tool for passive and active measurement within NDE
is the piezoelectric ultrasonic transducer, which exists in a
broad range of frequency bandwidths, typically operating in

resonance between 200 kHz — 10 MHz (5). The sensor’s high
sensitivity and high frequency response enables their use in
capturing acoustic emission. These low energy, high
frequency stress waves are emitted by the propagation of
surface level and sub-surface cracks and imperfections within
a structure caused by the redistribution of strain energy (6-8).
Additional post-processing of these signals can reveal the
approximate location of the AE source, which is especially
useful for locating sub-surface level cracking not caught by
visual inspection. Many studies have been performed on the
source location of AE events, and it has been the focus of
many studies to improve the fields of nondestructive
evaluation and structural health monitoring (SHM) (7-13).

Piezoelectric sensors convert dynamic forces into
electrical signals by means of the piezoelectric effect and can
accurately measure rapid strain changes without latency (14).
However, this generated voltage quickly dissipates to the
surroundings due to its easily neutralized surface charge (14,
15). This prevents the utilization of piezoelectric sensors in the
sensing of bending strain, which is an important measurement
in both aerospace and civil structures alike (16, 17). The use of
piezoelectric ceramic materials such as lead zirconate titanate
(PZT) within transducers has enabled wider frequency
bandwidths, allowing their use in broader applications (18-21).
Linsheng Huo et al. (2017) reported the use of a PZT
transducer to closely match the signal of a strain sensor in a
dynamic bending failure test of reinforced concrete,
demonstrating PZT transducers’ potential for documenting
lower frequency vibrations and, in a sense, measuring strain
by a comparison between signals with a piezoresistive strain
sensor (3). However, the dynamic bending test was performed
with a quickly applied load (60 mm/s) and proceeds past the
concrete’s elastic limit until fracture, which does not evaluate
the PZT transducer’s performance to static bending strain
measurement.

In this study, the authors report the first experimental
measurement of low energy acoustic emission with a
piezoresistive MEMS strain sensor; additionally, the sensor’s
ability for dual application of both quasi-static bending strain
and high frequency acoustic emission sensing is demonstrated.
Shown in Figures 1 and 2, the piezoresistive ultrathin silicon
membrane (USM) based strain sensor is fabricated on a silicon
on insulator (SOI) wafer and transferred to a polyimide based
flexible substrate with electrical interconnections. The
membrane thickness varies from a few hundred nanometers to



a few microns with minimum lateral dimensions at least two
orders of magnitude greater than the thickness. The SOI based
silicon membranes are gaining acceptance in the
semiconductor industry, as the benefits they provide become
key enablers in scaling and performance enhancements of
electric devices since the initial fabrication was introduced by
John Rogers’ group (22). At this time, the improved sensor
fabrication process to permit crystalline membrane and
advanced polymers to be co-processed in a way that controls
the sensitivity and dynamic range of the sensor elements is
proprietary to NanoSonic Inc.

Typical metal and semiconductor piezoresistive strain
sensors are historically reserved for static bending and low
frequency applications due to their large sensing element size
and sensitivity restricting their frequency bandwidth and
minimum detectable strain (23). For this reason, these
commercial strain sensors function well in measuring quasi-
static and low frequency bending strain, but fail to record low
energy, high frequency AE. The presented miniaturized
ultrathin silicon membrane-based strain sensor fabricated by
NanoSonic Inc. serves to bridge this gap in frequency
bandwidth between ultrasonic transducers and strain sensors
by utilizing a piezoresistive micron-scale sensing element
which enables a wide frequency bandwidth response and a low
minimum detectable strain. The objective of the work herein is
to demonstrate NanoSonic’s strain sensor’s ability to reliably
document low energy, high frequency AE signals, making it,

to the knowledge of the authors, the first known piezoresistive
strain sensor technology capable of recording low energy AE,
as well as reliably document bending strain. By the dual
monitoring of both bending strain measurements and AE
events, the uses of multiple sensors can effectively be
condensed into one strain sensor, reducing costs, sensor size,
and instrumentation complexities associated with NDE and
SHM.
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Figure 1. Microscopic images of the fabricated silicon
membrane-based strain sensors of different sizes on SOI
wafers, transferred to polyimide substrates for AE and strain
measurements. The membrane thickness varies from a few
hundred nanometers to a few microns.
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Figure 2. Schematic of the aluminum 6061-T6 testing plate with mounted piezoresistive ultrathin silicon membrane (USM)
based strain sensor and commercial sensors. Two USM strain sensors (sensing element: length/width/thickness: 500 um/60 pum/4
wm) are mounted on the aluminum plate (2.2 mm thickness) with a Britek 2.25 MHz PZT ultrasonic transducer and a commercial

Omega metal-based linear strain sensor (sensing element length: 11.8 mm). The bottom right USM strain sensor is utilized in

acoustic emission experimentation and the leftmost sensor in quasi-static bending experimentation.



2. MATERIALS AND METHODS

This section begins with a brief discussion of the necessary
background information of the physics behind acoustic
emission in isotropic thin aluminum plates and quasi-static
bending. Next, the experimental setup and necessary
information on experiment replicability for the acoustic
emission and bending tests are discussed. Supplementary
materials can be found in Appendix A.

