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ABSTRACT
Nondestructive Evaluation (NDE) 4.0 is an emerging approach for providing automation towards
material inspection using innovative techniques from Industry 4.0. Such innovative approaches
allow for vast data acquisition and analysis potential for physical component assessments that
require inspection, or else risk structural failure. Inspection for conductive materials is possible
from surface scanning procedures, such as Eddy current testing (ECT). ECT utilizes electromagnetic
induction to find defects in conductive materials. In the case of this dissertation, corrosion may
be detected with ECT before it continues to grow and damage larger components. Corrosion is
“the cancer” of metallics, costing billions in irreversible damages annually. In some instances,
corrosion may occur under paints, which may be near invisible through visual inspection. ECT
in place may be used, however many components need fast and robust scanning procedures. Fast
scanning can be enabled with Eddy current arrays (ECAs), allowing repeated coils that may be
used to increase scan areas or cut down scan times, a procedure like a paint brush that obtains
information about the material’s health. ECAs also allow for different configurations that may
be beneficial for data analysis, such as differential scanning mode. Inspection may be automated
using robotic arms systems equipped with ECA, allowing for fast, repeatable, and robust scanning.
This may be useful in situations with large components that may be brought into a "robot arm
sensor wash" system, such as automobiles or military vehicles. One barrier for enabling robust
“freeform” scanning is obtaining the scan path which the ECA will glide along, as components
may come in different shapes and sizes, sometimes with curved or complex geometries. The focus
of this dissertation is to provide NDE 4.0 techniques along with ECA to detect corrosion along
curved steel sheets. NDE 4.0 techniques show capabilities merging cyber-physical systems (CPS),
computer vision, and the concept of digital twins between physical and digital space. To enable
NDE 4.0 for robotic inspection, a framework was developed, which has five major steps: obtain a
reconstruction of the physical object and surrounding environment, orient this virtual scene with
respect to the robot’s base frame, generate a toolpath which the NDE probe will be manipulated,

conduct the ECA scan with 6-degrees-of-freedom (6-DOF), and process the NDE results. A novel



algorithm was developed, “ray-triangle intersection arrays,” which enables pathing on meshes from
a raster pattern. The framework used was designed to be generalized for any surface scanning
probe, in which ultrasonic testing (UT) scanning for carbon fiber inspection is also demonstrated
using the same framework. For ECA, it is important to keep the probe close to the surface while
ensuring the distance between the sensor and the probe, or lift-off, is minimized. For the scale of
the defects obtained, which is approximately 0.05mm in depth at max, otherwise minor tilts of the
probe become significant. The ECA probe contains 32 channels and was operated at 500khz using
absolute mode scanning, allowing for exceedingly small defect depths to be detected. The effects
of ECA scanning using a robot system are examined, showing that tilt errors from either the path-
planning procedure or even the calibration or the robot will provide significant errors. To better
understand the effects per coil, a “full” scan mode was examined, showing a larger image per coil,
as well as the typical painting scan considered as a “fast” scan. Other errors such as heating were
also examined. With knowledge of the errors from robotic scanning, post-processing procedures
were developed to minimize errors. A novel algorithm “array subtraction” was developed to reduce
lift-off from common factors seen in every coil, indicating prob tilt error. A digital microscope
was used to compare defects ground-truth defect volume with the ECA results, in which defect
versus background intersection masking was used. Three objectives are discussed to cover the
generalized robust surface scanning framework, the dissection of effects of robotic scanning for
ECA for corroded surfaces, and how to process and interpret this ECA data. The results show
promising future applications for robust surface scanning as corrosion is decently detected. Future
applications would be the previously mentioned carwash system, Al-enabled detection, and mobile

platforms to expand on inspection workspaces.
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CHAPTER 1

INTRODUCTION

Nondestructive evaluation (NDE) is the field of study about the determination of properties from a
material or structure without resorting to modification or harm to the specimen under test [79]. NDE
applications are important for deciding significant damages or deterioration on a material under test
(MUT) which may cause a catastrophic event to the overall system if not detected and dealt with.
For example, hydro turbines are widely used for power generation and come in different shapes
and sizes [177] but are susceptible to various damages to be examined [52]. Such defects that may
cause system failure may be difficult to impossible from conventional methods. If a person visually
inspects turbines within the plant, they may see a corroding surface within only their eyesight. The
issue comes from damage that may not be clearly seen, such as sub-surface defects or bonding.
Failure to resolve a damaged turbine may create down times at a cost to the facility. At worst,
scenarios may arise that may create hazards for operation and maintenance personnel. Another
example is from airlines, which have suffered catastrophic events due to component failures [41].
These disasters could be prevented through NDE, which may be used to decide the location and
severity of damage within critical materials. NDE may be used to obtain the current state of a
component, which when compared with its lifespan, may give a prediction of when to replace a part
through prognostics. Another example of difficult but important to inspect regions are from point
plant vessels, which are not OSHA compliant [24] and result in hazardous operation for human
inspectors. Because of the importance of inspection and the difficulty of using humans to inspect
critical materials in many scenarios, robotics may be used in place. Robots allow for remote or
automated inspection of difficult to inspect locations and may be useful as an alternative to human
inspection.

Corrosion is "the cancer" of metallics which results in billions of dollars’ worth of damages an-
nually [78][18]. Awareness enabled by NDE may be used to reduce these damages [78][140][128].
NDE may be used to find corrosion in locations that are not obvious to a human inspector or would

otherwise be difficult or impossible for a human inspector to have access to. Corrosion may occur



on large complex surfaces for a selection of different fields, for applications not just limited to army,
navy, aerospace, power plants, and pipelines [156, 70, 23, 129]. As corrosion occurs on metallic
surfaces, which are conductive, methods such as Eddy current testing (ECT) may be used to detect
corrosions, even ones that are small in area, 1 X 1mm? or larger, and depths of at least 10um at
higher frequencies such as 2M hz. The purpose of this research is to integrate NDE and industry
4.0 techniques through cyber-physical systems (CPS) methods to achieve NDE 4.0, allowing for
autonomous inspection when applied with robotics. The methodology focuses on reconstructing a
mesh, in which novel path-planning procedures are discussed. Through the methodology, corrosion
detection may be enabled with ECT with special post processing required. The samples used are
curved for both concave and convex scanning setups. An Eddy current array (ECA) is used, which
contains several different channels utilized to speed up scans and increase scan coverage per time.

Unique processing techniques are demonstrated to eliminate certain issues such as lift-off.
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Figure 1.1 Proposed robot arm NDE framework in NDE 4.0, showing reconstruction, alignment,
generation, scanning, and post-processing on carbon fiber samples.

1.1 Purpose of NDE Robotic Inspection for Complex Surfaces

An important yet overlooked procedure is the examination of “complex-shaped” objects, which
requires an actuation system capable of moving along its surface. Using CPS to visualize an
actuation system’s workspace allows for such scanning by reconstructing the surface and parsing
a toolpath to move along. A “complex-shaped” object is defined for this thesis as an object with
non-planar or non-flat surfaces. Topologies may have properties such as surface curvatures that are
concave or convex, gaps or through-holes in the material, or steps or depth displacements on the

area to scan. The surface shape affects two important qualities of NDE data using surface scanning



probes:

1. Lift-offs (a.k.a., stand-off distances) between the examination probe and the surface, which
the probe needs to be both close to the surface of the object to the scan and/or constant

between sensor positions.

2. The localization of data, or its position on data obtained. Both lift-offs and localization
affect the quality of scans as well as precise knowledge of the damage, such as location,

classification, severity, etc...

If the sensor does not follow the surface properly, then data quality of defects may be poor or even
nonexistent. Variations in lift-off tend to bias results for ECT methods [146] and even for acoustic
testing [183] which has less lift-off error requirements in comparison.

Before applying the more complex techniques of CPS, similar NDE applications should be
discussed. In practical applications, handheld systems used by human operators may be used. In
research applications, a sensor held on a Cartesian linear actuation system such as a gantry may be
used. There are several advantages as well as issues for both. Human operators have the benefit
perception, classification, and decision making [189] [45]. These benefits are only natural for
human conductors, while CPS needs complex architectures and algorithms required to apply and
simulate similar actions. In simple terms, a human operator should know exactly how and where
to reach an object to scan with the sensor. In contrast, an automated system requires a physical-to-
virtual correspondence, or "digital twin" of the geometry and classification of components based
on the mesh, an algorithm to apply path planning to move the sensor, then place the sensor while
acquiring data. A further albeit abstract benefit is that human operators also may understand and
potentially apply unique operations for specific conditions, which a computer itself could only
achieve depending on complexity of artificial intelligence, potentially up to sentient levels. For
example, a car door needs to be scanned, which is not perfectly flat and holds at least two materials:
metal shaping most of the piece and glass covering the window. The area around the metal should

be scanned, and the glass should be avoided. A human may simply understand this and move the



sensor along the metal; however, an automated system may not at once understand this and may risk
shattering through the glass if not seen inside a cyber-physical environment. Another example could
be a pipe on a ceiling above the workspace of a robotic arm. This assumes there is a valid solution
such as blocks to climb and is not bounded by wires or weight nor having unique script designed for
this scenario. The robotic arm without near-sentient capabilities may never find a solution to reach
the sensor to this pipe, while a human may just use a ladder to reach the pipe. In a sense, robots
and NDE are techniques used as tools for their needed applications, which proves this concept as
well. While humans have analysis skills, certain objective information cannot be obtained easily.
Human operators cannot reliably obtain the position of the sensor constantly without aid, which
actuation systems should already be capable of doing through forward kinematics. This means
that data localization becomes subjective, by being reliant on the human’s perspective and time
of NDE data acquisition. Fortunately, there are algorithms that may collaborate with human-
operated handheld systems that help localize data without physical encoder information, such as
simultaneous localization and mapping (SLAM) [189], which can visually encode data information.
The downside of these algorithms is that they are based on approximations from data topology
rather than more concrete information from robot systems with high precision. Another issue is the
limited workspace or area a human operator may conduct scanning in, either due to size, whether
being too large or high to reach or too small to fit inside, or environmental hazards, such as slipping
or height, intense heat, or chemical-related hazards. As mentioned before, a human conductor
may find unique solutions for each, but such may increase risks, such as risk of injury or death
due to falling from a high height such as a bridge. One other issue is redundant scanning, which
automated actuation systems outclass human inspectors in both time of operation, resolution, and
repeatability. Therefore, while humans surpass automation in intelligence of subjective matters,
which allow for broader solutions, automation allows for objectivity with narrow solutions that
may be difficult or impossible for human conductors. Finally, due to many of the concerns just
listed, NDE inspectors need to be highly qualified, requiring expert knowledge on how to properly

conduct NDE inspection.



