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1. Executive Summary

The U.S. Navy, Air Force, National Aeronautics and Space Administration
(NASA) and other organizations have all contributed to the development of structural
health monitoring sensors, data acquisition hardware, and techniques to process and
interpret the resulting data for use on everything from civil infrastructure to space
vehicles. One promising suite of sensors and data acquisition hardware, developed
under multiple contracts with the U.S. Department of Defense and NASA, was recently
licensed for commercial development and production. The purpose of the study
detailed in this report is to take a first look at investigating whether the new commercial
off-the-shelf structural health monitoring hardware is suitable for use on Navy surface
vessels and, if not, to determine what improvements or modifications should be
investigated for a maritime-ready health monitoring system capable of detecting defects
in in-service ship structures.

Chapter 2 begins with a high-level, conceptual overview of how continuous ship
structural monitoring fits into the concept of individual ship structure digital twins. As
envisioned by the U.S. Navy, ship classification societies, and others in the maritime
industry, these data, corresponding numerical models, and other information feed into a
broader ship digital thread to enable a multitude of operator, maintainer, and
engineering analyses. A brief introduction to structural health monitoring and the
current state of monitoring surface ships is followed by an introduction to Lamb-wave
damage detection techniques.

In Chapter 3 the technical details of both the commercial hardware and test
structure are provided, along with sensor, hardware, and cable attachment procedures.
Chapter 4 begins with a numerical wave propagation study, which serves as both a
comparison for experimental wave propagation data as well as defining parameters in
the test procedure for introducing damage events and acquiring experimental data. The
algorithms and software to process the experimental results are described in Chapter 5,
followed by a discussion of the detectability of the defects introduced to the structure.
Finally, Chapter 6 contains a summary of the report’s key findings and outlines a

number of hardware and software improvements and future research.
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2. Introduction

The maritime industry, along with much of the broader industrial, government,
and academic community, is actively undertaking the Industry 4.0 paradigm shift, or
"fourth industrial revolution". Advances in computing, big data analysis, artificial
intelligence, digital twins, agile transformations, and related fields are enabling this
“fourth industrial revolution,” where usage of large amounts of data provides previously
unobtainable, real-time insights into numerous systems, processes, or assets. A large
component of this digital transformation is the development and employment of digital
twins.

For this study, we will consider a digital twin to be “an integrated multiphysics,
multiscale, probabilistic simulation of an as-built vehicle or system that uses the best
available physical models, sensor updates, fleet history, etc., to mirror the life of its
corresponding [physical] twin” (Glaessgen and Stargel, 2012). For ship structures, one
of the primary objectives of a digital twin is enabling both enhanced operational insights
and condition-based maintenance. Digital twin implementation will ideally provide

insight into real-time system health for individual assets. Each asset will have its
corresponding twin, capturing differences in wear and tear across a class or fleet of
ships. These insights allow for an assessment of the current state of health, allowing
operators to predict expected future performance over a range of timescales.

While it is clear that the ongoing digital transformation is the future, the fact

remains that many ship structures are physically large and highly complex. Defining an
“as-built” structural model for a single ship is immensely difficult. Maintaining “as-is” or
“as-operated” structural conditions for every ship within a classification program or a
naval fleet is an even larger challenge. Automated assessments of ship structural
usage and condition are key components to maintaining individualistic twins for every
asset. Continuous structural health monitoring may provide one tool in maintaining
accurate digital twins of ship structures.

For any number of structures, including civil, aerospace, and mechanical
engineering infrastructure, structural health monitoring (SHM) is the process of
implementing a damage identification strategy (Farrar and Worden, 2007). As opposed
to the way one might think about the use of traditional nondestructive evaluation (NDE)

techniques such as liquid penetrant inspectign, magnetic inspection, eddy-current



inspection, radiography, or ultrasonic inspection to detect damage (Doherty, 1987),
SHM methods are commonly performed while the structure is in use (Inman et al,.
2005). While NDE techniques generally require the system of interest to be inoperable,
SHM can often be done in real time with algorithms and detection schemes finding
changes to the structure almost instantaneously.

The obvious goal of any health monitoring application is to detect changes or
damage to the underlying structure. Damage to typical monitored structures is defined
as any change to the material, system geometric properties, boundary conditions, or
system connectivity, which is either intentionally or unintentionally brought about.
Usually, to be considered damage, these changes must adversely affect the current or
future performance of the system (Doebling et al., 1998; Inman et al., 2005; Farrar and
Worden, 2007).

Adams (2007) expands the definition of health monitoring to identifying four
characteristics of a structure as it operates:

1. the operational and environmental loads acting on a structure
2. the mechanical damage caused by these loads
3. the growth of this damage during operation

4. the future performance of the structure due to cumulative damage effects

2.1 Ship Structural Monitoring and Digital Twin

SHM for ships, sometimes referred to as ship hull monitoring, is becoming more
commonplace (American Bureau of Shipping (ABS), 2016; Drummen et al., 2016; Hess,
2007; Salvino and Brady, 2007; Schiere et al., 2017; Swartz et al., 2010). In some
cases, these installations are initiated with the primary directive to inform a ship
structure digital twin. ABS is collaborating with the U.S. Navy’s Military Sealift
Command (MSC) to build digital twins for three vessels, with the goal of being able to
practice condition-based maintenance instead of traditional time-based maintenance
(ABS, 2018; Maritime Executive, 2018). Other studies have looked at building a ship
structure digital twin with previously acquired full-scale or simulation data (Mondoro and
Grisso, 2019; Drazen, et al., 2019).



Effective hull structural monitoring systems provide effective information defining
the operational and environmental loads necessary for SHM Characteristic 1 (Adams,
2007). The focus of research in this report is to concentrate on technologies addressing
Characteristics 2 and 3 to detect, characterize, and track the growth of damage in ship
structures. A combination of SHM Characteristics 1—4 is a ship structure digital twin.
Continuously fusing the data with physics-based models and machine learning enables
the prescription of multiple future instantiations of the ship and its environment and
provides both operators and maintainers opportunities to identify optimum choices with
a full understanding of current and future ship structural condition. The hardware under
evaluation in this study could potentially be a primary source of data and information to

update a structural digital twin.

2.2 Lamb Wave Monitoring

Guided waves, or Lamb waves, are ultrasonic waves which propagate in plate-
like structures or materials where the plate thickness is comparable to the wavelength of
the Lamb wave (Lamb, 1917). The waves propagate through the material thickness
and are contained (guided) between parallel top and bottom surfaces. In analytical
solutions to the Lamb wave propagation equations, two types of waves are revealed as
valid solutions: symmetric and antisymmetric. For both wave types, a number of modes
can exist, e.g., So, S1, So, etc. for symmetric waves. Complete details of Lamb wave
propagation, including their use in structural health monitoring, analytical derivations,
and interaction with specific materials or defects, are available in key texts by
Achenbach (1973), Giurgiutiu (2014), Rose (2014), and others.

Lamb waves are a popular technique used by many in the structural health
monitoring community (Giurgiutiu, 2014). A primary advantage of guided waves is the
ability for waves to travel long distances in thin plates, which allows for monitoring of
large areas with a relatively low number of transducers. Lamb waves are also easily
excitable with piezoelectric actuators, which can be permanently adhered or embedded
in structures. Guided-wave propagation signal analysis expands upon the fundamental
understanding of wave propagation in structures established by the nondestructive

evaluation community (Giurgiutiu, 2014). When using Lamb waves for structural health



monitoring, several features of the waveforms, including attenuation, scattering, or
distortion, can be used for damage identification.

Two primary methods of data collection are typically utilized when conducting
guided-wave experiments: pitch-catch and pulse-echo. Pitch-catch refers to a scenario
with at least two piezoelectric transducers bonded to a structure. At any given time, one
of the transducers acts as an excitation source while the other transducer(s) passively
collect(s) the propagated wave signals. Damage in (or near) the path between the two
transducers is discovered by monitoring data features such as wave group arrival
delays or wave scattering. Alternatively, pulse-echo describes the technique were the
same transducer that provides actuation also acts as a sensor. After an excitation
signal is generated, the actuator (or one or more adjacent transducers) switches to
sensing mode to record waves reflecting back to the source (echos) from edges or
discontinuities in the material. Damage is detected in the form of new reflections or
modified waveforms and understanding of the time-of-flight of the propagating wave

modes. Both pitch-catch and pulse-echo methodologies will be utilized in this study.