2.1 Governing Physics
2.1.1 Acoustic Emission in Isotropic Thin

Aluminum Plates

Within  plate-like elements (where thickness is
considerably less than the other two plate dimensions), Lamb
waves are the dominant mode of AE propagation (24). These
waves occur as two basic modes: symmetric (S,) and
asymmetric (ao) (also referred to as extensional and flexural
modes, respectively) (13). Higher order modes can exist but
are typically low energy, particularly in thin plates (where AE
wavelengths are much larger than plate thickness) and are
insignificant in AE applications (8). An important attribute of
the extensional (So) wave is that it acts as a precursor to the
flexural wave and is essentially non-dispersive; however, it is
typically much lower amplitude and higher frequency. The
non-dispersive nature of the extensional wave makes it much
easier for time-of-flight AE source location techniques to be
applied, but its low amplitude, high frequency content makes
it difficult to sense. The flexural (a,) wave, on the other hand,
typically has a much greater amplitude and is highly
dispersive, meaning its frequency content separates with time
as its higher frequencies propagate faster. Due to the inherent
tradeoffs between source location techniques of the
extensional and flexural modes, an accurate recording of both
AE modes is desired. These acoustic emission waves within
thin plates have been extensively studied and characterized
and their respective frequency content documented using PZT
ultrasonic transducers (24, 25). For these reasons, a thin
aluminum plate was utilized to study the USM strain sensor’s
performance in sensing AE.

The pencil lead break, commonly referred to as a Hsu-
Nielson source based on the popularization of the method by
Hsu and Nielsen (26), is a long-established standard as a
reproducible artificial AE source within thin plates. The PLB
resembles real crack formation/AE phenomenon and produces
both extensional and flexural AE modes within thin plates
(11). This technique is used in the present experimentation to
repeatably generate AE within a thin aluminum plate.

2.1.2. Quasi-Static Plate Bending

In this experiment, a slowly increasing load is applied to
the center of the plate to apply quasi-static bending. Within
solid mechanics, the quasi-static bending of a plate implies the
loading occurs at a slow enough rate where inertial effects and

forces are negligible. At the macroscopic level, the stress
versus strain curve under quasi-static loading now
monotonically increases (27), meaning the relationship only
increases with respect to one another. Assuming a 1D stress
state, small plate deflections and loading occurring only in the
elastic region, the loading is entirely time-independent and the
stress versus strain curve increases linearly. The bending stress
for a simply supported rectangular flat plate (zero edge
deflection and bending moment) with a concentrated center
load follows Equation 1:

o= %((1 +v)In(2)+ k2> o)

where k; = 0.435 for a square plate. Since e is sufficiently
large (greater than half of the plate thickness), a correction
factor for the applied load radius is not needed (28, 29). The
primary takeaway is the bending stress in this loading case
linearly increases with the applied load; therefore, so does the
elastic strain. As the applied load on the center of the plate
increases, the strain sensors should output a linear response
(increasing if in tension, decreasing if in compression).

2.2 Experimental Setup

2.2.1 Acoustic Emission Testing

The position of the acoustic emission source (PLB)
relative to the sensors is shown in Figure 3. This position was
chosen as it was the farthest away from the previously
mounted USM sensor; the location was offset an inch lower in
the Y axis to avoid interference from the center plate hole.
USM sensor “A” was also chosen for AE experimentation as
its location allows for a farther AE source, which allows for
greater separation of the extensional and flexural AE modes
(25). The PZT ultrasonic transducer was placed next to the
USM strain sensor “A” in such a way that both sensing
elements would be subjected to the traveling acoustic emission
stress waves at approximately the same time, from a source
approximately 14 inches away.

The thin aluminum plate with mounted sensors laid flat on
a foam backed support layer. The strain sensors (USM and
metal-based) signals went directly to the signal conditioning
board, which was supplied with +5.7 V of power by an
external power supply. The board is based on a Wheatstone
bridge configuration to convert change in strain sensor
resistance to an amplified output voltage. Strain sensor leads
are taken as input (USM or metal-based) and the board utilizes
a potentiometer to balance the bridge. An INAL118
instrumentation amplifier is used with a ~1 kQ gain resistor to
set the amplification gain to approximately 51 for the output
signal. The output of the signal conditioning board is sent to
the PicoScope 5444D for data acquisition. The ultrasonic
transducer output went directly to the PicoScope. This
experimental setup can be seen in Figure Al. Data was
collected for 50 ms at 17.86 MHz to ensure the entire AE
signal and subsequent reflections were captured and any



aliasing effects avoided. A rising slope trigger was placed on
the transducer signal to begin data acquisition.
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Figure 3. Schematic representation of the acoustic emission
testing experimental setup. Testing was performed on an
aluminum 6061-T6 12-inch square plate with 0.087-inch

thickness.

2.2.2 Quasi-Static Plate Bending Testing

Presented in Figure 4, the center of the plate was loaded
with a simulated point load utilizing a metal pin and the
Instron 3369 machine. The plate rests on a custom-made static
plate holder to provide a simply supported plate boundary
condition. A greater explanation of this custom plate holder
can be seen in Figure A5. Since USM sensor “B” is closer to
the center loading of the plate, it is subjected to a greater
bending stress and therefore outputs a greater response to the
loading. For this reason, USM sensor “B” was utilized for this
test. To ensure both the USM strain sensor and the ultrasonic
transducer are subject to the same loading, the plate was
flipped upside-down, and the transducer was placed directly
over top of the USM sensor. The difference in tension versus
compression is accounted for in post-processing by
multiplying the transducer data by negative one.