Gantries, or other systems which use linear actuation along a Cartesian axis or rail, may
provide redundant scanning, parse position information, and synchronize it with concurrent NDE
data. Gantries are very stable and can move with high accuracy typically within a fraction of a
millimeter. Usually, gantries are used in research settings to scan flat “coupon” samples to parse
NDE data without complicated setups, such as reconstructing the sample in virtual space to set
up a digital twin for path planning and NDE data. A simplified setup is to place a sample either
flat or along a plane of the gantry, measure the area of the coupon, place the sensor close to the
sample, keeping low lift-offs and lift-off variation, and run a raster scan along the piece to obtain
a discrete scan along the sample. The issue comes when complex-surface components require
scanning, such as vehicular pieces, such as hoods or doors, or aerospace pieces such as jet-engine
turbines. These pieces have curved structures which will inevitably lead to unacceptable lift-off
variations if scanning only on a 2D plane. Even with coupon samples, there may be uncertainties
in liftoffs due to the sample not being completely flat, either due to placement or if the sample’s
structure is slightly curved or has surface roughness. Depending on the method used, such as
ECT, which typically requires low lift-offs and variations, this may not be acceptable and lead to
large data uncertainties. Some methods allow for large lift-offs due, such as thermal imaging and
radiography, which even allow for portability [167][165]. However, these methods have limitations,
such as surface only evaluation for thermal imaging, and dependency on orientation/thickness as
well as radiation hazards for radiography [79]. Gantries with a 3D Cartesian setup may scan
complex samples. This requires knowledge of the geometry of the sample, either reconstructed
or pre-defined with measured placement in the workspace. However, these systems will have a
constant rotation of the probe or a “flexible” probe, meaning that maintaining the probe normal to a
complex-surface object is particularly challenging. A gantry may become capable of dealing with
this rotation issue by adding two consecutive servo or similar motors on the end-effector, which
may be suggested if a gantry must be used.

Because of the limiting factors from human operators, and the lack of complexity for gantries, a

system was developed that would allow for scanning complex-surface objects within its workspace.



This system is capable of autonomously scanning complex-surface objects with a “black box”
surface scanning probe in mind, meaning any NDE probe that requires being moved along the
surface may be used along with the developed NDE 4.0 framework. The novelty of this system
is that it uses a structured light sensor as a reconstruction device to obtain the surface profile of
the object under test, align the virtual environment with the robot’s base frame, create a path for
scanning, then conduct an NDE scan with 6-degrees-of-freedom (DOF) complexity. The system
will show capabilities through ECT for corrosion detection. Ultrasonic testing (UT) will also be
briefly shown in support of the framework provided, shown in figure 1.1.

Translating and rotating an NDE probe with the closest approximation to a surface, with a
constant lift-off with low variations between different sensor transformations, should give high
quality NDE data. This may also provide the best localization of the NDE data within space.
Visual encoding methods are not examined since physical encoders should supply more objective
knowledge of position than SLAM, which requires virtual approximation techniques from each
mesh. Actuation systems can throughput an end-effector transformation, which can be synchronized
with the NDE data of a sensor as the end-effector at the same time or interpolated between positions.
Inaccuracy of the transformation of the probe affects both NDE data quality (variable and non-close
lift-offs), and inaccuracy of known location of probe will mean inaccuracy of NDE localization.
Hence high accuracy methods for placing waypoints, requiring high accuracy of a virtual surface
of the physical object, and high accuracy actuation systems, are needed.

As for applications, different scanning systems are suggested that may use the technology
provided in this research. One would be robot arm systems, which will be the system focused on
due to ease of confirming position accuracy using an industrial Fanuc 100ib robotic arm. It is
expected that this system would work as a “robotic car wash” that finds defects towards ongoing
materials and potentially fixes them on the spot. For example, an item for inspection may be rolled
into the robotic NDE space for inspection, such as an automobile, and aircraft, or military vehicles,
either a singular component, multiple components, or even the entire vehicle for corrosion. Another

adjacent example, irregardless of corrosion detection but for based defect inspection, may be from



a pipeline in which the component is manufactured. In both cases, the robots automatically detect
the surface profile of the vehicle and determine the scan path. Classification of components, such
as the difference between a car door frame and the window, is ignored for now but is an important
consideration. Other scanning systems would be an unmanned vehicular platform and an unmanned
drone platform, both holding the sensor and potentially a light-weight robot arm or chained servo
motor system for actuation. These would increase the robotic workspace compared to a stationary
robotic arm by allowing dynamic movement of the robot’s base frame. For drone platforms, they
may be used to fly to hard-to-reach areas of interest, such as bolts on a bridge that would be risky
for a human inspector to reach. Though these two methods are for future work, the same NDE 4.0
framework used in this thesis is suggested, as the only changes are the movement of the robot frame

and requirements for mobility.

1.2 NDE 4.0 Framework

The proposed NDE 4.0 framework consists of five stages, as shown in figure 1.1: environment
reconstruction, environment alignment, toolpath generation, NDE scan, and NDE post-processing.
The goal is to perform each step with minimal human interaction for automation. There are three

classifications for automation considered:
1. Currently automated
2. Theoretically automatable but not currently implemented for the developed system
3. Not automatable (requires human interaction)

Each phase will be explained in more detail across this dissertation, but this section is to explain
the pipeline. For point cloud (PTC) and mesh processing, including reconstruction, alignment,
and other procedures to clean geometric data, CloudCompare and MeshLab are used. For robotic
simulation and inverse kinematics solutions, RoboDk (RDK) is used. Computer-aided design
(CAD) models to scan along are specifically avoided, due to strict requirements on the location
of where to scan which is difficult to objectify without rigorous measurements of the environment

to ensure alignment. That is not to say CAD models are not useful for actuation, there has been



work dedicated to registration methods with CAD models [81]. For lift-offs, the ECA should be
consistently 1mm away from the surface with minimized tilt. Tilting along the probe will add
variability in lift-off per coil on the array which is unwanted. Both may easily be miscalculated
by a bad rotation or translation measurement between physical and digital environments, hence
the importance of physical to virtual registration. CAD models are only local to their defined
digital space and require measurement to achieve translation back to physical space that is prone to
error. It is also considered that in practice, samples would want to move seamlessly into the robot
environment without interruption on manual measurements with respect to the robot’s base frame,
hence the importance of automation.

The input of this framework starts from a reconstruction device, which enables a digital PTC
profile correlated from the physical topology of the MUT or sample under test. This is considered
a cyber environment. A cyber environment for the NDE 4.0 framework should hold at least the
region of the sample under test which the NDE scan should be conducted. There may be regions
of objects that are not a part of the scan but are picked up by the reconstruction device, these
are considered as background components. For usage of the cyber environment with the toolpath
generator, there are two major steps needed for processing the PTC: reconstruction and alignment.
Reconstruction refers to forming a mesh, a linkage of vertices and faces from the PTC to obtain
a surface profile. The accuracy of this reconstruction, heavily dependent on the accuracy of the
input PTCs to the physical surfaces, decides the accuracy of the surface profile. Many dedicated
reconstruction devices, such as Intel RealSense for stereo vision, or the Creality CR-01 structured
light scanner, supply a choice for outputting to either mesh or PTCs. On top of this benefit, they
also provide 2D depth field from one snapshot, and may also fuse multiple snapshots to increase
the range of reconstruction. These meshes require alignment, as there is no reference from the
raw data to coordinate back to the robot itself. Another method is to perform a profilometric scan,
either with a laser sensor, by committing a raster scan around the region to scan while obtaining the
sensors position and depth information. This supplies a PTC covering the topology of the surface

to scan. Since the NDE device’s position should be recorded from the robot, the PTC will also



be referenced to the robot. However, reconstruction using structured light is only featured in this
work.

Reconstruction is specifically the process of obtaining a physical geometric profile in digital
space. A raw PTC is the first piece of information obtained, sometimes multiple merged or
processed together. If a raw point is required into being converted into a mesh, which occurs with
this type of profilometry, Poisson reconstruction is a useful method for this conversion [116][94],
available inside of CloudCompare using scalar fields (SFs). Commercial reconstruction devices
have features to obtain a mesh as an output. The output of the reconstruction phase should also
allow for any processing on the PTC before reconstruction, and after to potentially smooth the
mesh. Processing should also split the sample under test and the background. The mesh with both
is considered as the full environment. The full environment is useful for collision detection within
the robot simulation, so joints of the robot do not hit recorded physical regions. Examples are
shown in figures 1.2, 1.3, and 1.9 for different methods for reconstruction with a complex-shaped
sample made of carbon fiber reinforced polymer (CFRP). Figures 1.2 and 1.3 are unregistered,

meaning they are not aligned with the robot.

Figure 1.2 Structured light mesh as output from the Creality software.

Registration or alignment is how to orient the reconstructed cyber environment into the robot’s
base frame. This process is important to ensure the robot is accurately scanning over the region
under test. The output is a transformation matrix, holding both position or translation and rotation

information, which is applied to a mesh to align. The transformation should orient the cyber
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environment with respect to the robot’s base frame, which enables topological knowledge to the
NDE probe as an end-effector through inverse kinematics. A maligned example is giving in figure
1.4. Two methods were examined for this translation. Point Pairs Picking (PPP) is a method which
takes at least three sets of points, location only, between "aligned" and "registered" points, and
estimates the best transformation to match these point pairs. The aligned set should be in reference
to the robot’s base frame, while registered should be in the reconstructed unaligned environment.
The matched point pairs should be in positions measurable in both the physical environment and
the cyber environment. This is considered alignment calibration, where certain features on the
surface are picked up for PPP. The issues with PPP are that it requires calibration regions, it
requires measurement of the physical calibration regions with respect to the robot’s base frame,
and it requires choice of the same calibration marks in the virtual environment. The solutions
used in this dissertation are done manually, physically by moving an end-effector to a calibration
region, and virtually through CloudCompare. For the sake of the framework, reconstruction comes
before alignment, though it may be possible to interchange these two processes. It is in this order
since alignment while may take either a PTC or mesh but meshes are better for human interaction
as points may be selected on a face between points, which may give a better approximation of
feature selection then selecting a surrounding point. The second examined method is Center Point
Transformation (CPT), which requires the transformation of the reconstruction sensor with respect
to the robot’s base frame on associated snapshots. To obtain this transformation, the reconstruction
sensor may be placed as the end-effector or otherwise on the robot so it may be measured back to
the base frame. Unlike PPP, which the sensor may be used around the robot, CPT needs it is on
the robot. CPT enables simple and fast automation if the center point of the cyber environment,
which is locally as (0, 0, 0)m in Cartesian coordinates, as measured with respect to the end-effector
or other orientation on the robot. The complication comes from black boxing inside commercial
sensors which may distort this orientation from the center point from the ideal (0, 0, 0)m orientation,
potentially up to a couple of centimeters. The profilometric raster scan uses CPT per point instead

of per PTC, where each point is measured through as the end-effector.
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With the environment reconstructed and aligned, it is possible to generate a set path in which
the NDE probe will be oriented on the sample’s surface. Each individual point to orient towards is
considered as a "waypoint", and the path from start to finish of all available waypoints is considered
as the "waypath". Waypoints include both translation and rotation information. The goal is to
generate a waypath with each waypoint gliding along the surface of the sample under test, with
a lift-off to prevent collision between the sensor and sample. This collision may occur due to
any errors in reconstruction or alignment if there is no lift-off. Typically, lift-offs need a balance
between not being too close to the sample to damage the sensor, yet not too far away to reduce the
quality of or even eliminate the returned signal from the probe. This is especially relevant for ECT
and many subsurface tests, where signals even near the surface may have low signal-to-noise ratio
(SNR). Along with this "low but not too close" requirement of the probe, is to ensure the lift-off is
constant while the probe is gliding. If there is variance in lift-off, this will bias SNR which may
distort the output data.