2.3 Commercial SHM Solution

The primary intent of this effort is to investigate the practical use of the
commercial off-the-shelf (COTS) SHM sensors and data acquisition hardware for
damage detection in representative ship structure. The targeted technology is a guided-
wave SHM system developed by Metis Design Corporation under multiple Small
Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR)
programs with the U.S. Navy, Air Force, NASA, and others. The technology is
exclusively licensed for commercial production by Collins Aerospace, formerly United
Technologies Aerospace Systems (Collins Aerospace, 2016). A further description of
the COTS SHM hardware will be provided in Chapter 3.

2.4 Research Goals
Although SHM sensor development has been an active area of research for
many years, ruggedized, COTS SHM systems that have proven effective and validated

in relevant maritime operational environments are generally limited to the collection of



ship strain or acceleration data. These systems are typically not capable of detecting
damage before it grows to a potentially problematic magnitude. Previous studies by this
author revealed the ability of active SHM techniques to detect damage in relevant ship
construction materials and structures (Grisso et al., 2011a; Grisso et al., 2011b; Grisso,
2013). However, the conducted research and design processes revealed the perceived
benefits of utilizing COTS products as opposed to the often-tedious administrative
burden of developing technology solutions in house. The testing proposed here looks to
build upon previous maritime SHM studies to determine if active damage detection
techniques are suitable for inclusion in larger shipboard health management systems.
The following chapters describe the COTS SHM hardware in more detail, introduce the
subject test structure and data collection processes, and describe the data analysis
techniques and results. Chapter 6 wraps up the report with a list of key findings and

recommendations for appropriate future work.



3. SHM Hardware and Experimental Structure

3.1 COTS Hardware Overview

The Collins Aerospace MD7-Pro digital structural health monitoring system
consists of three primary components: the accumulation node, the acquisition node, and
the sensor base, or structural sonar. A key feature of the system is fully digital data
acquisition. The MD7-Pro system is networked on a serial bus for power, command,
data transfer, and synchronization. Data is digitized at the measurement location, which
eliminates susceptibility of the data to electro-mechanical interference (EMI) resulting
from long analog cable runs and reduces the overall cabling and hardware footprint
required for a distributed sensing installation (Metis Design Corporation, 2019).

When considering the entire MD7-Pro SHM system as analogous to the human
nervous system, the accumulation node is the brain of the hardware. The accumulation
node, measuring 2.4 x 1.6 x 0.2 inches and weighing less than 1 ounce, is the primary
controller and interface relaying commands to the acquisition nodes. An accumulation
node runs on 28 Vpc and can support 24 acquisition nodes. The accumulation node
contains 8 GB of internal static memory, a field-programmable gate array (FPGA) with
an ARM processor, and 16 digital input channels (Metis Design Corporation, 2019).

The spine of the MD7-Pro system is the 2.0 x 1.6 x 0.2 inches, 0.6-ounce
acquisition node. The acquisition node provides the primary data acquisition
functionality of the system, replacing bulky, centralized data collection hubs, servers, or
computers. The acquisition node provides up to a 20-Vep, 20-MHz analog actuation
signal to the attached sensor base actuator, while simultaneously measuring six 12-bit
channels at sampling speeds up to 50 MHz. Two GB of internal memory allows for
temporary local data storage, and integrated internal temperature and acceleration
measurements provide additional monitoring capability. Both the accumulator and
acquisition nodes are potted in urethane to provide resistance to moisture, chemicals,
fire, and shock exposure. In addition to the six high sampling rate channels, the
acquisition nodes can also acquire additional external, differential voltage sensor
signals, such as temperature, acceleration, strain, etc. (Metis Design Corporation,
2019).



Finally, the structural sonar containing piezoelectric transducers act as nerves
mating with the acquisition or accumulation nodes to provide a number of sensing
inputs. The sensor bases bond directly to the structure of interest, similar to a typical
strain gauge. The nodes then attach over the bonded sensor bases to provide both
protection to the transducers and electrical connectivity. While a number of sensing
nodes exist for different measurements, this study will focus solely on the MD7-Pro
structural sonar. The structural sonar contains one central piezoelectric actuator and
six piezoelectric sensors in a single enclosed package. The array of sensors provides
both active and passive beamforming to passively detect impact or acoustic emission
events or to actively perform guided-wave interrogation. The active technique allows for
the generation of spatial damage maps indicating the probability of damage across the
structure due to localized changes in stiffness. Similarly, passive beamforming can
pinpoint the source location of impact or acoustic emission events such as crack growth

(Metis Design Corporation, 2019). The MD7-Pro components can be seen in Figure 1.

Figure 1. The MD7-Pro structural sonar (left), acquisition node (center), and accumulator
node (right)
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The MD7-Pro components are connected with preassembled and wired
connectors from Omnetics Connector Corporation. The dual row, rectangular
connectors are intended for use in very densely packaged electronic components and
fully digital applications. Wires and contacts are precrimped and potted during
manufacturing, and they are mated with finely threaded (0-80) screws and prethreaded
mounting holes to reduce susceptibility to vibration loosening. The connectors and
cables are assembled in a Military Standard [MIL-STD]-790 approved manufacturing
facility and meet the requirements detailed in Military Detail Specification [MIL-DTL]-
32139, including insulation resistance, temperature cycling, humidity, vibration,
mechanical shock, salt spray contact resistance, retention, thermal outgassing, etc.
(MIL-STD-790, 2018; MIL-DTL-32139, 2017). Once assembled, the accumulation node
provides the communication and protocol for interaction with the rest of the system. In
the past, procedures have been developed to marinize the MD7-Pro components for
operation with exposure to seawater as well as extended submersion and hydrostatic
pressure (SBIR Topic N111-053, 2011; Metis Design Corporation, 2013).

As Figure 2 shows, the accumulation node can be connected to a host device via
either Ethernet or a serial port. In general, each accumulator node can support a digital
bus of up to 24 acquisition nodes with cable lengths up to 30 m. Power is supplied to
the accumulation node and distributed across the digital bus to the acquisition nodes.
The number of nodes and length of the bus is not a fixed number and depends upon the
voltage drop along the span of the bus. The accumulator node can operate
autonomously with defined acquisition programs, such as collecting data twice daily, or
remotely operated via wired or wireless protocols. The MD7-Pro structural sensing
components can integrate within a larger health and usage monitoring system (HUMS);

however, only the structural portion is evaluated in this study.



Figure 2. The MD7-Pro bus assembly prior to structural sonar attachment

3.2 Test Structure Instrumentation

The structure used for demonstrating the SHM hardware is a welded steel
grillage measuring 24 x 8 ft. The grillage has both welded steel longitudinal and
transverse stiffeners to represent typical ship deck plating with 6-foot frame spacing.
Figure 3 shows the dimensions of the grillage structure, along with the locations of the
acquisition nodes. The structure has welded end platens and side plates, which allow
the specimen to bolt into the Naval Surface Warfare Center, Carderock Division large
grillage test machine. Deck plating is “a-inch or 5/16-inch A36 steel, butt welded in the

center bay.
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Figure 3. Isometric view (top) and dimensioned (bottom) diagrams showing dimensions of the
grillage structure with the MD7-Pro acquisition node locations identified

Acquisition nodes are individually numbered to allow programming and control
via the accumulator (ACC) node. The acquisition (ACQ) nodes used in this study are
numbered 11-14. Before attaching the ACQ nodes to the bonded structural sonars, the
entire bus was assembled in an office setting to enable programming of the data
acquisition nodes and to ensure electrical connectivity across the bus. To cover the
grillage layout, the ACQ nodes are configured in left (ACQ 11 and ACQ 12) and right
(ACQ 13 and ACQ 14) sides of the bus. To the left in Figure 2 is the ACC node
Ethernet and power adapter.
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Four ACQ nodes were purchased to support these experiments, so four

structural sonar arrays were installed at the locations identified in Figure 3. As

mentioned, the sensor base installation process mimics that of a strain gauge, with the

primary difference being the availability of a structural sonar installation tool. The

installation tool (Figure 4) is used to apply consistent pressure to the sensor base as the

adhesive cures. The tool can pick up a structural sonar directly from its shipping

packaging, which avoids contamination of the bonding surface, and locks the sensor

base into place for installation via a latching mechanism. The tool then attaches to the

structure via releasable double-sided tape. Figure 5 shows an example of sensor

installation. Brief steps for applying a sensor base are as follows:

1.
2.
3.