The strain sensor signals (USM and metal) are routed to a
NanoSonic Inc. signal conditioning box. The box uses a
similar Wheatstone bridge configuration with potentiometers
to output strain sensor signals (Fig. A6). It houses its own
internal power supply, and because of this the output voltage
is met with additional noise. The NanoSonic team is working
on another signal conditioning box with an internal power
supply with reduced noise and an improved signal to noise
ratio. Output signals from this box are sent to a PicoScope
5444D for data acquisition. Data was sampled at 200 kHz for
5 seconds for the 1 mm/s and 2 mm/s tests, 500 kHz for 2

seconds for the 4 mm/s test, and 1 MHz for 1 second for the 8
mm/s test. A rising slope trigger was placed on the USM
sensor signal to begin data acquisition.
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Figure 4. Schematic representation of the bending strain

testing experimental setup. Testing was performed on an

aluminum 6061-T6 12-inch square plate with 0.087-inch
thickness.

3. RESULTS AND DISCUSSION

Once experimental data was collected, MATLAB was
utilized for all data processing. MATLAB’s Signal Processing
Toolbox was used for cross-correlation and power spectral
density calculations. Analysis of the respective sensor
responses to acoustic emission was split into signal similarities
in the time and frequency domains. The results of respective
sensor performances to acoustic emission and quasi-static
bending are described in this section.

3.1 Sensor Response to Acoustic Emission

3.1.1 Time Domain Analysis

Notably, the USM strain sensor captures the AE generated
by the Hsu-Nielson source, as well as the ultrasonic
transducer. Figure 5 shows the filtered recorded signal of both
sensors. The USM strain sensor documents both the flexural
(a0) and extensional mode (S,) from the AE source. The small
amplitude, high frequency extensional mode is seen
immediately following the zeroed time of strain arrival, which
is succeeded by the larger amplitude flexural mode. The USM
strain sensor’s apparent ability to record the extensional wave
makes it a strong candidate to replace ultrasonic transducers in
AE sensing, as it can be used for extensional wave-based time-
of-flight AE source location. A more complex method of AE
source location in thin plates, demonstrated by Gorman and
Ziola (9), utilizes the dispersive flexural wave and cross-
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Figure 5. Time domain analysis of the USM strain sensor response to acoustic emission compared to an ultrasonic transducer
generated by a Hsu-Nielsen source. (A) The recorded AE signals plotted as a function of time. The USM strain sensor signal
(blue trace) and the commercial metal-based strain sensor (yellow trace) are plotted on the same left y-axis scale; the commercial
2.25 MHz broadband ultrasonic transducer (orange trace), is plotted on the right y-axis scale. Measured AE signal
characteristics (extensional and flexural modes) are labeled along with subsequent plate-end reflections beginning at
approximately 150 us after first strain arrival. The signals were digitally filtered with a gaussian-weighted moving average filter.
(B) Normalized cross-correlation between the filtered AE signals of the USM strain sensor and the ultrasonic transducer for the
100 us preceding and 150 us following first strain arrival.

correlation, further validating the USM strain sensor’s
potential in AE source location.

Between the times of strain arrival and approximately 150
us, the ultrasonic transducer and USM strain sensor capture
nearly identical signals, barring noise in the USM strain sensor
signal. This noise is presumably a result of electromagnetic
interference (EMI) from the surrounding laboratory
instrumentation and the sensor signal conditioning board. The
NanoSonic Inc. team is already working to develop a more
EMI resistant sensor packaging and signal conditioning unit to
improve the sensor’s signal to noise ratio. The cross-
correlation between filtered USM strain sensor and ultrasonic
transducer AE signals in Figure 6 further illustrates the strong
similarity in documented signals. A maximum correlation is
observed at approximately zero lag time, demonstrating that
the strongest correlation between sensor signals occurs at the
zeroed time of strain arrival. This verifies the time resolution
and sensitivity of the USM strain sensor as it begins signal
excitation at the same time of strain arrival as the ultrasonic
transducer, as both sensors were equidistant from the AE
source. Following 150 ps, plate-end reflections begin
influencing the recorded signals. Previously seen in Fig. 2, the
ultrasonic transducer is placed directly next to the USM strain
sensor, which is mounted on the plate’s diagonal. Since the
two sensors are in slightly different positions relative to the

plate edges, they are subject to different plate-end reflections
and therefore capture different signals after 150 ps. The
commercial metal-based strain sensor is unable to provide any
significant response to the AE excitation due to a limited
frequency bandwidth as a result of its large sensing element
size.

3.1.2 Frequency Domain Analysis

Additional analyses were performed to compare frequency
content of the USM strain sensor and ultrasonic transducer’s
respective AE signals and to verify their similarity; the metal
strain sensor is omitted from frequency analysis due to its non-
responsiveness to AE. Figure 6 begins this comparison by
plotting the power spectral density (PSD) of the filtered sensor
signals. The transducer results are consistent with AE spectral
results done by Gorman (1991), with the spectral plot
consisting of two distinct regions: a higher energy, lower
frequency flexural mode, and a lower energy, higher
frequency extensional mode of vibration present within the
AE signal (25). These results are expected from the transducer
as it has been previously shown to be a reliable tool in
capturing flexural and extensional modes of vibration, thus
making them a qualified benchmark for comparison in AE
sensing. Notably, the USM strain sensor shows very similar
frequency windows as the transducer. The USM sensor



records a flexural mode window spanning approximately 17.4
— 122 kHz compared to the transducer’s 17.4 — 131 kHz. The
nearly identical flexural mode frequency content further
validates the accuracy of the flexural mode AE signal captured
by the USM strain sensor.