To obtain a waypath, a custom path planner was used. Commercial path planners exist for other
surface applications such as polishing, sculpting, or welding. For example, SprutCAM has been
applied for both CAD models [170] [47] and reconstructed models [145]. The benefit of these
commercial path planners is that they have apply spline operations [184] to improve the smoothness
of the scan path, which in turn prevents clustering of data points at waypoints where the sensor
must stop and decreases operation time. From practice of at least SprutCAM using reconstructed
samples, there was trouble in defining regions where traversal splines would be generated, due
to the high polygon count. As such, a custom path planner was made that sacrifices splines for
waypoints where the sensor stops at.

The custom path planner uses a novel approach: ray-triangle intersection arrays. The waypath
generator inputs the reconstructed and aligned model and certain parameters such as location,
resolution, and scan area. From the definition of the scan parameters, an array of rays is generated
which tries to find intersections on the mesh. If an intersection is found, a waypoint is generated

based on the location at the intersection. Rotation is also calculated from the normal of the face
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that was intersected. If there is no intersection, then a waypoint is not generated. Finally, a
lift-off needs to be found. Two approaches were developed; one is a simple global lift-off where
every point is translated by global Cartesian coordinates, potentially only in one direction. This
approach works well on flat surfaces and supports the array shape of the scan plane. It is also a
quite simple approach to set up, where only translations are added. The issue comes with curved
surfaces, which waypoints generated on surfaces orthogonal to the global translation will move
away from the surface, leading the probe to unwanted rotations and lift-off variations. To counter
this, another lift-off approach was used, which applies lift-off per waypoint, along the normal of
the intersected face. The allows for generated points to have the proper transformation to examine
each face. The scan’s shape may be affected, generally due to the coarseness of reconstructed
models having overcompensated rotations on faces, meaning waypoints may overcompensate for
its translation. This problem becomes more prevalent with higher lift-offs, where some waypoints
become unreachable by the robot. One final concern about waypoints is that the robot must stabilize
itself at each waypoint, meaning it must slowdown to reach the point, stop for a brief period, then
re-accelerate to reach the next waypoint. This process increases scan times and clusters measured
NDE data points, adding to some complications when reconstructing NDE data in post-processing
about scalar fields. An example of this engine is shown in figure 1.5 and 1.6.

A waypath is not the final output to the robot, as this is oriented as points from the robot’s
base frame. To solve how the robot moves the NDE sensor to each waypoint, inverse kinematics
must be solved. Inverse kinematics supplies the "joint set", which is the joints needed to reach
every possible. Inverse kinematics is done within RDK as the robot simulation software, shown in
figure 1.7. Some notes about inverse kinematics are that there are potentially infinite solutions per
point, as there are several different joint rotations that may obtain the same orientation described
from the waypoint. As such, the path that enables the least amount of time to move towards should
be perfected. Some waypoints, despite being generated, may not be reachable. There are three
conditions that prevent a waypoint, including movement between waypoints, being placed inside

the joint set:

13



1. The waypoint is outside the robot’s workspace or otherwise range to orient towards.

2. To reach the waypoint, a collision will occur. A collision may be from any piece of the robot,

including joints of the arm or sensors, with the environment or itself.

3. The waypoint generates a singularity that cannot be solved.

These conditions may be checked within simulation. Singularities are potentially still an issue
when physically scanning. Once the joint set is generated and properly covers the region to scan
by avoiding the earlier conditions, the joint set may be sent to the physical robot for conducting
the NDE scan. A simulation may be run inside RDK to check for collisions, which makes the
extra background information useful, so the robot does not hit what has been measured. That said,
anything not collected inside the reconstructed mesh may cause a collision.

The NDE scan may be conducted when the joint set, based on the waypath along the sample,
is available. The NDE should be attached as an end-effector of the robot and the probe prepared
for scanning. While the scan is being conducted, there are two throughputs. The first is the probe’s
end-effector orientation, which is returned to the computer through Ethernet. The second is the
returned signal of the probe, read in through a data acquisition device or chip connected to the
computer. These two outputs are synchronized together, meaning that each recorded point floats
inside Cartesian coordinates with respect to the robot’s base frame, holding position, rotation, and
NDE information. This is considered as a 3D+NDE point. Each 3D+NDE point is acquired as soon
as both orientation and NDE are acquired, meaning they are acquired in between waypoints rather
than only at waypoints. When the scan is done, a PTC of 3D+NDE points should be available,
with a shape like the input reconstructed and aligned mesh sample. The method and output of the
NDE scan is left ambiguous to allow for black boxing of different NDE methods. ECA inspection,
which requires each channel to be oriented using the robot’s tool frame per data point, is conducted
to localize data with the robot. UT inspection later uses a similar process but only for one channel.

The 3D+NDE PTC should endure some post-processing. Currently, filtering of NDE data

like 2D images is in a nascent stage due to redeveloping known algorithms but within 3D space.
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Deconvolution algorithms are helpful for removing effects such as unwanted reflection and are
generally developed with a requirement of a point spread function or similar functions for 2D images
with fixed resolutions. In 3D space, many of these algorithms are not available or potentially have
not been developed. This shows some of the novelty proven in this dissertation, which comes at a
cost of missing available tools for post-processing. One tool that can be used, which has already
been shown, PTC to mesh reconstruction. Applying Poisson reconstruction to 3D+NDE PTCs
provides an NDE mesh with respect to the robot, which enables visualization of defects within
3D space. An example is shown in figure 1.8, 1.8, 1.10, and 1.11. There may be endless future
applications with this sort of technology at hand. Much attention was dedicated to black boxing
methods so they may be easily replaced with other methods. For example, a robot arm was used
just to demonstrate the framework. If a mobile platform is used instead, such as a robot car or
drone, the process remains: decide the environment with respect to the robot, generate a path to
move along, record position and NDE data, and process the data. The full framework of this work

is shown in figure 1.12.
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(a) Point cloud, RGB from physical coloring.

(b) Unfiltered SF mesh after Poisson reconstruction.

(c) SF filtering at 6.520.

Figure 1.3 Cyber environment of CFRP x-brace from a structured light snapshot: PTC to raw
mesh.
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Figure 1.4 Unaligned versus aligned cyber environment mesh of a sample physically placed on a
table in front of the robot. Without information of where this table should be at, the robot will
orient the NDE probe at inappropriate locations.
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Figure 1.5 Custom path planner, where a waypath is generated from a reconstructed CFRP x-brace
sample. The scan plane has an area of 13 X 15 cm and a resolution of 130 X 10 points.
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Figure 1.6 Another example on a low resolution sphere to more clearly show rotation from face
normals.
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Figure 1.7 RDK simulation of the robot arm and two reconstructed samples, one aluminum
sample on a table, and a CFRP x-brace. The aluminum sample shows the path where the robot
will move towards, starting and ending at a safe location away from the sample.
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Figure 1.8 3D+NDE height-map reconstructed PTC of a CFRP x-brace, from air-coupled UT
scanning. The waypath can be visualized with its raster-like pattern. Large gaps between points
are just linear movements between the two. The colder colors are closer to the robot, which is also
represented as the third Cartesian coordinate towards the robot.
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(a) Unfiltered SF mesh after Poisson reconstruction.

(b) SF filtering at 4.913.

Figure 1.9 Cyber environment of CFRP x-brace from using UT profilometry to SF mesh. This
environment is with respect to the robot’s base frame.
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Figure 1.10 3D+NDE height-map reconstructed mesh of a CFRP x-brace.
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Figure 1.11 3D+NDE mesh from surface scanning on the CFRP x-brace in absolute summation
mode, in which surface calibration stickers are picked up.
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1.3 Objectives

Objective testing will be covered later, this section will provide a brief description of the
objectives covered in the work. The ECA results were cross checked with ground-truth digital
microscope data for several defects per examined sample to obtain the best objective information.
This process uses cross-correlation to attempt to place the ground truth data with the ECA data. If
it is found, the background and defect locations are checked per pixel and intersected to determine
the percentage of pixels matched between the two sets. The samples examined were curved in both

concave and convex patterns and were corroded for 7 days using the ATSM B117 standard.

Objective 1 NDE complex surface scanning without a CAD model.

Using the provided framework of reconstruction of a mesh of the area to inspect, aligning that
mesh to the robot, path planning on the mesh, and conducting a "black box" NDE surface scan
relevant to the sample enables freeform scanning of complex shapes. To enable robust scanning,
the reconstructed mesh is used in ray-triangle intersection arrays to obtain a path where the robot
may manipulate the NDE probes. NDE scanning assumes low error in the procedures prior to NDE
scanning. The purpose of the objective is to enable a robust path planning procedure for surface
scanning probes. Later, ECA scanning, and UT scanning experiments are conducted highlighting
the framework procedure. Low error in terms of reconstruction and alignment are particularly
important as this adds variability in lift-off and probe tilt. As seen in the ECA results of corroded
samples, which require very precise measurements due to the low depths of at max 50um, some
results are disrupted by errors that are generated from such errors. On top of this, robot mastering

error was discovered to be a factor that required post-processing to be removed.

Objective 2 ECA scanning of corrosion using a freeform scanning system.

As just mentioned, there are some unique concerns when conducting complex scanning on ECA
samples for corrosion due to sensitivity of data with small depths. Conducting an analysis on
which factors would be important is vital for obtaining quality data. The largest concern is lift-off

variation which saturates data. Other factors, such as ECA data desynchronization mismatching
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from robotic tool position, were later discovered to shift data in an unwanted way. Temperature
fluctuations on the coil, either from the submitted power or changes in the room temperature caused
significant changes in impedance that needed to be considered. The parameters for the ECA were
to excite each coil 2M hz in obtain data in absolute mode, which was found to be susceptible to
heating concerns. This, appended to lift-off errors, complicated obtaining quality raw data. Hence,

there was a need for post processing procedures.

Objective 3 ECA post-processing of corrosion with respect to robotic systems.