Mark the target installation with x- and y-axis crosshairs.
Sand the base installation area with medium-grit sandpaper.
Clean the installation area with alcohol or acetone and a nonpilling wipe;

remark the crosshairs as necessary

. Pick up the structural sonar in the installation tool, noting the positive x- and y-

directions, and secure it into place with the latch.

Apply a thin, uniform layer of strain gauge adhesive (Vishay Micro-
Measurements AE-10 or similar) to the back of the sonar.

Remove the backing of the double-sided tape, double checking the x- and y-
axes, and press the installation tool onto the structure until the tape is

securely bonded (approximately 1 min).

7. Press down on the center of the tool to engage the bonding pressure.

8. Once curing is complete, unlatch the lock holding the sensor in the tool, and

remove the tape to release the tool.

12



Figure 5. Sensor installation tool holding the sensor base for ACQ 11 in place for the cure
cycle (top) and area marked and prepared for installation of ACQ 12 (bottom)

As shown in Figure 1, the structural sonar has white markings on the outer
Kapton (polyimide film) protective layer outlining where the edge of the ACQ node
should sit. Also indicated are lock and unlock symbols. The circuit board of the sensor
also has different shaped tabs along the outer diameter, which help to prevent

misalignment of the ACQ node. To install the ACQ node onto the sensor base, one

13



should align the node with the outline and tabs and then rotate the node 90° clockwise
to secure the node to the base. Once the node is attached to the sensor base, the
cables are fastened to the ACQ nodes in the desired bus configuration. Figure 6 and

Figure 7 show the installed nodes and cables.

Figure 6. ACQ 11 (bottom) and ACQ 12 attached to the sensor bases with cables installed
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Figure 7. A view of the test setup, including the data acquisition laptop (note that picture is
flipped 180° from the rest of the pictures and layout)
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4. Data Acquisition

4.1 Numerical Wave Propagation

As previously noted, Lamb waves propagate in symmetric and antisymmetric
types, with a number of modes existing for each case (e.g., So, S1, S, etc. for
symmetric waves). Numerical solutions exist to predict wave propagation in different
materials and simulate the interaction of propagating waves exposed to various types of
damage (Giurgiutiu, 2014).

Guided waves are often described via dispersion curves, which plot wave mode
speed in a given material as a function of frequency or the frequency thickness product.
In essence, the dispersion curve reveals what modes may be present at any given
excitation frequency and how quickly those modes propagate through the structure.
Using freely available software (Waveform Revealer 3), Figure 8 displays the theoretical
group velocity dispersion curve for Va-inch A36 steel. Another useful plot to understand
Lamb waves and their interaction with materials and defects is frequency versus
wavenumber, which is the inverse of the wavelength. As shown in Figure 9, for any
given excitation frequency, there could be a large separation in wavelength of the
propagated modes. Different wavelengths and dispersion properties of modes leads to
different interactions of each mode type with similar defects.

Now that we have an idea of what Lamb wave types and modes may be present
at different actuation frequencies, as well as their wave speed and wavelength, let us
continue with a numerical simulation of guided waves propagating in our target
structural material. We know from Figure 8 that, under 250 kHz, we are likely to excite
only the Sp and Apmodes (and perhaps a Rayleigh surface wave). We also know that
the So mode should travel at a significantly higher velocity through the structure than Ao.
Knowing this, we can simulate a wave propagating through our target material of Va-
inch-thick A36 steel. Figure 10(a) shows an infinite plate with a bonded piezoelectric
actuator and sensor placed approximately 20 inches apart. The actuator is excited with
five cycles of a 160-kHz Hanning-windowed sine wave Figure 10(b). The Hanning-
windowed, single-tone burst is a typical excitation used for propagating Lamb waves. In

Figure 10(c), we can see the arriving waves recorded at the sensor. The Sp and Ao
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Figure 10. Simulated infinite plate of “4-inch-thick A36 steel with bonded piezoelectric actuator
and sensor (a), the actuator excitation signal (b), and waveforms recorded at the sensor (c)

mode arrivals are temporally separated and, thus, readily distinguishable. As expected,
the Sp wave package arrives earlier than Ao.

Now, let us use the same setup and simulate what happens when damage is
introduced to the material. As shown in Figure 11(a), a small defect is introduced
halfway between the actuator and sensor. The damage will cause the propagating
waves to modify. Waves will reflect back toward the actuator after interacting with the
defect. The damage also causes alterations to the original outgoing waveforms, which

would induce waveform changes in the measured sensor signal.
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Figure 11. Simulated infinite plate of “4-inch-thick A36 steel with damage between the
piezoelectric actuator and sensor (a), the actuator excitation signal (b), and waveforms recorded
at the sensor (c)

In Figure 11(b), we can see that, beginning around 100 pus, there are wave
packets arriving back at the actuator location. These waves, which do not appear in
Figure 10(b), are reflections from the damage. Similarly, there are slight phase and
amplitude changes to the waveforms at the sensor seen in Figure 11(c). There is also a
new mode, caused by mode conversion (e.g., Ao mode converting to Sp, or similar) due
to the presence of a defect. Note that the mode conversion and other parameters are
indicative of a small defect, but not necessarily representative of a specific type of
damage. Figure 12 shows the comparison between the baseline and damage
waveforms as an illustrative example of the type of change to signals that may occur
due to interaction with a new or growing defect. With this understanding of how waves
may propagate in our structure, the experimental data acquisition parameters are

established.

19




Nomalized Amplitude

1 1 1 (

1 1 1 1 1
80 100 120 140 160 180 200
Time (microseconds)

Figure 12. Simulated baseline and damage waveforms recorded by the sensor

4.2 Data Acquisition Directories and Functions

When setting up the data acquisition of the MD7-Pro system, there are two
communications protocols: Ethernet and serial. In this case, an Ethernet connection to
a host computer is utilized. To facilitate communication with the ACC node, a series of
Command Prompt Interface (CMD) tools are included with the MD7-Pro hardware. The
CMD Tools are standalone executable files which are initiated via a Windows operating
system standard command prompt (Collins Aerospace, 2018). Once the ACC node is
connected to a host computer through an open Ethernet port, a static internet protocol
(IP) address compatible with the IP address of the ACC node must be established. A
user may then login to the ACC node. A series of standard functions, such as “Upload”,
“Download”, and “Sync,” allow the transfer of files or directories between the ACC node
and host computer.

In addition to the CMD tools, a second set of standalone executables called Host
Interface (HI) tools define the parameters of ACQ node data acquisition. Host interface
tools act as standalone commands or as a group of subroutines under higher level
programs. Notable tools include “HI_Discovery,” which allows a user to discover which
ACQ nodes are properly connected to a bus, “HI_Sys_Status,” which provides a system

status display to the host computer, and “Hi_List,” which builds a visual directory tree of
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the ACC node and displays the results onto the host computer console. “HI_Test_ Start”
and “Hl_Test_Stop” commands may start or end one or more of the programmed tests
uploaded onto the ACC node (Collins Aerospace, 2018).