The two sensors also capture comparable extensional
mode frequency content. The transducer captures a distinct
extensional mode peak at 249 kHz, whereas the USM sensor
records one at 214 kHz. Similar but not identical, one potential
cause for this discrepancy in extensional mode peak frequency
is distortion in the USM strain sensor signal due to the
previously mentioned high frequency EMI and noise in the
sensor’s signal conditioning unit. The noise can be seen in Fig.
3B directly following the extensional mode peak from
approximately 248 — 458 kHz. This postulated noise is
analyzed in the Supplementary Materials, where a PSD of the
signal noise preceding the AE signal arrival demonstrates the
same frequency content of 248 — 458 kHz (Fig. A4). No peaks
are observed at 214 kHz, which indicates the 214 kHz peak is
a deterministic signal amongst the high frequency noise, and
this peak is the result of the low energy extensional AE mode.
As previously stated, work is currently being done to reduce
EMI and improve the sensor’s signal conditioning unit to
further increase the sensor’s signal-to-noise ratio. With these
improvements, the sensor is expected to capture a refined

extensional mode signal. Nevertheless, the frequency content
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of the extensional mode is not used within extensional mode
AE source location techniques and only extensional mode
time-of-flight between sensors is utilized due to its non-
dispersive nature (10). Therefore, the slight discrepancy in
extensional mode frequency content does not hinder the USM
strain sensor’s potential for extensional mode-based AE
source location. Flexural mode source location techniques do,
however, rely on an accurate sensing of the frequency
dispersion within a plate (24). As demonstrated by the nearly
identical flexural mode frequency content between sensors,
the USM strain sensor can also be potentially used in flexural
mode AE source location. These findings illustrate the
viability of the USM strain sensor’s ability to perform both
extensional and flexural-based AE monitoring and source
location, a crucial task within NDE and SHM currently
performed by ultrasonic transducers. The sensor’s wide
frequency bandwidth and low minimal detectable strain create
the ability to be the first piezoresistive-based strain sensor
capable of low energy AE sensing; additionally, these
characteristics allow for the sensing of other important NDE
measurements such as bending strain.

107 : [

~—— Flexural

0 Extensional 1

-10 h ]
=20 o
-30 ‘—.< i

Postulated

| Noise
-40 1 ]
-50 H L L L 1

0 0.2 0.4 0.6 0.8 1

Frequency (MHz)
(B)

Figure 6. PSD of the filtered AE data from both sensor types. 0dB is 1 mW into 1 Q. (A) Ultrasonic transducer PSD of recorded
AE with labels denoting flexural vs. extensional mode frequency content. (B) USM strain sensor PSD of recorded AE. High
frequency content beyond the extensional mode frequency range is attributed to EMI in the sensor signal and noise in the signal
conditioning board. See fig. S5 in the Supplementary Materials for more information.



3.2 Sensor Response to Quasi-Static
Bending

To have a true “dual application” sensor capable of both
AE and bending strain measurements, it is necessary for the
sensor to operate on a wide frequency bandwidth. The USM
strain sensor’s ability to document a low energy, high
frequency acoustic emission was demonstrated in the previous
section; however, to evaluate the sensors’ responses to
bending strain, both sensors were subjected to quasi-static
loading at various loading rates. This in turn evaluates their
potential for wide bandwidth, dual sensing applications.

The respective sensor responses to this loading are shown
in Fig. 7A. The USM strain sensor outputs a steady linear
response to the constant deformation of the applied load across
the four loading rates. A clear differentiation in sensor
response slope is noticed across the various loading rates due
to the sensor’s sensitivity to bending. The commercial metal-
based strain sensor documents a similar linear response to the
loading but at a lesser magnitude. Additionally, the overshoot
of the applied load is captured for each loading rate test. This
overshoot, which is seen to be greater in the faster speed tests,
is caused by an overshoot in the prescribed maximum load by
the load frame machine; this is confirmed by the respective
loading curves in Figure A7.

The ultrasonic transducer, however, provides only inertial
responses. The limited response is due to a piezoelectric
sensors’ ability to measure rapid strain changes but inability to
retain surface charge (14, 15). By the nature of this testing,
some inertial effects will be present at the beginning and
ending of loading due to the acceleration and deceleration of
the plate.

This implies that the loading test is not entirely quasi-static,
particularly in the faster applied loads. The transducer captures
the respective loading dynamics at the beginning and ending
of loading but provides no significant response during steady-
state, quasi-static bending. Fig. 7B demonstrates this
comparison between the sensors’ responses by highlighting
the steady-state loading region from 0.2 — 0.4 ms for the 8
mm/s bending test (shaded area in Fig. 7B) where bending is
thought to be truly quasi-static. The calculated linear best-fit
lines across this steady-state loading region shows the USM
strain sensor’s strong response to quasi-static bending and the
PZT ultrasonic transducer’s flat response.