Post processing required methods to remove the errors mentioned previously. Lift-off may be
reduced using detrending methods. However, this was not adequate for determining complex lift-
off errors from robot mastering, which is non-linear and relevant to error per joint. To counter this,
a novel post-processing procedure was developed: the array subtraction algorithm. This utilized
commonly found errors per each coil that would be related to lift-off errors in order to find a
normalized value per scan point that is subtracted to each coil. This is shown to effectively remove
such data to help recovered data. Some data sets struggle from large lift-offs even with detrending

and the unique array subtraction algorithm.

1.4 Contributions

To briefly break down the novelty of this work, here are several main unique contributions
discussed. The examination of effects within a robotic environment to ensure accurate corrosion
detection is a topic covered in detail within this work. As mentioned in the objectives, discussions
on the effects of lift-off within different processes are important to obtain accurate results. Effects
such as voltage saturation from heating also occur, which only add on to the errors within the
environment through the high frequency and absolute mode measurements used to pick up corrosion
areas. Specific post processing techniques are covered to recover saturated information as well.
Methods to place the ECA information into a 3D PTC with respect to the robotic environment are
also covered.

To enable the ECA freeform scanning system using computer vision, as well as other surface
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scanning methods, a unique framework shown in figure 1.1 was developed and deployed. This
is done without a premade model or CAD of the scanning piece and is reconstructed on the spot
before conducting NDE surface scanning. Registration or alignment is used to place the model
into the robot’s workspace, using point-pairs picking between physical calibration marks to virtual
selection of the same calibration marks on the mesh. To enable pathing and motion planning on
the mesh, a unique algorithm, ray-triangle intersection arrays, enables raster scanning on the mesh
with respect to complex translation and rotation orientations of the robotic tool. This was shown
to work with surface scanning UT, shown later in figure 7.36.

There are unique conditions that occur when conducting robotic ECA surface scanning for
detecting corroded regions, requiring specific post processing to recover information on surface
damages. An analysis on effects of ECT and ECA interaction with this setup are analyzed. It
found that errors with the calibration or mastering of the robotic joints amounted to complex errors.
A novel solution using an array subtraction algorithm to remove common lift-off effects on each
coil of an ECA due to orientation error from the robot. This significantly reduced the error from
calibration error. Other issues regarding probe orientation error would be from reconstruction
error of the surface geometries and alignment error on the body of the mesh with respect to the
robots. Special detrending algorithms were used to recover data from these scenarios. Unique post-
processing for ECA with respect to robotics, in terms of ECA data to PTC to 2D post-processing.
When the array data is collected real-time, it is interpreted as a PTC in real-time, in which the
post processing procedures prior to 2D interpolation are considered. That array point cloud is also
generated through transposing each point with respect to the translation and rotation of the tool at

any time during the scan.

1.5 Literature Review

To focus on works not too broad from the scope of this dissertation, only robotic systems
capable of NDE will be discussed. The importance is to detect defects to prevent the failure of a
part or overall system, while preventing human intervention as much as possible, either to prevent

hazards or otherwise OSHA violations, and to automate the NDE scanning process. Intelligent

28



nondestructive testing and evaluation (iINDT&E) refers to the integration of artificial intelligence
merged with the internet of things and systems for decision making [108]. These approaches will
not be met in this dissertation, however they are important in the discussion of the ultramodern
technology regarding NDE 4.0 compared to the framework laid out in this dissertation, to understand

the progress leading to where the technology stands today.

1.5.1 History Leading to NDE 4.0

To focus on works not too broad from the scope of this dissertation, only robotic systems
capable of NDE will be discussed. The importance is generally to detect defects to prevent the
failure of a part or overall system, while preventing human intervention as much as possible, either
to prevent hazards or otherwise OSHA violations, and to automate the NDE scanning process.
Intelligent nondestructive testing and evaluation (iNDT&E) refers to the integration of artificial
intelligence merged with the internet of things and systems for decision making [108]. These
approaches will not be met in this dissertation, however they are important in the discussion of the
ultramodern technology regarding NDE 4.0 compared to the framework laid out in this dissertation,
to understand the progress leading to where the technology stands today.

Before the industrial age, manual labor was needed for production purposes, where evaluation
was strictly visual based around this time. Expertise in some methods was needed. For example,
"sonic" techniques were used by blacksmiths to decide the quality of certain steels used for swords
by checking the ring or tone when hit. Clearly if a sword used in a combat scenario breaks due to low
strength, this would not end very well for the wielder of the sword. Hence why blacksmiths would
employ very primitive but relatively effective nondestructive methods to evaluate sword strength.
As for Robotics, there was conceptualization of an idea of a "humanoid machine" before the world
of industry let alone robotics. This came into being with Leonardo da Vinci’s fully programmable
four degrees-of-freedom robotic arm, dating back to 1495 but not recognized until much later
after the industrial revolution [149]. In 1738, Jacques de Vaucanson designed an automated flute
player "andrioide". This is considered to have booted the industrial revolution [51]. Wolfgang von

Kempelen created a chess player in 1769 with mechanical control of both an arm and its fingers.
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Vaucanson’s work sparked interest in Jaquet-Droz, who created multiple automations to resemble
human anatomy in 1774 [126].

The first significant stance of industrial applications started with industry 1.0, appearing in the
1780s. This began from mechanical looms powered by steam engines. Note that steam engines
have had earlier developments well before it’s industrial usage [S0]. In the early 1800s, the first true
steps towards NDE came forth with the first thermographic, infrared, and electromagnetic induction
observations. NDE availability was premature during this time since the technology still needed
further advancements. Even in terms of awareness and safety regulation, developments would
need to be made after a disaster. In 1854, there was an accident where a boiler exploded causing
12 deaths, 50 injuries, and the property destruction of the boiler room and nearby blacksmith
shop. The boiler was seen beforehand as brand new and from a reputable seller with high safety
margins, however this was before advancement in thermodynamic principles which shocked courts
and engineers after the accident [132]. This accident sparked awareness and requirements for
inspection purposes, a significant step for practicality for NDE, though techniques outside of past
methods were not technologically available. Despite awareness, another incident occurred from the
Sultana steamship failure in 1865 where multiple boilers erupted, causing an estimation between
1200 and 1600 fatalities [153].

Industry 2.0 came forth in the 1870s with production lines and conveyor belts for automobile
manufacturing [190] [85] [61] [99]. In 1898, a public exhibition was held demonstrating Nicola
Tesla’s remote-controlled and automated submersible boat [14] [126]. The idea of an "automat"
or robot came further into public consciousness in 1917, from the works of Josef Capek in the
short story, and later his brother Karel Capek Opilec from the play Rossum’s Universal Robots
[28] [29]. Though Karel’s work was in protest of robotic applications [1], this did not stop the
spark of interest on this mythical sort of technology [80]. Between 1938 and 1942, Isaac Asimov
was further interested in the concept of robotics in his short stories defining the three laws for
robot behavior [10]. Unmanned vehicles and aircrafts were also developed around the 1920s [12]

[40] which would later ignite development of autonomous vehicles. Back to the discussion of
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NDE innovations, between the knowing’s of accidental catastrophes and need for prevention, there
were several significant advances that have led to staples in NDE technology and requirements for
inspection, eventually leading to some deployable NDE instruments near the end of this industrial
age. The tragic catastrophe of the Sultana lead legislation where inspection was needed to insurance
for boilers. Between 1911 and 1914, codes were being formed with visual testing, an immensely
aged method before industry 1.0, was published as a starting method for NDE in 1915. Despite the
method’s long age, the coding of visual inspection gave an official impact for NDE. In the meantime,
in 1879, there was nascent usages of Eddy current, and in 1895, the discovery of x-rays. Industrial
radiography was also developed in 1922. During this time, several train accidents occurred due to
derailing, many from broken rails and welds [148] [173]. Another disaster struck due to a serious
train accident occurred due to a derailment, killing 29 people and injuring over 60 more [166].
This led to the development of electric current and magnetic field detection systems for inspecting
railroad tracks. Around 1935 to 1940, Eddy current instruments began development. At the same
time, World War 2 was erupting and finally erupted in 1939. World War 2 was important for NDE, so
from war efforts came awareness and concerns on defects and otherwise imperfections output from
industrial applications. In 1941, the American Industrial Radium and X-ray Society, later named
the American Society for Nondestructive Testing, was created. NDE at this point was regarded as
an accepted technology. From 1940 to 1950, ultrasonic and acoustic emission methods also started
developing with flaw detection, portable thickness measurement instruments established, in 1942
and 1946, respectively. Acoustic methods were matured for NDE in 1950. [53]. Eddy current was
also further developed in the 1950s and 1960s [77]. The avenue of materials was also changing,
with more demand for switching from heavier metal structures and components to carbon fiber
starting in the early 1960s [141]. In the meantime, the first graphics system was developed by the
Massachusetts Institute of Technology in the mid 1950s, with the first computer-aided modeling
software "program for numerical tooling operations", or PRONTO, being available in 1957 [8].
Industry 3.0 innovated further in the 1960s with the availability of logic controllers incorporated

with earlier and new automation systems and further developments in robotics. General Motor’s

31



launched the Unimate to aid assembly lines for automobile productions between starting its use in
around 1962, with approximately 8500 units sold [48] [56] [80]. This sparked competition, with
Japanese cylindrical robot Versatran (versatile transfer) adopted by Ford in the 1960s [20], and
European robots running monotonous pick in and out functions in 1967 [172] [67] [126]. The first
robot used for surgical use was developed in 1985 from a robotic arm for stereo-tactic brain biopsy
supplying a high accuracy of 0.05mm [80]. Continuous development arose for industrial robots,
for various use from manufacturing to welding to medial applications, and by 2011, the number
of operational industrial robots across with world was around 1,153,000 units, with 193,000 in
America, 577,000 in Asia and Australia, and 370,000 in Europe. [134]. The availability of logical
controllers enabled the digitization of NDE data as well, enabling in-process monitoring and
visualization of defects on a computer [108]. There was a boom in NDE usage from arising fields,
as NDE was widely accepted by this time. This leads to a split of interlacing NDE applications
across several fields. Inthe 1970s, many advancements of NASA aircrafts required advancements in
NDE technology, displaying the applications of various techniques for recommended usages [168]
[130]. The NASA probably of detection program was also developed, enabling crack detection
from ECT for metallic materials [151], and later in the 1990s, UT methods for fiber-reinforced
composites [35]. For commercial airlines, various NDE methods were examined for practicality
of inspection of cracks and corrosion of various air-frame structures which on failure would cause
a catastrophic event. Eddy current proved useful in crack monitoring, while UT was practical for
bond testing. Probability of detection principles were used as well. Cost benefits may also be
estimated in terms of maintenance of mechanical parts [59] [147]. Other industries and such which
received help from NDE were automotive, energy, civil, and military applications, just to name
a few [15] [114] [74] [87] [25] [162] [86]. Computer graphics and computer-aided design was
already discovering its optimization and usage in the late 1960s [13] and was well developed by
the end of industry 3.0 [8] [104]. Computer vision and 3D reconstruction had early development
in the 1970s, with first methods being "shape-from-shading", in which normal information for

surfaces are found from lighting and shading information [82], edge and curve detection for
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polyhedral modeling, stereo vision, and structured light [163] [154]. NDE saw multiple usages
of robots in energy, aerospace, automotive, and shipping applications, however had difficulty with
scanning objects with complex shapes [22]. NDE found usage in merging robotic technologies and
computer graphics for conducting complex scanning and data fusion [38] [26] [84] [108]. Artificial
intelligence methods were also being developed for interpretation of NDE defect information [186].