The ACC node directory structure defines specific data acquisition parameters.
To execute a data collection event, specific files must be loaded into three main
directories: “Tables,” “Modes,” and “Profiles.” The “Tables” directory stores files which
define sequential commands to execute for a single data acquisition program. A
“‘Modes” directory contains files that define individual tests, such as an active guided-
wave test or a passive acoustic emission test, within a run file of the table directory.
Finally, the “Profiles” directory is used to define individual test parameters. Collected
data is stored in a “Results” directory, which can be downloaded to the host computer
via the CMD Tools “Download” executable (Collins Aerospace, 2018).

Example code and files within the directory structure are available in Appendix A.
When looking at the files, note that the “Table” or execution profile calls on the “Modes.”
The “Modes,” or types of measurement to be collection from each individual node, then
rely on the “Profiles” to define the specific parameters for each test, such as signal gain,

excitation voltage, etc.

4.3 Damage Cases and Data Collection

The ACQ node arrangement on the grillage aims to detect damage over a large
spatial area. As such, the damage induced to the structure will be a mix of locations
and damage types, which may be easily detectable or, conversely, on the fringe of
detectability. The first damage is a Va-inch-diameter through-hole that should be in the
pitch-catch path between ACQ 13 and ACQ 14. The rest of the damage cases are
simulated cracks at welds or in the baseplate. Table 1 contains the damage labels,
their location, and nearest ACQ node, while Figure 13 plots the ACQ nodes and
damage locations. Damage 1 and ACQ 13 are shown in Figure 14. Figure 15
displays a sample crack in the weld toe of a longitudinal stiffener, corresponding to

Damage 3. Pictures of the remaining damage cases are contained in Appendix B.
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Table 1. The grillage damage case descriptions

Location (x, y) (in) Damage Description (in) Nearest ACQ
Node
Damage 1 (68.3, 57.3) "/a diameter through hole ACQ 13
Damage 2 (108.0, 55.1) 1 long crack (rotary tool cut) ACQ 13
Damage 3 (78.5, 60.0) 1 long crack (rotary tool cut) ACQ 13
Damage 4 (56.3, 65.0) 1 long crack (rotary tool cut) ACQ 14
Damage 5 (37.0,71.4) 1 long crack (rotary tool cut) ACQ 14
Damage 6 (12.2, 41.6) 1 long crack (rotary tool cut) ACQ 12
2
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Figure 13. The locations of the ACQ nodes and six damage cases
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Figure 14. Damage 1, a 1/4-inch through-hole, shown in relation to ACQ 13
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Figure 15. Damage 3, a simulated crack at a longitudinal stiffener weld toe

To induce wave propagation, a chirp actuation signal from one of the ACQ nodes
is applied to the structural sonar actuator. The chirp provides a range of structural input
from 50 kHz up to 300 kHz. The chirp signal is a linear sine sweep occurring over a
period of approximately 100 ps (Figure 16). The actuation voltage is 20 V peak-to-peak.
Data on all channels are recorded with 10-MHz sampling over a period of 1000 us,
yielding 10,000 samples for each channel per test. Each recorded test consists of 512
averages. The test setup and data acquisition parameters detailed in Appendix A
remained constant for each damage case. At least three baseline data sets were used
for reference for each of the test cases, and at least two full data sets were collected

after every damage step.

4.4 Experimental Wave Propagation
In Figure 16, we see the chirp excitation signal from the actuator piezoelectric

transducer in the center of the ACQ 13 structural sonar. The relative size and position
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of the actuator can be seen in Figure 17. Looking at the sensors in the same sensor
base, we can see our first indication of how waves are propagating in the grillage
structure. Figure 18 displays the recorded sensor signals from ACQ 13. Due to the
close spatial proximity of the actuator and signals, the waves arrive nearly

instantaneously.
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Figure 16. A swept sine, or chirp, signal used for guided-wave excitation recorded from the
ACQ 13 actuator channel
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Figure 17. The orientation of the central actuator and six sensors in the structural sonar
sensor base
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Figure 18. ACQ 13 sensor signals showing outgoing wave propagation
Except for some DC offset, the signals seen in Figure 18 are nearly identical, as
would be expected with a homogeneous metallic plate. The sensors are not spatially

distant enough from the actuator for the different types and modes of Lamb waves to

separate. However, when we look at the sensor data received at ACQ 14 (Figure 19),
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we can see more separation in the propagating waveforms at varying amplitudes and

frequencies.
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Figure 19. ACQ 14 sensor signals showing received waves from the ACQ 14 actuator

Figure 19 reveals numerous wave packets arriving shortly after 150 pys and
continuing to the end of the sample period. Since we are exciting both SO and A0
modes in a range of frequencies, wave speeds, and wavelengths in short proximity,
visual identification of separate modes is difficult. However, we are still able to discern
slight changes in the arriving signals due to damage.

In Figure 20, we see received wave data recorded from sensor Channel 4 of
ACQ 14. Single traces from baseline, or healthy, data and post-Damage-1 data show
minor shifting of the waveform signal. Channel 4 refers to the fourth sensor shown in
Figure 17. Though the differences are subtle, a plot of the residuals (Figure 21)
between the two signals shows that we do, in fact, have changes in the signal due to
the “s-inch hole. Each trace is averaged 512 times, so even minute received waveform

differences are used to extract damage information. From this point forward, it will be
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more illustrative to look at processed data instead of raw time histories. The following
section will briefly describe the data processing techniques and the options and
parameters available to extract significant features from the complex time series

datasets.
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Figure 20. Baseline and Damage 1 waveforms recorded on sensor channel 4 of ACQ 14
(excitation is from ACQ 13)
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Figure 21. Residuals of the data from Figure 20
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5. Data Analysis

Data acquisition utilizes a chirp function to excite a broad range of frequencies,
which greatly aids in minimizing acquisition setup time. A chirp eliminates much of the
tuning typically necessary for finding the excitation frequencies with the best
propagation properties, signal-to-noise ratio, sensitivity to damage, etc. Interrogating
the structure with a broadband excitation also assists with reducing the time necessary
to acquire data. However, processing the data involves reconstructing a narrowband
signal from the broadband data. The processing software allows the user to choose the
individual frequencies of interest to analyze, knowing that data from 50 kHz to 300 kHz
is recorded and available for examination.

To analyze the data, a hybrid beamforming technique is used. At each individual
node, incoherent beam forming creates combined images from each sensor. Across all
the nodes, coherent beamforming combines spatial damage information from the
individual nodes. The combined images, with imposed logic to account for boundary
conditions, line-of-sight issues, etc., can then reveal location damage and severity.
Matching pursuit algorithms identify scatter targets. Full details of the data acquisitions,
signal conditioning, and damage detection algorithms developed by Metis Design
Corporation are described in several papers (Flynn et al., 2011; Jarmer et al., 2014;
Kessler et al., 2011a and 2011b).

To generate the damage identification maps, a meshed model must first be
imported into the software (Figure 22 and Figure 23). For this study, the three-
dimensional (3D) geometry is imported, but analysis will be limited to the two-
dimensional baseplate. ACQ node locations are imported and placed on the structure

in same locations as the physical structure.
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Figure 22. An isometric view of the grillage structure used for data processing

Figure 23. A view (along the z-axis) of the grillage model with the ACQ nodes labeled and the
x-y coordinates defined
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5.1 Baseline Image Scans

As briefly outlined, the visualization algorithms incorporate hybrid beamforming
techniques to provide structural scan images of likely damage locations. The most
likely areas of damage are visually indicated. Prior to looking at the structural scan
images of specific data cases, it may be helpful to look at baseline data to gain more
insight into wave propagation in the structure. In Figure 24, we can see the pulse-echo
scan images for the Ao mode from 60 kHz up to 180 kHz. Typically, the reference
baseline dataset is subtracted from the test case under consideration, but these images
compare the baseline data set with no subtraction. In a sense, these figures show the
attenuation of the excitation signal as it propagates through the grillage. Another way to
think about these scans is to consider them a rough estimate of the range of
detectability, both for individual nodes and a whole group of nodes. After data
collection, node ACQ 11 was found to have intermittent electrical connective to the
actuator channel. To avoid confusion, ACQs 12-14 will be utilized for the majority of
the results. Pitch-catch data is limited to the path between ACQ 13 and ACQ 14.