To further analyze the respective sensors’ performance to
bending strain, Figure 7C plots the respective sensor response
slope during this region of quasi-static loading as a function of
the applied loading rate. The resulting data points for the USM
strain sensor create a linear best fit line with a slope of 286
mV/mm and a coefficient of determination (R?) of 0.999. The
strong linear correlation between the sensor output slope and
applied loading rate demonstrates the USM strain sensor’s
sensitivity to bending strain and in differentiating loading
rates. The metal-based strain sensor is also capable of
differentiating the loading rates with a R? of 0.999, but has
over an order of magnitude lower sensitivity with a linear best
fit slope of 7.99 mV/mm. The ultrasonic transducer, however,
provides a near zero linear best fit slope with a R? of 0.311,
denoting little to no correlation in sensor response and applied
loading rate. This testing further demonstrates the transducer’s
inability for quasi-static bending strain sensing (and therefore
inability for dual application sensing of both high frequency
and quasi-static loading cases) and further highlights the USM
sensor’s potential for dual-application sensing.
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Figure 7. Bending strain performance of the USM strain sensor, metal-based strain sensor, and ultrasonic transducer when
subject to quasi-static bending. (A) 500 Hz lowpass filtered responses of the sensors subject to plate bending across various
constant loading rates up to a maximum load of 250 N. The y-axis is normalized to the USM strain sensor steady state output at a
load of 250 N. Diamond and circular plot markers are utilized on response traces to differentiate between the USM and metal
strain sensor responses, respectively; the ultrasonic transducer traces are solid lines with no markers. (B) Time history of the
three sensor responses to the 8 mm/s applied load, highlighting the region of quasi-static loading from 0.2 — 0.4 ms where no
acceleration of the loaded plate is present. A linear line of best fit for all respective sensor traces are plotted in this region. (C)
The calculated slope of the sensor responses in the quasi-static loading region plotted as a function of the applied loading rate for
the USM strain sensor (blue), metal strain sensor (yellow), and the ultrasonic transducer (orange), along with a best fit line and
coefficient of determination calculated for all data sets.

4. CONCLUSIONS AND FUTURE WORK

The presented USM strain sensor aims to progress the field
of NDE by improving the way stress and strain is recorded and
analyzed when monitoring the health of a structure. Typically,
a distributed network of permanently attached sensors, often
including ultrasonic transducers and strain sensors, are
employed to accomplish this (30). The presented USM strain
sensor has been demonstrated to effectively combine the
functionalities of both strain sensors and ultrasonic transducers
by providing a wide frequency bandwidth response with a low
minimum detectable strain. This includes an improved
response to bending strain in the form of quasi-static bending
typically characteristic of a piezoresistive strain sensor, and a
comparable response in high frequency AE sensing typically
monitored by ultrasonic transducers. This demonstration has
shown the USM strain sensor to be the first known
piezoresistive strain sensor capable of sensing an accurate low
energy AE signal, including its low energy, high frequency
extensional mode. The dual monitoring of quasi-static loading
and high frequency acoustic emission enables the sensor for
use as a permanent fixture to a structure to simultaneously
provide in situ bending strain measurements and monitor AE
events such as fatigue cracking, high velocity impacts, and
delamination, and potentially source locate such events, all to

provide real-time evaluation towards the health of the
structure. The combination of traditional strain sensor and
ultrasonic transducer sensing capabilities within one singular
miniaturized sensor can provide significant and novel
improvements to the fields of NDE and SHM by not only
reducing cost and instrumentation complexities, but by further
advancing the field of NDE by applying modern MEMS
technology.

The natural progression of the future of this work is to
perform AE source location of PLBs as well as source location
of impact events. These areas are currently being explored and
preliminary results of both source location techniques are
shown in Appendix B, which are shown to be very promising.
Another area of interest is fatigue monitoring. Gorman (1991)
has previously demonstrated the ultrasonic transducer’s
capability in differentiating fatigue cracking events from noise
in a test specimen undergoing realistic flight fatigue loading
(7). If the USM strain sensor were to be shown to be capable
of making these same measurements, it would further
strengthen its claim in being a novel NDE sensor capable of a
wide variety of in situ measurements that asses the health of a
given structure, all the while condensing the need for multiple
sensor types, simplifying and improving NDE performance.
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APPENDIX A: SUPPLEMENTARY MATERIALS