Industry 4.0 is the current industrial phase, which was coined by the German federal government
in 2011 [91]. The phases of industry can be summarized from manual labor before industry,
the mechanization of labor through steam in 1.0, electricity and mass production lines in 2.0,
information technology in 3.0, and intelligent technology in 4.0 [103]. Progress for industry 4.0 is
in rapid development. By the end of 2021, a total of approximately 3,477,127 units worldwide were
in operation [135], nearly triple the amount from the start of industry 4.0 a decade ago in 2011!
Many of the related applications will discuss technologies between industry 3.0 and 4.0. Industry
4.0 enables smart automation from advances in artificial intelligence and robotic technologies to
improve productivity for industrial applications. A system that merges intelligent digital spaces
with autonomous instruments for real-time applications is considered as a cyber physical system
(CPS) [96] [98]. Embedded systems play an influential role easing new practicality in interfacing
physical and cyber worlds. Sensors and actuation systems used with an embedded system enables
sensor networks and machine to machine interfacing [138]. A "digital twin", which will be referred
to as the physical-to-virtual correspondence, is the interface between physical assets and digital
systems, enabling data fusion for NDE with knowledge of physical entities [109] [144]. Artificial
intelligence allows for smart decisions from robotics, which is a challenge as computers tend to soar
better for tedious but simple operations. Hence why "human cyber physical systems" are considered,
which merges the decision-making skills of a human with the computational power and physical
capabilities of a CPS [189] [45]. Significant developments in robotics have been made in this age
from the usage of embedded systems, cloud computing, and artificial intelligence [64] [174] [133]
[92]. The internet of things, big data, and cloud computing techniques provide valuable information

and computation power that may be integrated with CPS and NDE [175] [157] [115]. The usage
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of NDE 4.0, the integration of industry 4.0 techniques in the field of nondestructive evaluation,
may prove beneficial in three potential components: increasing NDE capabilities (industry 4.0 for
NDE), belief to improve industry 4.0 (NDE for industry 4.0), and potential for human integration
(human consideration) [171]. Unmanned vehicles are also of interest, to allow robotics to handle
operations that would be hazardous for human inspectors [42] [159]. As seen within the several past
years, artificial intelligence (AI) has been surging, including for increased demand for hardware
focused on Al training which would directly affect NDE 4.0. For example, deep learning allows
for autonomous defect characterization and classification from NDE devices [27]. Finally, the next
predicted age of industry 5.0 is currently being conceptualized, with 4.0 working as an intelligence
base, and 5.0 on a symbiotic stage with emphasis on sustainability human-robot co-working [103]
[43] [44] [45].

1.5.2 Related Applications

This section will discuss the application of robotics incorporated with NDE for defect detection
purposes. Relevant topics to the proposed framework will be discussed as well. Techniques from
industry 3.0 and 4.0 will be covered, from a range of robotics from robotic arms to mobile inspection
platforms. Methods covered a broad set of applications for robotic NDE systems as well.

There is a wide selection of usage of robotics for NDE [23] [121] [187] [101], some with
remote usage and some automatically ran for unmanned grounded vehicles and aerial devices.
Mobile platforms with inspection systems are useful for inspecting areas that would be hazardous
or even impossible for a human inspector to examine. Pipelines are a notable example of this. While
pipes may be assumed to have simple shapes, they are long and winding. Some may be beneath
the surface. Depending on pipeline application, they may be inspected with interior or exterior
inspection systems. Harmful defects may be detected across the scan region of the robotic system
that may cause a leak or eruption if not dealt with. A modern inline pipe inspection system was
developed which uses laser profiling inside the pipes to detect defects within the pipe [129]. The
design uses convolutional neural networks to aid in defect detection. A previously tedious and worst

impossible task possible from NDE robotics. Another example of energy is power plants. There
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are examples of OSHA non-compliant methods for inspection of power plants, such as inside boiler
walls. There are robots that may attach themselves on rails inside the robot and move around to
parse and repair defects [156] [70]. For tall structures, there may be difficulty for a human inspector
to safely reach a region to inspect. Some crawling-based robotic systems interfacing simultaneous
localization and mapping (SLAM) methods for visualization on a mobile platform for inspection
of large structural assets [113]. Portable systems within hazardous environments may prefer to
have low-cost yet rugged scanning probes and instruments in case of any damage done to the robot
system. ECT is a useful technique with mobile platforms where the probe may be placed under
the robot itself. This enables the probe to be close to the scan region by spring-loading the probe
to against the surface. These sorts of robotic applications, where the robot system is on a set path,
have a different approach in framework since the scanning region is on a set region, so the need
of environment reconstruction is less required. For more nimble applications such as robot arms,
or non-fixed path robots from wheeled mobile platforms to drones, environment reconstruction is
essential for autonomous NDE scanning.

Surface profiling robots are useful in deciding eye-hand calibration. A time-of-flight module
was placed onto a robot arm for object-related tasks [4]. Stereo vision techniques have been used
for finding eye-hand calibration for welding applications as well [33]. Similar welding robots
used audio sensing and structured light [2] [95]. Other methods use impact echo and ground
penetrating radar from mounted modules [150]. If using a CAD, then there are some options
to decide misalignment between the CAD and physical object under test as well as 3D surface
approximation [143]. Scan path accuracy was evaluated from commercial software using NDE
techniques and accuracy maps, showing positional path accuracy [127]. Stereo cameras have been
used alongside welding and NDE applications [33] [150].

With more nimble actuation systems comes more robustness at the cost of requiring knowledge
of the surrounding environment. Robot arms are particularly useful in this regard; however, many
earlier applications use CAD models. Much research revolves around CAD models, though some

may include open-loop structures. Mostly UT and ECT NDE methods will be covered, as they are
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within the scope of this dissertation. Solutions exist for 6-DOF manipulation of sensors through
inverse kinematics using CAD models [184] [111]. Ultrasonic testing has received help from
the integration with robot arms. Many arms are in a dual configuration for through-transmission
mode, which requires synchronization [110]. There are early systems using dual waterjet through
transmission modes, which used CAD models of CFRP helicopter components and obtaining 3D
evaluation from the separate walls retrieved from the UT system [72]. Other NDE applications for
helicopter part NDE also exist [137]. This was done from setting time gates alongside the array
of time versus voltage data, as well as highlighting a gate-less data acquisition scheme. Another
dual water-jet robot arm system was used to scan rectangular and cylindrical composite materials
from through-water transmission [73]. The paths were generated from trajectory curves along the
cylinder. The dimensions of the defects ranged from 3 to Smm, which were detected in each C-
scan. A similar dual water-jet system was used alongside phased array ultrasonic testing and using
more complex CAD models [119]. Manual path planning is considered, where a linear pattern of
points is entered into the teach pendant, however this is a cumbersome task especially for scans
requiring higher resolutions. The path planning was done in MATLAB and simulated inside of
CENIT-FastSurf [123]. An aerospace composite winglet with defects ranging from 5 to 15mm was
inspected with a resolution of 0.6mm and water jet nozzle lift-off of 8mm. The result showed defects
from a C-scan image. Water used as the couplant is not wanted, as water near expensive electronic
systems generally does not pair well, hence why air coupled is used in this dissertation. Aerospace
components tend to hold large and complex shaped objects. Composite materials are also common.
A mobile robot was used which the robot arms glide on a rail system [112]. A multi-robot for
welding and immediate NDE system was developed, in which an open-loop architecture is used
for welding, while UT performing with high accuracy with repeated scanning [169]. ECT array
scanning with robotic systems has been done as well. A flexible eddy current array was placed on a
robot to inspect corrosion cracks on nuclear assets, where 2D images and smith charts are shown for
different frequencies [62]. A robot arm system was used for scanning aeronautical structures using

ECT as well [136]. To deal with lift-off issues regarding ECT, which needs to be close and constant
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between all scanned regions, a force-torque sensor was used alongside it. Other NDE methods
receive help from robotic actuation systems. Thermographic images may be stitched together at
different perspectives to increase inspection regions [63] and with robotics [122]. Hyperspectral
cameras have been used alongside robot arms for scanning CFRP panels [185]. Data fusion for
aviation components, to fuse "twin data", has also been researched [105]. An advanced state-of-
the-art UT inspection system enables UT probes to conduct both NDE scanning and "in-process"
path planning in real-time. This system determines the trajectory of the probes to obtain surface
mapping allowing for path planning from a single probe start position, which was conducted using
curved steel samples for volumetric evaluation [120]. ECT robot arms developed use different
methodologies. Rotary axis scanning is common for ECT inspection robots, in which the robot
moves the probe to a rotating cylindrical sample to obtain fast inspection, used for nuclear asset
inspection here [62]. This method is limited to objects that can be rotated, which may be an issue for
heavier or much more complex objects. Aircraft wing inspection from off-line planning utilizing a
CAD model can be seen here [127]. This is limited by the requirement of reverse engineering for
certain required models for path planning. A flex array probe was used to scan curved models by
manipulating the flex probe along the path but is limited to just one axis of scanning [188]. The
difference between available ECT robotic arm systems and the developed system is the capability

of freeform scanning utilizing mesh reconstruction for path planning.
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CHAPTER 2

THEORY OF PHYSICAL AND VIRTUAL SYSTEM INTERFACING FOR NDE
ROBOTICS

This chapter’s purpose is to lay out the analytical aspects of the system, which revolve around
physical and digital spaces. First, some basic definitions. Space is a boundary which entities lie
within. Physical space has an infinite boundary, or the universe. To simplify the prospects of
physical space for our applications, it will be any entity that partakes within or associated nearby
a robot’s workspace. A robot’s workspace is the boundary restricted by the building of the robot.
For example, an industrial robot arm’s workspace is bounded by all kinematic solutions of its end-
effector, the holder of a tool, in this case as the NDE sensor. This may be visualized as a "sphere"
holding a volume of potential locations the end-effector may reach. This will be considered as
the environmental boundary space E. The robot’s base frame is the "starting" frame in which a
kinematics returns its coordinates back to. Inside a robot arm’s workspace includes the physical
sample, holder of the sample, the ground or walls around the robot, the robot itself, any equipment,
sensors or wires, etc... When using a mobile robot such as a drone, which unlike an industrial robot
arm which is assumed to remain in a static location due to its heft, has a workspace towards wherever
it may reach. The potential entities available for such a system, per se outside of a laboratory setting,
are innumerable as a result. As a result, brevity will be deployed when discussing entities within
the environment with two simple classifications of any entity in the environment: the sample, and
the background. Further discussion on physical samples, backgrounds, and robotics is saved for

later.