There are several interesting conclusions noted in Figure 24. As one may
expect, the lower frequencies have lower attenuation, and thus can propagate waves
further in the structure from the point of actuation. Additionally, attenuation of the wave
energy across the ribs is observed. This effect is a tunable feature in the analysis
algorithms and is further described in Figure 25 and Figure 26.
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Figure 24. Baseline pulse-echo Apimage maps for ACQs 12-14 at 60 kHz (a), 80 kHz (b),
100 kHz (c), 120 kHz (d), 160 kHz (e), and 180 kHz (f)
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Figure 25. Baseline pulse-echo Apimage maps for ACQs 12—-14 at 60 kHz with a geometry
crossing value of 0

Figure 25 and Figure 26 both show the same baseline Apimage maps for ACQs
12-14 at 60 kHz, with one parametric change in the analysis. The tunable parameter
called “geometry crossing scale” allows a user to set signal attenuation when it crosses
a physical feature, which are welded stiffeners for this example. In Figure 25, the
geometry crossing value is set to 0, assuming that no signal propagates past stiffeners.
Conversely, Figure 26 shows the results of a geometry crossing value of 1, which
ignores the presence of the welds and stiffeners. Unless otherwise noted, the geometry
crossing will be set to 0.5 for the purposes of our analysis. We will assume 50% of the
wave propagation energy is attenuated by welds and stiffeners. Propagation of waves
across welds in relevant navy materials and structures has been previously investigated

(Grisso et al., 2011a and 2011b), so this setting is likely conservative.
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Figure 26. Baseline pulse-echo Apimage maps for ACQs 12-14 at 60 kHz with a geometry
crossing value of 1

Similar to Figure 24, the baseline wave attenuation of the Somode is displayed in
Figure 27. The symmetric modes propagate slightly further than the antisymmetric
mode at any given frequency, which is expected when considering the dispersion
curves (Figure 8). For any excitation frequency, the Sowavenumber is smaller,
meaning the wavelength is longer. Longer wavelengths should travel greater distances
in plate-like structures.
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Figure 27. Baseline pulse-echo Spimage maps for ACQs 12-14 at 60 kHz (a), 80 kHz (b), 100
kHz (c), 120 kHz (d), 160 kHz (e), and 180 kHz (f)

The final set of baseline images to look at are the pitch-catch scans. In Figure

28, we can see 80-kHz Ap-mode image maps with ACQ 13 as the actuator and ACQ 14
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as the sensor on the left and with the reverse path on the right. Pitch-catch baseline
scans show a slightly larger sensing range than a straight-line path from the actuator to
sensor. The sensing capabilities of both pitch-catch and pulse-echo methods will be

further demonstrated when analyzing the damage cases.

Figure 28. Baseline pitch-catch Apimage maps for 80 kHz of ACQ 13 excitation (left) and ACQ
14 actuation (right)

5.2 Damage Evaluation
Now that we understand some basic insight into wave propagation of the grillage,

we can evaluate each of the damage cases described in Table 1.

5.2.1 Damage 1

As previously mentioned, Damage 1 is a Ya-inch through-hole in the grillage
plating. One additional parameter in the processing software, the “Scale Below”
feature, will be highlighted before proceeding with the results. Scale below is simply a
0—1 thresholding variable used to define the scale of the image map. With a low
threshold value, the range of change over the entire sensing area is visually defined.
As the threshold value is raised, only the most likely target areas are highlighted,

assisting the user in localizing potential significant changes to the structure. The
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underlying data remains the same. To illustrate an example of the thresholding

function, different scaling threshold values of the same dataset are visible in Figure 29.

Figure 29. Pitch-catch Agresults between ACQ 13 and ACQ 14 with scaling threshold values of
0.1 (a), 0.5 (b), 0.7 (c), 0.9 (d), and 0.95 (e)
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As Figure 29 reveals, at low threshold values, the significant potential damage
targets can be difficult to pick out of the entire field of change. Lamb waves are
dispersive, so the spatial wave field may be significantly altered due to new reflections,
wave mode conversions, different wave interactions, etc. The threshold tool provides
visually apparent representations of the most likely wave scattering sources. In future
plots, the threshold will be adjusted for simple visual comparisons of estimated damage
locations versus actual locations.

Next, the effect of different excitation frequencies on damage detectability will be
presented. Figure 30 shows select frequencies from 60 kHz to 180 kHz of the Ao pitch-
catch data between ACQ 13 and ACQ 14. Knowing the true location of the damage
(Figure 14, Table 1), we can easily infer that lower excitation frequencies do not provide
accurate localization insight. Around 100 kHz, the results start to indicate the true hole
location. By 140 kHz, the estimated damage location is readily apparent. These results

are not unexpected based upon prior Lamb wave damage detection research.
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Figure 30. Pitch-catch Ao results between ACQ 13 and ACQ 14 with narrowband frequency
reconstructions of 60 kHz (a), 80 kHz (b), 100 kHz (c), 120 kHz (d), 140 kHz (e), and
80 kHz (f)

Continuing the analysis of pitch-catch data for Damage 1, we can look more

closely at one of the frequencies which appears sensitive to the presence of damage.
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Figure 31 shows the image map for 160-kHz narrowband Ao pitch-catch results between
ACQ 13 and ACQ 14. Adjusting the threshold, we see that the analysis reveals that the
experimentally determined damage source appears accurate. To verify this, we can
map the actual damage location onto the image map. The bright green square in Figure
32 identifies the physical location of the through-hole on the structure. The predicted
damage source matches the actual location closely, and the square is somewhat

difficult to distinguish.

Figure 31. Experimentally determined source of damage shown for 160-kHz Ay pitch-catch
results between ACQ 13 and ACQ 14 for Damage 1
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Figure 32. The actual damage location (bright green square) and experimentally determined
source of damage shown for 160-kHz Ay pitch-catch results between ACQ 13 and ACQ 14 for
Damage 1

Next, we will look at the pulse-echo results. Phase-coherent beamforming
results combining the data from ACQ 13 and ACQ 14 are used to detect the hole.
Figure 33 shows the image map generated using the 150-kHz Spo mode, while Figure 34
overlays the actual damage location. Figure 35 contains similar results for the 160-kHz

So-mode narrowband reconstruction.

42



Figure 33. ACQ 13 and ACQ 14 150-kHz Sy pulse-echo image maps
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Figure 34. The actual damage location (bright green square) and experimentally determined
source of damage shown for 150-kHz Sy pulse-echo image maps from ACQ 13 and ACQ 14

Figure 35. ACQ 13 and ACQ 14 160-kHz Sy pulse-echo image maps (left) and the actual
damage location (bright green square) with experimental results (right)
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The pulse-echo technique determines the radial distance of the damage quite
effectively. However, with only one node between longitudinal stiffeners, accurate
triangulation of the angular location of the damage suffers. Still, the results are very
promising for detecting a small source of damage on a large grillage structure.

The interaction between the Sp mode and a circular inclusion in a plate has been
extensively studied, numerically, analytically, and experimentally (Diligent et al., 2002;
Fromme and Sayir, 2002; Moreau et al., 2011; McKeon and Hinders, 1999). In one
such study, Diligent et al. (2002) measured reflections from circular defects analytically,
numerically (Finite Element simulation), and experimentally and noted very good results
when the hole diameters were in the range of one to three wavelengths of the excitation
center frequency wavelength. As a reference, the So-mode wavelength in our material
is approximately 3.3 inches at 60 kHz, scaling down to 1.1 inches at 180 kHz. For a -
inch hole, the wavelength-to-hole diameter ratios fall between 0.07 to 0.27, orders of
magnitude smaller than the mentioned study. Ideally, for damage detection, it is helpful
to have a wavelength at least half the linear dimension of the damage length to ensure
interaction of the waves with the defect. Longer wavelengths may be unaffected by
small amounts of damage. Thus, the result indicating only higher frequencies are
sensitive to the hole damage is typical based on previous research.