e ipp

Signal Conditioning
>" _ ~Bgard -

Figure Al. Experimental setup of the acoustic emission testing.
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Figure A2. Unfiltered acoustic emission sensor signals. The USM strain sensor signal (blue trace) and the commercial metal-based
strain sensor (yellow trace) are plotted on the same left y-axis scale; the ultrasonic transducer (orange trace), is plotted on the right
y-axis scale. The unfiltered traces exhibit the same AE signal features as the filtered results but with additional noise.
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Figure A3. Analog to digital converter (ADC) noise in PicoScope 5444D used in experimental data acquisition. Shorted PicoScope
channel data was collected at 17.86 MHz and a resolution of 12-bit to match the acoustic emission testing data acquisition setup. The
resulting histograms of the shorted ADC data with an overlaid normal distribution and their bias error (mean) and RMS noise
(standard deviation) are shown. The purpose of these calculations is to document noise that is inherent to the PicoScope’s ADCs and
not to sensor signal conditioning and electromagnetic interference (EMI). All units are in microvolts (uV). (A) Channel A: u = -81.16,
0=119.9 (B) Channel B: u =-44.31, 0 = 118.2 (C) Channel C: u = 9.528, 6 = 118.5 (D) Channel D: u = 36.70, ¢ = 121.0.
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Figure A4. Power Spectral Density (PSD) of the unfiltered noise signal in the USM strain sensor. 0dB is I mW into 1 Q. High
frequency noise content is seen spanning from approximately 240 — 458 kHz, which is also observed in the PSD of the USM strain
sensor AE signal (Fig. 3B). No peaks are observed at 214 kHz, which demonstrates the peak is a deterministic signal amongst the high
frequency noise and is the result of the low energy extensional AE mode. The noise is expected to be a result of surrounding
electromagnetic interference and the signal conditioning board.
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Figure A5. Custom-made static plate holder for quasi-static loading. (A) Final CAD design of the static plate holder created using
SolidWorks. (B) The static plate holder within the Instron machine. The holder was manufactured from steel rods and welded onto a
grade 8 bolt to fit in the Instron machine. The plate provides simply supported plate boundary conditions and is designed to fit the 12”
by 127 by 0.087” aluminum 6061-T6 plate.
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Figure A6. NanoSonic Inc. signal conditioning box used in qasi-static bending strain testing. The box uses a similar Wheatstone
bridge configuration with potentiometers (seen as external knobs) to output strain sensor signals and houses its own internal power
supply.
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Figure A7. Instron loading curves for quasi-static loading experiments. The higher displacement rate tests finish past the end
condition of 250 N, resulting in overshoot in the strain sensor signals. (A) 1 mm/s, loading begins at 0 N and ends at 250.1 N. (B) 2
mm/s, loading begins at 0 N and ends at 250.4 N. (C) 4 mm/s, loading begins at 0 N and ends at 250.6 N. (D) 8 mm/s, loading begins
at 0 N and ends at 252.0 N
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Figure A8. Unfiltered responses of the USM strain sensor, metal strain sensor, and ultrasonic transducer subject to quasi-static
bending strain across various constant loading rates up to a maximum load of 250 N. A peak-to-peak noise level of approximately
15 mV is noted. The sensor responses exhibit the same signal features but with additional noise.

16



APPENDIX B: AE SOURCE LOCATION PRELIMINARY RESULTS

This section presents the promising preliminary work performed on the source location of acoustic emission events using the USM
strain sensors. Due to limitations in sensor quantities (due to their manufacturing complexity and uses in other programs), only two
USM strain sensors have been mounted so far to the testing plate. Tobias (1976) approached the problem of AE source location as
three intersecting circles, each of which are centered at the receiving sensor and intersect at the AE source location (10). Since only
two sensors are mounted on the plate (and of course, trilateration techniques require three sensors), the derivation of the AE source
location equation can be reworked to show that for isotropic materials, the AE source location can be shown to lie on a hyperbola,
with the two sensors as foci (9). The resulting equations for the x and y coordinates of the hyperbola of potential AE source locations
are shown in Equations B1 and B2:

2,2 <2
x(0) = [ X 1yi-01 ]cos@ (B1)

2(x1 cos B+yqsin6+81)

2,252
y(0) = [ S ]Sin@ (B2)

2(x1 cosB+yqsin 6+81)

where x; and y; are the coordinates of sensor 2 relative to sensor 1, d1 = At*V where At is the time-of-flight difference of strain
extensional mode arrival between sensors and V is the velocity of the extensional mode in aluminum. The resulting x and y
coordinates are calculated for all values spanning zero to 2z radians. The preliminary results of AE source location of a PLB using this
technique with the USM strain sensors is shown in Figure B1. The hyperbola of potential AE sources is off by less than an eighth of
an inch; these results are comparable with calculations performed using ultrasonic transducers as a baseline test.

6

-6 ' '
6 -5 4 -3 -2 -1 0 1 2 3 4 5 6
Figure B1. The “bilateration” of an AE source (PLB) on a 12 x 12 x 0.087-inch aluminum 6061-T6 plate using an extensional
mode time-of-flight source location technique. The potential AE source locations are reduced to two hyperbolae. The resulting error
is less than an eighth of an inch.
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This technique, however, operates on the time-of-flight difference between sensors of the arrival of the extensional AE mode due
to its non-dispersive nature. The extensional mode is typically much lower in amplitude than the subsequent flexural mode and is
often damped out or is not seen in noisy systems. Gorman and Ziola (1991) published a method of AE source location in isotropic thin
plates using cross-correlation, which can be used to perform AE source location on the much larger flexural mode (9). This technique
involves cross-correlating the flexural mode AE signal with a cosine function modulated by a gaussian pulse. The modulated cosine
function follows Equation B3 below:

x(t) = e lE=t0*/9%] cos[w, t] (B3)

where w1 = 6.283 x 10° rad/s (f; = 100 kHz), t; = 100 us, and o = 40 ps. These values were chosen to best match the initial flexural
mode that arrives at the sensor before reflections interfere with the signal. The sensor signal and Equation B3 are cross-correlated, and
the subsequent output function essentially isolates the time at which the chosen frequency (in this case 100 kHz) is present. The time-
of-flight differences between sensors can then be used in Equations B1 and B2. This process was performed for a high velocity impact
of a 2.16-gram ball bearing on the plate’s surface, and the resulting “hyperbolic bilateration” is shown in Figure B2. The resulting
preliminary results are off by about a quarter inch, which is very promising for the potential success of the source location of an AE
event with the addition of a third USM strain sensor.