2.1 Physical Environments to Digital Space: Analysis

Digital space is the "infinite" territory in which entities may occupy. Digital space is assumed
to be in 3D Cartesian coordinate space, having the axes "X", "Y", and "Z". The goal is to solve
the virtual-to-physical correspondence which connects both worlds. "Digital twins" is a similar

definition of this connection [109] [144]. The most basic entity within a digital space is a point. A
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point is an entity bounded within digital space with values for X, Y, Z, defined as:

P = [Px: Py, P:]
—00 < p, < 0
—0o0 <py < 00
—00 < Pz < 00

"Infinite" is not a true statement in digital space, as boundaries are limited to the memory
occupation with respect to the digital space design. For example, a float in C# is a value between
+3.4x 108 with the smallest value being +1.5x 10~*, with 4 bytes of memory used per float [117].
There are dedicated constants for negative infinity and positive infinity when underflows or overflow
or division by zero occurs, however a point cannot be defined by these traits without causing an
error. Using float to define a digital space, the max values which bound the location of points are
—3.4x10% < [py, Py, Pz] <3.4% 10°® with 12 bytes of memory per point. If using a double value
instead, the max range is now between +1.7 X 10398 and smallest number +5 x 107324, doubling
the memory required for 8 bytes a value and 24 bytes a point! As these values far surpass anything
needed for these applications, the digital space which points lay within is considered as infinite. A
point may hold different properties, such as color or scalar field values (discussed in reconstruction
chapter). A point may also be considered as a vertex. Color is important in visualization of data
from PTCs. Color comes in different forms. Typically, a color will hold values red, green, and
blue (RGB), which each color is defined by one byte or three bytes for RGB. In this combination,

there are 224

or 16,777,216 possible colors. Sometimes, color will use float values between 0 and
1. RGB will be discussed in reference to PTCs (and meshes via vertex coloring) obtained from
reconstruction devices such as stereo-vision and structured light, which output color per point.
Greyscale ranges only from black to white per point, using only a "grey" value. Greyscale is used
for height maps, in which an axis or direction is colored "black" to "white". They are also used

for displaying NDE data, where the grey color point represents the output from the NDE device.

A colormap is a special function that adds non-linearity for greyscale maps. For example, instead
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of displaying a color just from black to white, a rainbow colormap may be used, in which the grey

value is placed in an associated index from the colormap. This is useful for certain datasets which

have nonlinear outputs. Examples are given in figure 2.1.

(a) Uncolored PTC from mesh vertices. (b) Uncolored mesh.

(d) Greyscale colors from a depth map, in
which colder colors are closer to the
(c) RGB colors from textures, in which viewer. This shows that the model is tilted

calibration stickers are visible. closer on the left-hand side.

Figure 2.1 Color schemes from a reconstructed and registered structured light mesh of a CFRP
x-brace containing calibration stickers.

The relevance of having assorted colors requires a list of points to differentiate from each other.

A PTCs P is a linear list of points with a size np. For index ip from 1 to np

P=1[p1,p2-.-Pnpl
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There are different arrangements for PTCs. When using a reconstruction device, the formation of
points will resemble a 2D grid in xy with the third axes z resembling depth at each point. During
an NDE scan, points are generated alongside the scan path. It is important to emphasis that a PTC
is a linear list, not a 2D or 3D list. The reason for this importance comes to the difference between
a PTC and a mesh. A mesh M holds a list of vertices (plural of vertex) and a list of indices per
vertex which connect vertices together to form a list of faces. In other terms, a mesh contains a list

of faces. For index ir from 1 to number of faces ng:

F=[fi,f  .furlc M

With respect to indices, a mesh also contains, for index iy from 1 to number of vertices ny:
V = [V], VZ, ---Vn,V] - M

Meshes may also hold edges, normals, and definitions for textures. Facial profiles are important for
finding the surface profiling of CAD or physically reconstructed objects, which are used to parse
scan paths. Each face contains at least three vertices. To prevent redundancy, indices are used to
point towards vertices that may be used multiple times for different faces. To abstract this concept,
faces will be defined with respect to points rather than associated indices. Therefore, each face has

vertices, with locally associated indices j, and length of vertices inside a face L :

Jir = [Vivs Vivsls Vi Vv £l (2.1)

Faces must be at least three vertices long, nor should it the number of faces exceed the number of
available vertices:

ng <ny-—2

The reason for the subtraction of two in this equality is due to the smallest requirement of three
vertices per face. If the mesh is defined as a single, then the size willbe at np =n, -2 =3-2=1.
More on triangulation of faces later. Converting from a PTC to a mesh is not a simple conversion,

since a PTC is a linear list of points, while a mesh holds non-linear indexing of associated vertices
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to generate a list of faces. In other words, there must be a function that generates this list of indices
which attach separate vertices together to form faces. Methods such as Delaunay triangulation [32]
and Poisson reconstruction [116] [94] may be used to convert a PTC to a mesh. An example of a

sphere interpreted as a triangulated mesh is shown in figure 2.2.

Figure 2.2 Sphere mesh made up of triangular faces.

2.2 Digital Operations for NDE End-Effector Positioning

This section will define several methods that are used for theory discussion and in future
sections. The goal is to decide the calculations to simply send the sensor to the sample within the
suggested framework, and to build open functionality to perform NDE scans with later chapters.

These sections will hold baseline information for future chapters too.

2.2.1 Transformations in Digital Space

The discussion so far explains entities within digital space within only one reference frame. A
reference frame is a set of 3D Cartesian axes which define space compared to the axes [30]. If a
PTC or mesh is defined, every element will remain within its own local reference frame. The local
reference frame is defined inside digital space at the zero point, at translation [0, 0, 0]. A robot arm

works in multiple reference frames, one difference reference frame per joint. This can be considered
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as a "linkage" of frames, with the robot base frame starting the link and the final links being the
end-effector tool end. When defining a cyber-physical environment, the reference frame of the PTC
should be equal to the reference frame of the robot base frame, which is considered as the global
coordinate in which all other frames are related too. In other words, every reference frame should
have an alignment to the base or global frame. Figure 1.4 shows what happens when reference
frames are not aligned. To align, one of the best practices is to incorporate matrix transformations.
A transformation matrix O is a homogeneous 4 X 4 matrix which holds the properties of translation
and rotation which can be applied to a body in digital space. Transformation matrices for the sake
of this dissertation do not hold other properties such as scaling or shearing, as they are inappropriate
for the desired application. A translation may be used to decide the alignment between two frames.

Translation between frames A and B is defined as [31]:

r)C)C rxy rXZ tX

Fyx Tyy Tyz Iy

or more simply, transform matrix 0§ may be defined to hold the sets of translation and rotations:
B _ ;7B pB
0% = [T2, RE]

In this matrix, there are two components, the rotation R and translation 7. O is used as

"orientation" to differential from translation 7. Translation 7 is defined as the three-element vector:
T = [ty,ty,1;]
and with respect to frames A and B:
TS = [15 15 o 1k ] (2.2)

For simplification’s sake, 1, = t5 ¢, =8  andr, = r§ . Translation T is transposed into the last
X A,y A,z
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column of the transformation matrix. Rﬁ 1s defined as a 3 X 3 matrix holding rotation information:

Fxx Txy Txz
B _
Ry =|ry ry 7y
Fzx Fzy Tz

A rotation matrix is defined from three rotation matrices from every Cartesian axis, with Euler

rotations « along x, 8 along y, and y along z [181]:

-1 0 0
Ri(@) = |0 cos(a) sin(a)

0 —sin(a) cos(a)

-cos(ﬁ) 0 —sin(,B)-
Ry(B) = 0 1 0
sin(B) 0 cos(B)
— cos(y) sin(y) O-

R (y) = |=sin(y) cos(y) 0
0 0 1

R = Rz(’)’)Ry(:B)Rx(a) (2.3)

Since the rotation matrix is bulky and may be defined from Euler rotations, rotations are mostly

referenced as:

R =[a,B.7] 24
Or with respect to frames B and A:
R =[rf ork ork ] (2.5)

The rotation parameters alone are not bound:

—-180° < @ < 180°
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~180° < 8 < 180°
~180° < y < 180°

though, each may be restricted due to requirements of the robot environment. A waypoint p,, will

contain a transformation and rotation:
pW = [T’ R]

Just applying transformations is not the only problem but finding the proper transformation. More
on this in the environment transformation section.
2.2.2 NDE End-Effector Positioning and Robotic Simulation

Robotic simulation may be incorporated for a digital system and human operator to understand
what will happen in an interfaced physical environment. In this framework, before a robot is sent to
move, it will be processed within simulation. A robot arm is used, so discussion will focus on how
a robot arm operates, however mobile platforms may integrate similar operations by replacing the
means off moving the NDE probe compared to that separate application. For moving the probe as
robot end-effector, kinematics between joints starting from the robot’s base frame are used [139].

A joint set J with a length of n; for any joint 6;; can be defined as:
J =1[6016>...0,,]

Joints are variable and are physically controlled by motors on the robot. These joints are used with
Denavit—Hartenberg (DH) parameters, which define the parameters of the kinematics chain between

two joints. These four parameters are defined as [161] with respect to Cartesian coordinates:
1. 6: Joint angle: Revolute joint variable along the z-axis, between the previous and new x-axis.
2. d: Link offset: prismatic joint variable along the z-axis to a common normal.
3. a: Link twist: angle about a common normal

4. a: Link length: distance along a common normal
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These parameters are used alongside a DH matrix [46], which is used to obtain the transformation

between joint frames. A DH matrix is defined by four matrices from each DH parameter:

—cos(Q) —sin(0) 0 O-

sin(8) cos(@) 0 0
Ry =

0 0 1 0

0 0 01

‘o o o©
[ I
- o
& o o

S o O
)
—
S O

-1 0 0 0
0 cos(a) -sin(a) O
0 sin(a) cos(a) O
0

0 0 1
It should be noted that the following parameters are the following 3 x 3 forms operated as 4 X 4

matrices, with translation zeroed for rotation operations, and vice-versa for translation operations:
R (y) = Ry

TZ = [O’ 0’ tz]a - Td
T, = [tx, 0, 0] - T

Ri(a) = Rq
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So yr.(y) =0, t; =d, t, = a, and ag (o) = @. The full set of DH parameters per joint is defined
as, for any index i;:

DH = [(d()a’oa()), (dloqal), cees (dn,jan,jan,j)]
DH;, = [d; ja; ja; ;]