A second consideration for damage detection sensitivity is the electro-
mechanical coupling between the piezoelectric actuator and the structure. Giurgiutiu
(2014) extensively details, analytically and experimentally, the interaction between
circular piezoelectric transducers bonded to a host structure (thin or thick plates).
Piezoelectric transducers are strain-coupled actuators and sensors when bonded to a
structure. At certain frequencies, considering the geometry and properties of both the
transducer and host plate, a piezo can more efficiently generate ultrasonic waves. In
other words, for a constant applied voltage to the transducer, the strain generated is
variable with respect to frequency. This characteristic can be utilized to tune excitation
frequencies for both efficient structural actuation and sensing.

Using freely available software (Waveform Revealer 3), the interaction between
the bonded structural sonar actuator and the grillage plating can be determined. Figure

36 shows the theoretical normalized strain amplitudes versus frequency for the Spand
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Ao modes coupled with a 0.35-inch-diameter circular piezoelectric actuator. The input
signal of a 160-kHz narrowband excitation is also shown. For the Ao mode, we see the
maximum strain induced on the plate from the actuator (under 400 kHz) is around 100

kHz. Similarly, the optimal tuning value for Sy is around 200 kHz.
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Figure 36. Theoretical normalized strain amplitudes plotted with a 160-kHz narrowband
excitation for a 0.35-inch diameter circular piezoelectric actuator bonded to a “4-inch A36 steel
plate

The net insight from previous research into through-hole reflectivity and plate
Lamb wave tuning, provides an awareness that, due to the wavelengths of Lamb waves
in our material, we would expect only higher frequencies to be sensitive to the presence
of small amounts of damage. Also, as the frequency of Sp actuation increases, we will
theoretically move into a region of more efficient plate excitation. Both results validate

our experimental results showing optimal detection of Damage 1 above 140 kHz.

5.2.2 Damage 2
The second damage condition is a simulated crack in a transverse stiffener weld

toe. A picture of Damage 2 and the remaining damage cases are located in Appendix
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B. Looking at the Lamb wave attenuation scans (Figure 24 and Figure 27), it is
expected this damage case will be on the fringes of the detectable region for the current
ACQ-node configuration. The damage is well outside of the pitch-catch path, so we will
briefly look at pulse-echo results.

In Figure 37, we can see the antisymmetric, pulse-echo image maps for 60 kHz.
Figure 38 and Figure 39 show the actual damage location (at the far right) and image
maps for 60 kHz and 65 kHz, respectively. As the results show, there is no clear
indication of the damage. In Figure 39, one could make an argument that the image
maps reveal wave propagation changes near the damage, but they are not the highest
amplitude deviations. With the limitations of sensing range of higher frequency modes
combined with the lack of sensitivity to damage of lower frequencies, these results are
somewhat expected. Overall, the results are inconclusive and heavily trend toward

unsuccessful detection of this damage event.

Figure 37. ACQ 13 and ACQ 14 60-kHz Ao pulse-echo image maps for Damage 2
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Figure 38. The actual damage location (bright green square) and experimentally determined
source of damage shown for 60-kHz A pulse-echo image maps from ACQ 13 and ACQ 14
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Figure 39. The actual damage location (bright green square) and experimentally determined
source of damage shown for 65-kHz Ao pulse-echo image maps from ACQ 13 and ACQ 14

5.2.3 Damage 3

As shown in Figure 15, Damage 3 is a simulated weld toe crack along a
longitudinal stiffener located between ACQ 13 and ACQ 14. Both pitch-catch and
pulse-echo detection should be able to detect this damage. Figure 40 shows the
60-kHz Ao pulse-echo image maps from ACQ 13 and ACQ 14 for Damage 3, while
Figure 41 provides the true damage location.
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Figure 40. ACQ 13 and ACQ 14 60-kHz Ao pulse-echo image maps for Damage 3

Much like the pulse-echo results from Damage 1 (Figure 35), the radial
component of the damage location is accurate. One more ACQ node may dramatically
enhance damage triangulation to narrow the target location. When trying to cover a
significant spatial area with limited sensors, the redundancy and location accuracy
comes at a cost of less structure coverage. The pitch-catch results shown in Figure 42
and Figure 43 are indicative of a stiffness change along the weld between nodes ACQ
13 and ACQ 14.
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Figure 41. The actual damage location (bright green square) and experimentally determined
source of damage shown for 60-kHz Ay pulse-echo image maps from ACQ 13 and ACQ 14

51



Figure 42. ACQ 13 and ACQ 14 60-kHz Sy pitch-catch image maps for Damage 3
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Figure 43. The actual damage location (bright green square) and experimentally determined
source of damage shown for 60-kHz S, pitch-catch image maps between ACQ 13 and ACQ 14

5.2.4 Damage 4

Damage 4 is a simulated surface crack in the baseplate (Appendix B). The crack
is nearest to ACQ 14, and a single node should be capable of discovering its presence.
In Figure 44, we see the Sp-mode pulse-echo image map of ACQ 14 for Damage 4 at
50 kHz. As seen previously, the range of the damage relative to the node is accurately
identified. Figure 45 reveals the actual crack location, which is near the point indicated

as the most likely scattering target.
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Figure 44. ACQ 14 50-kHz S, pulse-echo image map for Damage 4
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Figure 45. The actual damage location (bright green square) and experimentally determined
source of damage shown for a 50-kHz Sy pulse-echo image map of ACQ 14 for Damage 4
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5.2.5 Damage 5

Similar to Damage 2, the fifth damage condition is a simulated crack in a
transverse stiffener weld toe. As we observed analyzing the results of Damage 2, we
expect only low frequencies to have any sensitivity to the damage. Given the physical
limitation of the current setup, pulse-echo will also be the only technique potentially
capable of detecting Damage 5. Figure 46 shows the 70-kHz Ao pulse-echo image map
of ACQ 14. Low (Figure 47) and high (Figure 48) threshold image maps show the true
location of the damage. The results indicate that ACQ 14 may be sensitive to the
damage. The largest noted changes are in the same radial direction as the real crack.
The lower frequencies tend to show the same result, with the most likely source of
damage shown indicated as toward the location of damage. Figure 49 reveals a similar
result for an antisymmetric mode. As with Damage 2, successful damage detection is

inconclusive without further studies into the sensitivity of similar damage scenarios.

Figure 46. ACQ 14 70-kHz Ao pulse-echo image map for Damage 5
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Figure 47. The actual damage location (bright green square) and experimentally determined
source of damage shown for a 70-kHz Ao pulse-echo image map (at a low threshold) of ACQ 14
for Damage 5
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Figure 48. The actual damage location (bright green square) and experimentally determined
source of damage shown for a 70-kHz Ay pulse-echo image map (at a high threshold) of
ACQ 14 for Damage 5
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Figure 49. ACQ 14 65-kHz Ao pulse-echo image map for Damage 5

5.2.6 Damage 6

Similar to Damage 4, Damage 6 is a simulated baseplate surface crack. The
damage was introduced with a close enough proximity to ACQ 12 that high frequency
Lamb waves should be able to localize the surface crack location with a single
acquisition node. To test this hypothesis, we will look at results from higher frequency
excitation. Figure 50 shows the results for a 155-kHz Sp-mode reconstruction. As
hoped, experimental results provide accurate damage detection and localization
compared with the actual damage location shown in Figure 51. Figure 52 shows the
successful detection of the damage at 145 kHz. Overall, these results show the
impressive damage detection and localization capability of the MD7-Pro system
combined with advanced processing algorithms.
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Figure 50. ACQ 12 155-kHz Sy pulse-echo image map for Damage 6
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Figure 51. The actual damage location (bright green square) and experimentally determined
source of damage shown for 155-kHz S, pulse-echo image map of ACQ 12 for Damage 6
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Figure 52. ACQ 12 145-kHz Sy pulse-echo image map for Damage 6 (left) and actual damage
location (right)

59



6. Conclusions and Recommendations

The value of continuous structural monitoring on ships is becoming more
apparent as the information generated from such systems is shared with wider operator
and maintenance communities. Ship monitoring is especially valuable for tracking
fatigue life and can be of great assistance for extension of ship service life or broader
fleet management. However, most of these monitoring systems focus on strain or
acceleration responses, which may not provide timely insight into deteriorating structural
integrity. For a more complete view of structural condition, regular visual or
nondestructive inspections can be used to provide more insight into the material and
structural condition. However, such inspections are costly and typically only available
when ships are in port. To alleviate the need for some manual inspections, actively
monitoring the structure for the presence or growth of damage may be one solution.
Active SHM also provides the capability to continuously or intermittently monitor stress
concentrations, areas that are difficult to physically inspect, or known damage-prone
areas. Once structural data streams (global and local load monitoring, temperature,
corrosion, sensitization, etc.) are established, a structural digital twin can combine these
data with models and machine learning to provide continuous forecasting of future ship
health in timescales ranging from remaining useful life to the probability of current

mission success.