Plate Center
0r *

-6 ! ! ! ! ! !
6 5 4 3 -2 -1 0 1 2 3 4 5 6
Figure B2. The “bilateration” of a high velocity impact (2.16-gram ball bearing) on a 12 x 12 x 0.087-inch aluminum 6061-T6
plate using a flexural mode cross-correlation-based AE source location technique. The potential impact locations are reduced to
two hyperbolae. The resulting error is about a quarter inch.
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APPENDIX C: OTHER NDE APPLICATIONS

OF THE USM STRAIN SENSOR

This appendix includes other applications of the USM
strain sensor to the field of NDE. Two applications are
explored: USM strain sensor frequency detection on a
vibrating plate and quantifying the energy of plate impacts.
This work, in tandem with the completion of the work
included in Appendix B, plans to be submitted to a journal at a
later date.

C1l. MATERIALS AND METHODS

C1.1 Vibrating Plate Testing

Chladni Plates — named after the German scientist and
musician Ernst Chladni who first popularized the method by
exciting a center fixed plate with a violin bow — produce
intricate and beautiful patterns in plates (C1). Over two
centuries after his initial discovery, these plates can now be
seen in high school and university physics classrooms to
demonstrate the intricate patterns present within plate mode
shapes. Chladni’s famous demonstration included exciting a
center fixed support metal plate with a violin bow; the
vibration of the plate, when oscillating in a particular mode of
vibration, causes nodes and antinodes to form complex
symmetrical patterns over the plate surface (C1). When sand
(or any collection of fine grain particles for that matter) are
placed on the plate surface these particles are displaced by
antinodes and gather at the plate nodes, resulting in an
observable intricate mode shape.

The experiment herein aims to utilize the USM strain
sensor’s sensitivity to low strain and broad frequency
bandwidth to capture the modal frequency of the plate. The
sensing and subsequent data processing of frequency content
is common within NDE to analyze the health of a structure.
Michael Gorman (1991) demonstrates this through the fatigue
testing of a coupon-shaped aircraft specimen (C2). His testing
demonstrates a noticeable difference in spectra between noise
events and the propagation of a fatigue crack; this experiment
demonstrates the importance of an accurate capturing of a
vibrating structure’s frequency content in NDE.

A more modern experimental setup is utilized to replicate
some of Chladni’s work and to demonstrate the USM strain
sensor’s response to a vibrating structure. In this experiment, a
square 12” by 0.087” thick aluminum 6061-T6 plate is center
mounted to a modal shaker capable of vibrating at frequencies
spanning 5 — 7.5 kHz. A signal generator is used to supply
sinusoidal signals across this frequency range to the modal
shaker. A power amplifier is used to amplify the signal. The
first series of experiments is performed with the plate to
identify its modal frequencies and patterns. Subsequently, two
USM strain sensors and a commercial metal-based strain
sensor were affixed to the plate for sensor frequency response
analysis.

Additionally, a model of the vibrating plate was created
using COMSOL Multiphysics to provide a comparison to the
plate mode shapes identified in testing. The model setup

consists of a 6” by 6” by 0.087” thick plate that utilizes quarter
symmetry along two of its edges with the remaining two edges
given a free boundary condition. The center of the plate is
given a prescribed displacement boundary condition of 0.002”,
which closely matches the amplitude of the modal shaker. The
model utilizes triangular shell elements, which assumes no
thickness, since the thickness of the plate is small when
compared to its length and width. A schematic of the model
setup can be seen in Figure C2. A material of aluminum 6061-
T6 was used to closely match the material of the tested
aluminum plate. An eigenvalue study was performed to
determine the model plate modal frequencies and patterns.

Figure C1. Experimental setup for vibrating plate testing. A
Bruel & Kjaer Type 2713 power amplifier is attached to a
signal generator, which all works to drive a Bruel & Kjaer
V203 permanent magnet shaker with attached center-fixed

127 square aluminum plate.

-

/
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Figure C2. Schematic of the vibrating plate COMSOL
Multiphysics model boundary conditions. Triangular shell
elements were used with the material properties of aluminum

6061-T6.

C1.2 Low Energy Impact Studies

The goal of this test is to not only demonstrate the USM
strain sensor’s capability in detecting low energy impacts, but
to establish the lower limit of the detectable energy and
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establish a linear trendline between the voltage RMS and the
potential energy of the drop. Two similar experiments were
devised to demonstrate the USM strain sensor’s capabilities in
low energy impact sensitivity and time resolution. Both tests
utilized a similar setup seen in Figure 4. The setup consists of
a “dropping jig” that can drop ball bearings of various masses
at various discrete heights, repeatably. The dropping jig also
features a phototransistor mounted directly below the ball
bearing, which documents the time of the release of the ball.
The sensor signals are acquired and amplified utilizing a PCB
quarter-bridge and is recorded using a PicoScope 5444D and
laptop. An aerial view of the low energy impact study plate is
shown in Figure C3.

Oscilloscope & Laptop

Dropping

Jig

STIai iy \

Amplification PCB
Figure C3. Drop testing experimental setup.