Note that each 6;, is defined separately by the joint set J. The orientation between frames is defined
as

ojj'j‘l (617, DH;j) = Re, Ta, T, ;Ror,
With
ij>1
The desired solution is to equate the transformation of the sensor as the end-effector at n; back to

the robot’s base frame at 0. To do this, all DH transformations defined from the DH parameters per

joint should be calculated:

0}’ = Fpi(J,DH) = 03 (J, DH) = 09(61, DH)0}(62, DH») 03 (65, DH3)...OZ:§‘1(9,1, /»DH,, ;)
(2.6)
There are two important operations for using and retrieving joint sets using 02,1.. The first is forward
kinematics, in which the joint set is known and 02’ ; should be solved for the transformation of the
end effector back to the robot’s base frame. There is only one solution for this problem, simply
placing into the above equation. Any solution from forward kinematics is bounded by the the
specifications of the robot from each frame. The set of possible forward kinematic solutions is
considered as the workspace environment E, which tends to be spherical with robotic arms holding
a volume of solution. Figure 2.3 shows E for the robot used within this thesis, which is simulated
within RDK. There are restrictions, such as prevented solutions that would allow for self-collisions
of robot components.
The second operation is inverse kinematics, in which the joint set must be found from a
desired transformation OSJ. This enables the robot to move the end-effector from an input path

of transformations it should meet. Ignoring any discretization on joints, inverse kinematics has an
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Figure 2.3 Fanuc 100ib workspace environment with respect to the NDE end-effector.

infinite number of solutions that are bounded within E. Inverse kinematics may be defined from
the function:

Fx (0% .,DH)=J (2.7)

}’l,j’
This means that after holding Fj; from an orientation from the base to the final end-effector frame
02’ ; will supply the joint set. Solutions for inverse kinematics become more complicated when
considering most best joint movements compared to an earlier transformation, or with obstacle
avoidance in which some optimal options must be ignored for ones that prevent collisions [142].

Inverse kinematics solutions have been studied for NDE [111]. Because of the complications of
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optimally solving inverse kinematics, RDK is extensively used for deciding solutions. Collision
detection, which checks if the robot or attached end-effectors intersect with any part of the envi-
ronment, is useful for preventing damage to the robot or its surroundings. How collision detection

works will not be covered in this dissertation, as it is done within RDK.

2.2.3 Triangulation of Mesh Faces

Triangulation should preserve the surface profile but not change the location of any vertices.
Triangulation is important to finding normals, discussed in the earlier section, and to allow for ray-
triangle intersection, discussed next section. Plenty of optimized algorithms exist for triangulation
[16]. The algorithm itself will not be discussed, as many different implementations are used with
some black boxed from reconstruction sensor libraries. What is relevant is what properties occur
after triangulation. First, a triangle is a face, defined as three vertices, the least needed to define
a face. The definition for face f;, from equation 2.1 with respect to subfaces tr;, with L, for the

number of vertices in a triangle, n; being the number or triangles per within a face:

tr; = [Va,i,F’ Vb,iF> Vc,i,F]

with L, = 3. This is a simple definition of a face, saying that a triangle explicitly has three vertices
indexed within it. Equation 2.9, for normal calculation, requires the definition from 2.2.3. A set of

triangles 7;, with respect to a face f;,. is defined as:

Tl”i’F = [trl,i,F, IryiFy..s li’L,,J',F] (28)

with:
T}’,',F C ﬁ’,F

This shows that after a face is triangulated, each output triangle is a subset of its related face. The

number of triangles is limited to the number of vertices L r inside the face.
Ny = Lf -2

For example, if the face is a rectangle or Ly = 4, then n,r =4 — 2 = 2, so two triangles are needed

to define each face. Finally, since each vertex within the subset of triangles is shared with its parent
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face, the summation of all vertices may be defined in two ways. First, if each vertex is not indexed,
or each vertex is unique, then the number of vertices on the mesh n,, with full set of triangulated

faces Tr so Tr C M and the number of triangulated faces ny,:

nftr
n, = ZTr:3*nf,t,
0
This is not optimal, since vertices in similar positions should not be duplicated within memory,
which takes unnecessary space. Instead, vertices should be indexed to prevent this duplication,
meaning that vertices are shared. With no duplicate vertices from triangulated faces with respect

to their parent faces:

ngtr ng.tr
W,
0 0

This means from the number vertices from the original set of faces F' before triangulation is the
same as the number of vertices after triangulation. Setting up the second definition is more complex

since it requires changing the indexing from the original mesh.

2.2.4 Normality and Rotation from Triangular Faces
Normal vectors are useful for deciding the orthogonality of a point holding rotation properties,
such as for waypoints. A normal vector is a unit vector which is defined to be perpendicular to an

associated surface [180]. A normal may be defined with respect to Cartesian coordinates:

n = [n,, ny, ny]

With the property:
n| =1

A probe in which path planning defines its manipulation should try to be normal to the surface
of the mesh, in which using a normal vector as a baseline for rotation should prove useful in this
regard. Algorithms for waypoint generation will be discussed later. This rotation is also useful
for deciding direction of lift-off for waypoints. A normal vector n;, is defined per face and holds
three elements determining orthogonality per Cartesian axis. Normals may be explicitly defined on

mesh generation. For the sake of this discussion, normals will be generated from the normalized

50



cross product between three vertices on the associated face:

fir = [VaiFsVbiFsVeirF] (2.9)

Using cross product result c:

C=VaVp X VaVe

and solving the normal, which is the definition of a unit vector [178]:

nip = —— (2.10)
el

This approach for solving normals is used within lighting engines to quickly find "flat shading"
based on the orthogonality of the face [176]. The purpose here, however, is to use orthogonality
to determine rotation of a point on the face. For solving rotations, it should be noted that in the
code developed, after a normal is found, then "normal to quaternion" then "quaternion to rotation
matrix" functions are deployed via OpenGL/OpenTK [88], which may not be the most optimal
approach, however this does not significantly affect performance of the code. Since results use this
method, this conversion process will be explained to preserve its methodology.

A quaternion ¢ is a four-element vector which is useful in representing a rotation, in this case
will preserve "axis" and "angle" information [54]. The angle and axis will use the unit vector along
y, defined as N, = [0, 1, 0], and the normal vector N [57] [55]. Angle 6 may be solve by taking the

dot product between the unit vector and the normal vector:
6 = acos(ny - n)
The axis a is determined from the cross product:
a=nyxn=layay,a;]
To solve the quaternion from axis and angle calculations [58] [55]:
q = [4x:4qy- qz> 4]
gx = a, * 5sin(0.56)
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gy = ay * sin(0.56)
q; = az * sin(0.50)
qw = cos(0.50)
Quaternions may then be converted into Euler rotations [21] [17]:

2% (quwqx + quZ)
1 —2(gxqx + qyqy)

a = atan(

B =asin(2 * (QWCIy ~q:9x))

2+ (qwq; + QXQy)
1-2x (‘]yQy +4:q2)

R =a,B,7] 2.11)

v = atan(

Finally, Euler coordinates may be converted into a rotation matrix using equation 2.3, though
this multiplication may be optimized [158]. There are certain mesh requirements with usage of
equation 2.10: this equation should be applied to each face on the mesh, each face should be
a triangle holding three vertices. This means that for using this equation, the mesh should be

triangulated, discussed in the next section.

2.2.5 Intersection on Triangular Faces to find Translation and Normals

Ray-triangle intersection decides the location of a point on a triangular face. The algorithm
deployed is based on Moller—Trumbore’s algorithm [124]. In short, the algorithm checks every face
of a mesh and will determine if a ray collides with any face. If a ray intersects, then the position
at the intersection on the face and ray is returned. A modification to this algorithm was deployed,
which on intersections the normal is calculated from the intersected face, solving equation 2.10
for rotations. This means any intersected point can be used to find position and rotation on the
mesh, which is needed for the implementation of path planning used. If there is no intersection,
then simply an intersected point will not be generated. This allows for robustness if several rays are
intersected on the mesh, perhaps in a grid fashion which is how path planning is incorporated, and
if the sample holds portions that the grid will not intersect at, such as if it were to be in air, then the

probe will not try to move to those locations. More on path planning later.
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Per intersection, there are several checks that are needed. Order of operation matters for
optimization purposes. If a null is returned per triangle, this shows that an intersection did not
occur at that triangle but may occur at another. This also stops the intersection check at that face
and continues checking other faces. Every face of the mesh is checked. If no intersection is found
at every face, null is returned as the result. Otherwise, the position of the point p and its normal N
is returned. The algorithm assumes a non-culling approach. For any triangle with t = [v,, vy, v,]

and ray defined from start p, s, and directional normal vector d,:

1. Find the determinate the determinate d from two shared edges e; and e;:
e1=Vvy — Vg

eZZVC_Va
Pa=d, Xe

d=e1-pg

2. Compare determinate d to detect backwards triangles. Return null if the determinate is less

than zero:

d <0 — null

3. Compare determinate d if the ray is parallel to the face. Using small number €. Return nul/

if the determinate if the determinate is between e:
d > —€ — null
d < € > null
4. See if u intersection is outside the triangle:
d'=1/d
I = Prstart = Va
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u=(t-p)+d’

If u is within either range, return nul!l:
u<0— null
u>1-— null
5. See if v intersection is outside the triangle:
qg=tXe

v:(dr'q)*d_l

If v is within either range, return null
v <0 — null
u+v>1-null
6. Find the point of contact p, after previous checks for optimization purposes:
p=(e2-q)d” (2.12)
7. After solving p, if the point is not within bounds, return nul!:

p < € — null

8. After solving p, ensure the point is within the robot’s workspace E. If not, return nul!:

p > E — null

9. All checks have passed. Calculate the normal N from equation: 2.10. Return p and N.

Further optimizations may be deployed, such as a boundary box check if a mesh or set of vertices
are within range before running the intersection algorithm, but this wasn’t implemented within the

code used for this dissertation.
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2.2.6 Lift-offs from Waypoint Sets

Lift-offs require transformations applied to waypoints. Two types of lift-off transformations
were examined: a global translation to the complete set, and local transformation based on the
normal of the intersected face. So, the desired waypoint p,, , 7 shifting a global translation vector

Tsp, from an initial waypoint p,, would be at:

pw =T, R]

Pworf = Torss Rorrl
Toff =T+Ty,
Ror =R

Global translation is simple, in which a Cartesian shift may be applied along any desired direction.
If a sample requires Scm lift-off across the sample, and the sample is on a table, then a translation
of Scm along z is applied to every waypoint in the list. This method, while simple, has a few
limitations. First, this method requires a global translation 74, which an "approach" angle should
be defined that rotates T3/ away from the set of points. This potentially requires an extra parameter
for a human operator to input. Defining an approach angle may not be easy to objectify, and as a
result, if a global translation for lift-offs is used, they will be along one axis. For example, the z-axis
may be defined so only translation occurs along the z-axis while T , 7 and Ty , 7 r are equal to zero.
Finally, this approach, while effective for flatter samples, tended to perform poorly for curved or
complex samples. For example, when used with a cylindrical pipe sample, the results performed
poorly as lift-off become high and non-constant on the side areas of the pipe. The rotation may be
off as well, potentially being orthogonal to its desired transformation! This contradicts the need
for autonomous examination of complex materials, so another lift-off category was devised: local
transformation from facial normals.