6.1 Brief Report Summary

The U.S. Navy and other organizations have been contracting with small
businesses to develop SHM sensors, hardware, algorithms, and software for many
years. In this study, small-business-developed SHM hardware, recently licensed and
produced by a major aerospace component and system supplier, is evaluated for use
on surface ships. After purchasing hardware from the new manufacturer, four sensors
and nodes were installed on a large, welded steel grillage. An analysis of experimental
wave propagation properties revealed which Lamb wave modes at which frequencies
may be sensitive to localized stiffness changes (damage) in the structure. After a series
of artificial defects were introduced, advanced algorithms incorporating beamforming
techniques were used to analyze the collected results. Overall, damage detection
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results were successful, except in cases where the damage was both small and

spatially distant from the sensing nodes.

6.2 Key Findings

With respect to the research objective to evaluate a COTS SHM solution for use
in maritime environments, these findings will be separated into two categories:
hardware and software. The guided-wave SHM hardware as produced by Collins
Aerospace is an incremental improvement over the previous version, and it is
significantly improved over earlier prototypes produced almost exclusively under SBIR
and STTR contracts. The Navy and other sponsors provided significant feedback to
Metis Design Corporation, resulting in numerous improvements to hardware durability,
installation methods, connectors, wiring, and other features. After licensing the
hardware, Collins Aerospace modified circuit designs and components to meet their
stringent aerospace component standards and utilize their existing production supply
chain.

The current MD7-Pro Rev 4 hardware is relatively straightforward to install,
assemble, and operate for collecting data. The installation tool greatly eases the
structural sonar installation process, and anyone familiar with installing strain gauges or
similar surface-bonded sensors should quickly learn the proper technique. The only
difficulty with installation occurred when trying to use the incorrect installation tool. The
tabs on the structural sonar circuit can be broken if not using the latest tool. Attaching
the acquisition nodes and cables is straightforward with the help of markings and
alignment tabs on the sensor nodes and matching shapes and slots on the acquisition
nodes. The only production issues noted were that the actuator on one of structural
sonar nodes had an intermittent connection, and one uninstalled sonar node also had a
bad electrical connection to the actuator.

Purchase, installation, setup, and data collection with the MD7-Pro hardware
should be straightforward for most engineers and technicians. There are some caveats
to this statement. To fully use the capability of the structural sonar nodes, the user will
likely need some understanding of, or experience with, experimental wave propagation.

The same prerequisites are also likely true if using the hardware for passive acoustic
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emission or impact localization monitoring, where the system does not provide an active
excitation into the host structure. However, the system can also be used as a fully
digital, distributed data acquisition system for strain, temperature, vibration, crack
gauges, etc. In that sense, the MD7-Pro Rev 4 hardware is compact and extremely
capable to any user familiar with sensor data acquisition.

In this study, the accumulator node and a laptop interfaced with the rest of the
hardware. For a shipboard or long-term application, Collins Aerospace is pairing the
structural sensing subsystem (accumulator nodes, acquisition nodes, and sensing
nodes) with a broader pulse health monitoring system (PHMS), which is a scalable data
collection and processing line replaceable unit (LRU). The LRU can be swapped for
data transfer, has several internal data transfer protocols, both wired and wireless, and
the capability for local data processing. An investigation with the broader system is
briefly detailed in the next section.

The second category of findings relates to the data analytic and visualization
software. In this study, the executable generated to process the grillage data was
generated via collaboration with Metis Design Corporation. For a limited study such as
this, this arrangement is not a significant burden. If using the system at scale, the
means of data analysis and damage visualization is likely the largest roadblock to
overcome. Collins Aerospace has focused on improving the hardware and its operating
software. At this time, there does not appear to be a COTS software solution ready to
perform the data analysis for any generic structure of interest. Ideally, a user-friendly
software tool that can import structural models, map physical sensor node locations,
process data, and provide visualization of the results will be developed and made
available. In the near term, data processing functionality may need to be an internal
engineering service or outsourced as bespoke analysis tools specific to the application.
The latter solution becomes logistically challenging when dealing with sensitive ship

structures typical of naval or proprietary commercial vessel applications.

6.3 Future Work Recommendations
One of the original goals of this work was to investigate long-term, continuous

operation of the COTS SHM system. After proposing the extended testing, discovery of
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the inclusion of the structural sensing components into a larger, commercial health and
usage monitoring system resulted in postponement of the effort until the full system
could be evaluated. There are plans currently under consideration to deploy a shipboard
evaluation of the MD7-Pro structural sensing system with a Collins PHMS.

As previously noted, the installed sensor layout enabled maximum spatial
coverage of the grillage structure. In retrospect, it may have been more prudent to
focus on one or two details of interest, such as longitudinal and transverse stiffener
intersections. Sensor nodes with closer spacing in a thick, welded structure would allow
the opportunity to view damage progression (crack growth, corrosion) and provide less
uncertainty and higher confidence with respect to damage localization. Assessing
individual details would also allow for the utilization of higher order Lamb wave modes.
The higher order modes have shorter wavelengths, which attenuate more quickly in the
structure. However, those shorter wavelengths would also be more sensitive to smaller
structural defects. A wider range of test structures, materials, and sensor layouts are
slated for future experiments.

Related to investigating specific details of interest, the aerospace community has
successfully implemented sensor-based monitoring for prognostic purposes. While
much of the monitoring infrastructure is not specifically for structures, integrated sensing
hardware has provided improved asset availability, extended service-life, and reduced
operating costs of the monitored structures. Part of the success of these programs is
the confidence in the hardware and sensors to adequately detect and characterize the
onset and progression of failure mechanisms. For ship maintenance and classification
communities, similar research is critical for expressing confidence in the findings from
damage detection systems. A larger study should be conducted to determine high-
priority locations and details (stress concentrations, fatigue prone, etc.), which are
suitable for active damage detection monitoring, across ship classes. For the identified
details, full material and damage mechanism characterizations can be performed.
Finally, a probability of detection (PoD) study, following the formal statistical framework
laid out in MIL-HDBK-1823A, should be completed. PoD studies at Naval Air Systems
Command and NASA with SHM hardware have led to successful integration of new

sensing paradigms with statistically based confidence intervals in the results.
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Finally, the capabilities and hardware packaging of the MD7-Pro Rev4 are under
revision by Collins Aerospace. It is expected that the MD7-Pro hardware will be
replaced with a new evolution of the hardware in the near future. As such, a study
similar to the one conducted in this investigation will need to be undertaken with the
new system. While the current system already meets many standard military
specifications and requirements, the next generation hardware should be further tested
to ensure shipboard specific requirements such as shock, smoke and toxicity, and

electromagnetic compatibility.

6.4 Future Digital Twin Integration

The output generated from the damage detection and characterization
technology described in this report is but one of many inputs included in the concept of
a structural digital twin. As Glaessgen and Stargel (2012) envisioned, a digital twin for
structures encompasses “integrated multiphysics, multiscale, probabilistic simulation of
an as-built vehicle or system that uses the best available physical models, sensor
updates, fleet history, etc., to mirror the life of its corresponding [operational] twin.” In
other terms, understanding when and where damage may have initiated while a ship is
operational is a critical data stream, but it is one of many required measurements to
achieve the capability of continually forecasting structural health, time-to-maintenance,
probability of mission success, remaining useful life, and other prognostic calculations.