Two studies were performed; the first aimed to
demonstrate the USM sensor’s sensitivity to low energy
impacts. Ball bearings of various mass were dropped from
various heights directly between the two USM sensors at the
location marked “C”. The tested drop heights were from 1, 3,
and 6 inches, and the ball bearing masses tested were 0.26,
0.9, and 2.13 grams. The second study aimed to demonstrate
the time resolution of the USM sensors. A cascaded impact
study was designed, which included dropping a ball bearing at
seven different known locations between the two sensors to
observe the latency between strain arrival at each sensor. The
2.13g ball was dropped from 6” for each test to provide the
maximum excitation at that location.

Metal
Sensor
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Figure C4. Impact study plate setup where the numbers and
“c” mark the various drop locations between the two sensors.

C2. RESULTS AND DISCUSSION

C2.1 Vibrating Plate Testing

The eigenvalue study of the model provided very similar
results to that of the vibration test, where six examples can be
seen in Figure C5. The model closely matches the vibration
test across the full range of tested frequencies where small
frequency discrepancies are attributed to experimental
uncertainties and element selection in the model. This
validates the initial setup of the model; this model is intended
to be used for strain calibration and comparisons at a later
date.
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Figure C5. Six example mode shapes of a 0.087” thick
aluminum plate across a frequency range of 5 Hz — 7.5 kHz
compared to the model.

After the modal frequencies were retested with the strain
sensors adhered to the plate, the Fast Fourier Transform (FFT)
was computed for each case to analyze the sensors’ responses
in the frequency domain. Since USM B and the metal-based
sensor are located symmetrically across the plate and are
subject to the same strain, a direct comparison can be drawn
between the two sensors’ excitation magnitude. An FFT of
five of the tested modal frequencies for USM B and the metal-
based sensor are shown in Figure C6. The USM sensor
responded with a higher sensitivity compared to the metal-
based sensor across all tested frequencies. Notably, converting
FFT peaks from dBu to voltage, the USM sensor recorded an
excitation approximately 36 times greater at frequencies 669
Hz and 3037 Hz, and 28 times greater at 5901 Hz.
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Figure C6. Comparing the frequency domain response of the

USM and the metal-based commercial strain sensors across
five plate modal frequencies.

1
) 1000 2000 7000

C2.2 Low Energy Impact Studies

Example impact testing data is shown in the Figure C7,
where the orange trace (right y-axis) is the signal from the
phototransistor sensor used to trigger the data acquisition
when the ball drops and the red, blue, and black traces are the
signals from the strain sensors (left y-axis). Figure 13 shows a
close-up of the data at the start of the strain sensor signals.
From this data, it is seen that the metal-based sensor did not
respond; the metal-based sensor did not respond to any drop
tests.

Signal (mV)

Nanol
\J Nano 2
— Metal

L L L L L 1
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Time (ms)

Figure C7. Recorded drop test data for the two USM and one
metal-based strain sensor for location 1. The leftmost orange
trace is of the phototransistor, which indicates when the ball
was dropped.

In the first low energy impact study, which aims to
evaluate the sensor sensitivity, the root mean square (RMS) of
the recorded sensor voltage was calculated for each
subsequent combination of mass and height of the ball, from
which the initial potential energy of the drop was calculated.
These two parameters are plotted against one another in Figure

ger Signal (V)

I'rigg
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C8 for the USM strain sensors. Both sensors respond linearly
to an increase in initial ball potential energy. USM B indicates
a lower sensitivity due to a smaller slope of the linear fit line,
and this is attributed to the sensor’s location in reference to the
plate mounting point in the center. Shown in Figure C4, USM
B is about half of the distance to the center mounting point as
compared to USM A. Closer to the fixed center, it is expected
that the plate’s response is different as compared to the near
free edge of the plate near USM A. Both USM sensors
documented the low energy impacts whereas the commercial
sensor was not able to detect any impact events.
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Figure C8. USM strain sensor recorded voltage RMS for
various ball bearing drop heights and weights plotted as a
function of the initial drop potential energy.
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In the second low energy impact study which aims to
evaluate the sensor’s time resolution, the latency between
strain arrival at each sensor is observed for various drop
locations. An example of this latency is seen in Figure C9,
where the latency between sensor strain arrival is taken as the
time difference between respective initial sensor signal
excitation. This data is for drop location 1 (see Figure C4);
therefore, the signal arrives at USM B first and arrives at USM
A at a time 49.9 ps later. The metal-based strain sensor did not
respond to any drops. This observed latency of strain arrival
(taken as a time difference) between USM sensors is
calculated for all seven drop locations on the plate. Figure C10
plots this time difference as a function of the drop location.
The plot shows a strong linear relationship with a coefficient
of determination (R-squared) of 0.9871, demonstrating the
time resolution of the USM strain gauge for low energy
impacts.
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Figure C9. Observed latency of strain arrival between USM
strain sensors at drop location 1.
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Figure C10. Observed latency of strain arrival between USM
strain sensors as a function of seven drop locations.

These USM strain sensors can potentially be utilized for
nondestructive evaluation purposes by utilizing its higher
sensitivity and time resolution when compared to the
commercial strain sensors. A group of ultra-bandwidth strain
sensors may be used to record signals, then locate the precise
location of an impact by measuring the time for the signals to
reach different sensors.
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