Other critical components of a digital twin include environmental (wave, solar)
loads, global and local ship response to those loads, and physics-based numerical
models and can range in fidelity from hand-written notes on the corrosion wastage of
plating to 3D point cloud data developed from scanning the surface of a plate with
deformities. All of these measurements and modeling techniques introduce some level
of uncertainty when introducing them to a multiscale, multifidelity simulation, but early
results have shown the value of continuous measurements with respect to only relying
upon decisions made during the design and conceptualization of a physical asset
(Mondoro and Grisso, 2019).

In the larger structural digital twin paradigm, the monitoring of damage initiation

and growth is a narrow, but potentially critical, source of information necessary for
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maintaining a comprehensive twin. While the hardware detailed in this report is capable
of acquiring other data needed for a full understanding of the operational asset (wave-
induced strain and ship motions, distributed temperature, etc.), these results and
guidelines have a narrowed focus limited only to detecting and characterizing structural
damage. With these assumptions and boundaries laid out, the following is a conceptual
view of how active damage detection will eventually be incorporated into a broader ship

structure digital twin.

6.4.1 Define Damage Monitoring Locations

The first step is to identify structural areas, details, and joints that would benefit
from a damage detection schema. For several reasons, ranging from practicality to cost
to the sheer amount of data produced, the use of active damage detection techniques is
not likely to cover the structure of an entire ship. Near-term usage will, therefore, focus
on targeted structural details of interest. Areas of concern could be identified from
areas of known stress concentrations or high fatigue accumulation, areas with prior
proclivity to damage during operational use (hot spots), or locations which are simply

difficult to inspect.

6.4.2 Calibrate Sensing System

Once critical locations for monitoring have been identified, the next step is to
thoroughly study each detail. Crucial questions to ask about the structure include the
following: How and of what materials is the joint constructed? How is loading applied in
operation? What are the primary damage mechanisms and most likely locations of
damage initiation? These details are necessary to characterize wave propagation in the
material and, thus, the ability to detect specific defects and to assist with development
of any necessary custom damage-detection algorithms. As previously mentioned, this
is the step where a probability of detection study would be performed to provide a
formal statistical framework to evaluate detectability for the relevant damage
mechanisms. Sensor placement optimization routines can assist in defining the amount

and location of sensor nodes.

65



6.4.3 System Installation and Operation

Based on the analytical and numerical studies performed in the previous section,
the next step in implementing active damage detection is to physically install the
sensors in the previously determined optimal locations. The system could be set up to
collect data at defined intervals or on demand, including an active scan triggered by a
detected acoustic emission event. Along with the actual sensors and hardware, a
numerical model of the physical detail should accompany the sensor installation. The
model is used to interpret sensing results to provide the statistically based, most likely
damage conditions and pass along any changes to the larger digital twin. Ideally, this
localized detail model is contained at the edge, either at the sensor location or in a
common computing resource on the ship. Any indications of damage, with its
corresponding statistical uncertainty, would be fed into the larger afloat digital twin
manager. The digital twin manager should have a model-updating engine to
autonomously modify the condition of the ship structure for use in engineering analyses.
Afloat digital twins could have data from both localized detail condition as well as
current global ship response, environmental conditions, and more to inform operators of
ship health. The structural information can be combined with information from other
ship systems to generate system-of-systems digital twins for enhanced awareness of
current and predicted future conditions for use in mission planning assessments.

Likely damage locations, ship usage and fatigue accumulation, overload events, etc. are
relayed to the corresponding ashore digital twin for mission planning, maintenance
planning, fleet management, and ship life cycle decisions.

To achieve this vision of afloat and ashore digital twins of ship structure, several
technology enhancements are necessary. Shipboard edge computing will be necessary
to process the damage detection data and update the individual joint surrogate or
reduced-order models. The models themselves will need an automated updating
engine to change the local models before new numerical calculations can be performed.
Finally, to reach prognostic capability, data fusion techniques of disparate data streams
must exist to understand how the ship structure will perform in the current and future
missions, based on ship condition, expected operational environment, and other

conditions.
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Appendix A

Annotated Grillage Run File in “Tables” Directory

START = off
BUS=R

RUN = PE_11.gwmode

PAUSE = 10

RUN = PE_12.gwmode

PAUSE = 10

RUN =PC_11_12.gwmode

PAUSE = 10

RUN=PC_12 11.gwmode

PAUSE = 10
BUS=L

RUN = PE_13.gwmode

PAUSE =10

RUN = PE_14.gwmode

PAUSE =10

RUN =PC_13_14.gwmode

PAUSE =10

RUN =PC_14_13.gwmode

BUS = off
STOP =on

Turn on power to the right bus

Run the pulse-echo guided-wave profile on ACQ 11

Pause 10's

Run the pulse-echo guided-wave profile on ACQ 12

Pause 10s

Run the pitch-catch guided-wave profile from ACQ 11 to ACQ 12
Pause 10s

Run the pitch-catch guided-wave profile from ACQ 12 to ACQ 11
Pause 10s

Turn on power to the left bus

Run the pulse-echo guided-wave profile on ACQ 13

Pause 10s

Run the pulse-echo guided-wave profile on ACQ 14

Pause 10's

Run the pitch-catch guided-wave profile from ACQ 13 to ACQ 14
Pause 10's

Run the pitch-catch guided-wave profile from ACQ 14 to ACQ 13
Turn off bus power

End test

Example Pitch-Catch Guided-Wave Mode in the “Modes” Directory

(“PC_11_12.gwmode”)

11=pitch.gw
12=catch.gw

Defines ACQ 11 as the actuation node
Defines ACQ 12 as the sensing node

Example Pulse-Echo Guided-Wave Mode in the “Modes” Directory (“PE_11.gwmode”)

11=pulse.gw
11=echo.gw

Defines ACQ 11 as the actuation node
Defines ACQ 11 as the sensing node

Pitch Guided-Wave Parameters in the “Profiles” Directory (“pitch.gw”)

act_type=2
act_vpp=20

sample_time_us=1000

gain=3
avg_power=9

Defines the actuation type to Chirp

Defines the peak-to-peak actuation voltage to 20
Sets the sampling time to 1000 us

Sets the signal gain to 3

Sets the number of averages to 2° (512 averages)
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Catch Guided-Wave Parameters in the “Profiles” Directory (“catch.gw”)

act_type=0
sample_time_us=1000
gain=150
avg_power=9

Defines the node as a sensor

Sets the sampling time to 1000 us
Sets the signal gain to 3

Sets the number of averages to 2° (512 averages)

Pulse Guided-Wave Parameters in the “Profiles” Directory (“pulse.gw”)

act_type=2
act_vpp=20
sample_time_us=1000
gain=3

avg_power=9

Defines the actuation type to Chirp

Defines the peak-to-peak actuation voltage to 20
Sets the sampling time to 1000 us

Sets the signal gain to 3

Sets the number of averages to 2° (512 averages)

Echo Guided-Wave Parameters in the “Profiles” Directory (“echo.gw”)

act_type=0
act_vpp=20
sample_time_us=1000
gain=4

avg_power=9

Defines the node as a sensor

Defines the peak-to-peak actuation voltage to 20
Sets the sampling time to 1000 us

Sets the signal gain to 4

Sets the number of averages to 2° (512 averages)
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Appendix B

Figure 53 through Figure 57 show photographs of the damage cases not contained

within the main report body.

Figure 53. Damage 2, a simulated transverse stiffener weld toe crack (top) and its relation to
ACQ 13 (bottom)
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Figure 54. Damage 4, a simulated baseplate surface crack
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Figure 55. Damage 5, a simulated transverse stiffener weld toe crack
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Figure 56. Damage 4 and Damage 5 in relation to ACQ 14
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Figure 57. Damage 6, a simulated plate crack, in relation to ACQ 12
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