To counter this, a second method was used which positions the waypoint a set lift-off distance

away from the surface of the mesh. This allows the preservation of the surface normal vector so
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each waypoint points at the surface while maintaining a constant desired liftoff. To achieve this,

the following is performed with a scalar lift-off zg:
TZ = [09 09 _th]

This places the lift-off locally away from a desired point. An orientation matrix O, may be found
from applying the rotation of the waypoint R that is respect to the normal vector of the associated
face to T:

OshZR*TZ

This orients 7, along the normal. Finally, to solve p,, ,s:
Osn = [Tsn> Rsnl

Toff:T+Tsh (2.13)
Rosr =R

The waypoint rotation should already be oriented with respect to the normal of the face, so Ry, is
unused. Because the locality of a rotation from an individual waypoint R, each point may rotate

along different paths. Discussion on the performance of this algorithm will be provided.

2.3 NDE Block, Point cloud, and Mesh

With knowledge of cyber and physical interfacing and how to actuate the NDE probe, it is
now proper to describe the structure of the final output of the system. The NDE scanning section
will discuss the process of scanning within this framework, which will require synchronization
between the NDE data acquisition system and the robot’s controller for obtaining position. The
goal is to obtain a PTC of NDE information generated from this synchronization. An NDE points
cloud requires a set of data points D4, with local data point d, 4 ; with j from 1 to PTC size m.
Each d,4.,; holds three pieces of information: the transformation output from the robot controller
from the sensor as end-effector O, the current NDE data Block,ge,j, and the color of the point
Cgp,; Which is dependent on Block,g.,; and a selected colormap Ny,q,. O contains transform

information 7; and R;.
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The output of O; is dependent on the path planning output in which the robot will move the
sensor towards. O; are not equal to waypoints, as transformations of the sensor are obtained in
between waypoints as well. Block,q. ; is an abstract section of data that is dedicated to obtaining a
single scalar value that is dependent on the NDE technique deployed. For this thesis, ECT is used,
which will output complex impedance in terms of real and imaginary. Only real is considered for
simplicity. Though the output from the data acquisition (DAQ) device will be a vector of voltages
against time per transducer excitation, this should be shrunk into a single scalar value as saving
thousands or perhaps hundreds of thousands of full ECA signals per point per coil will heavily tax
memory and saving information. If an array system is used, then O; will need to adjust for the
position of each local sensor on the array. When a scalar value is obtained per point, a color on the
PTC C,p,; may be placed, which will help visualization of defects. C,p, ; is based on the value of
Blockge,; and its position of a colormap Ny,qp. Nyap may be defined in two ways: a static min and
max structure in which the expected NDE data is bound inside, or dynamically which decides finds
the min and max data of the complete set of points. For the latter, either the min and max can be
found at the end of the scan, or dynamically from real-time scanning. Both the color and associated
NDE data should be saved, so the data may include visualization for a human inspector and damage
analysis from the NDE data. The number of points m within the PTC is dependent on the length of
the scan, the time of scan, and the data acquisition rate. Though synchronization will be covered
later, it should be noted that synchronization will wait for both the NDE acquisition device and
robot controller end-effector transform output to save data, meaning the slower of the two devices
will decide acquisition rate. Once all the points inside D, 4, are solved, they are compared with
Ninap to create the PTC P,4.. Through reconstruction methods such as Poisson reconstruction, P,,q4.
may be converted into a mesh M,,4., which helps in visualization by adding faces which interpolate
the color structure and may be associated with the input environment mesh used initially for path

planning. Figure 2.4 shows the hierarchy of the data system.
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Figure 2.4 NDE Image Data Hierarchy.
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CHAPTER 3

ENVIRONMENT RECONSTRUCTION
The previous chapter outlined the basics of a point p, a PTC or list of points P, and a mesh
M. As discussed, the environment E is broken down into two categories: the sample itself,
everything else as background. The points and faces which define the face should be used for path
planning, while background components may be used for collision detection within the simulation
software. Predefined CADs for path planning are avoided, as both the positioning and topology of
the predefined virtual object may differ from physical space or may be difficult to calibrate. As seen
in the literature review section, CADs see their purpose for autonomous NDE scanning, however
the vision of this thesis is to allow for objects to scan to quickly move inside the environment,
then for it to be scanned autonomously. This chapter discusses reconstruction methods to obtain
physical typologies from several different methods, such as stereo camera, structured light (SL),
and from the NDE probe itself. Registration of the mesh from the local reconstruction sensor back
to the robot’s frame is an essential step covered in the next chapter. This enables knowledge of
the mesh’s location within the robot environment where path planning of the NDE probe will take

place.

3.1 Introduction

A reconstruction sensor should return the depth profile of objects in front of its sensing area,
creating point cloud (PTC) P. P will be used to generate M, which will enable surface path
planning from the object under test after it has been registered or aligned to the robot’s based.
Much discussion will be on the PTC P itself. Discussed in this thesis, reconstruction devices may
either obtain a 3D PTC from a single snapshot or recording of PTC information at one spot of time
or record individual depths with a recorded position of a depth sensor as a reconstruction device.
The latter may be a 1D laser profilometer with variable results. To reconstruct over areas with 1D
depth sensing modules, it should be moved along a path with its position recorded. In other words,
the depth sensor should be used as an end-effector from a path that will record an area along the

environment to reconstruct. This may be a raster-like path above the sample. This sensing area
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may be defined in several ways. It should be noted that the PTC P is not a 2D array, but a 1D
list of points which lie within 3D Cartesian space. The organization of points from a snapshot
obtaining device will be in a 2D grid like pattern with differing depths, while the pattern from a 1D
depth system is entirely dependent on the path defined from the scan patrolling the sensor along
the environment.

Field of view (FOV) is the range along local Cartesian coordinates x and y and width w and
height h in which points will be generated. Using a definition where x and y are centered from w

and h respectively, the range of x and y are defined as:

—wx05<x<w=x0.5

-hx05<y<h=*0.5

FOV may also be found by the viewing angle for each axis. The definition of FOV depends on the
interpretation of sensor intrinsic parameters, such as if the output should always hold a static w and
h, or changing depending on depth distance z. The range of z is also different for different devices,

defined as:

0 < Zmin < 2 < Ziax

Depth z should enable high accuracies to ensure more correct profiling of the physical surface in
digital space, which in turn should improve path planning accuracy. Minimum distance z,,;, of
the region to reconstruct cannot be equal or less than zero, as that would show that region being
behind the sensing device or touching the device. Typically, there is a conservative range for
Zmin SO multiple points may be picked up, though this depends on the type of sensor used. For
reconstruction sensors picking up 3D PTCs, enough information needs to be parsed to accurately
obtain a profile, which requires a certain distance z,,;;, to be defined. For z,,,., a similar tale is told
which if the sensor cannot interpret items at a distance, then they will simply not be picked up. The
range for z is important to acknowledge within the application. For depth sensing devices, many
devices may be used that can measure up close, perhaps up to a several microns [97]. However,

as discussed later, the method for reconstruction will use a blind approach, which options that are
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too close to the sample without knowledge of the surface may lead to unwanted collisions between
the laser or robot and the environment to reconstruct. This means it’s more preferred to have a
high accuracy but within range for z,,;, and z,,4, for 1D sensors. For this thesis, a Fanuc 100ib
robot arm is used, which has an approximate range of 6m. This means that it may be ideal to have
a range within z,,,, = 6m, though any higher that supports high accuracy may be used as well,
and z,,;, being not intrusively high. One may wonder if it may be possible to increase the area
and resolution for the physical to digital reconstructed environment. This is possible by obtaining
multiple snapshots or depth scans then parsing them together after registering them each, either to
a local frame from one of the PTCs, or to the robot’s base frame. Multiple snapshots are discussed
in the next chapter.

Resolution is the number of points obtained per axis. Higher resolutions may lead to higher
fidelity in reconstruction, however in practice, sometimes oversampling leads to "bumpy" surfaces
which overcompensate NDE sensor positioning. A PTC from a 3D PTC snapshot device will have
a resolution along x and y, defined as rs, and rs,. For example, the Intel RealSense D435i camera
used in this thesis has a resolution of 1280 x 720 pixels (px) bounded within w and h, though it
also has an RGB camera of 1920 x 1080 px for surface texture generation. This definition is for
a single PTC, in which multiple PTCs may be used to expand the reconstructed region or be used
for temporal processing. For 1D depth sensing modules, resolution is dependent on the number
of points obtained during the depth sensing scan, which is dependent on the time taken to conduct
the scan, dependent on speed of probe, speed of the depth DAQ, and number of raster swipes (for
raster scans).

3D PTC snapshot devices will now be abbreviated as "cam" or camera for short. To differentiate
from other points and meshes, each will be abbreviated as points p.qm, PTC P4, and mesh M,,.
A single orientation of the camera, O ,,,, will orient the entire PTC output. Figure 3.1 shows an
ideal setup where a camera facing a flat panel will obtain a grid, with each point holding some
sort of depth information. Likewise, depth sensing will have points p,, PTC P,4, and mesh M;. A

lift-off should be selected so a measured depth z, is within sensing range between z,,;, and 2,4y,
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dependent on the sensor used. The orientation of the depth sensor O, exists on the waypath W,
dictated by waypoints p,, 4. This example shows a raster scan pattern, which will be defined in the
path planning chapter. The reading of the depth sensor z and the orientation O ; between waypoints

will determine a point py = [T, R),,]. For the translation 7}, ,, which is like equation 2.13:
04 = [T0.,4, Ro.dl
Osn = Ro,q * 0,0, z4]
Osn = [Tsn, Rsn]
Tya=To,+Ts

This rotates the depth to the perspective of the device, then shifts the read translation with respect
to the depth point’s translation. The rotation of the point must be flipped, as the perspective of the
point should orient towards the reconstruction device. Having a flipped rotation causes trouble for

mesh reconstruction. To do this, simply rotate the point by 180°:
R,, = Ro,q * 180°

When placing a point into a 3D engine, it technically doesn’t have a rotation itself, but a normal
per point V4. This conversion requires a universal normal vector N, = [010] along the y-axis, and
applying the rotation per point:

ng = Ny * Rp,d

From the PTCs generated, meshes may be generated. Mesh reconstruction from PTCs will be
discussed in the next section. Meshes M, ., and M; are analogous, however there are subtle
differences when it comes to reconstruction due to the structure of the input PTCs giving separate
scalar fields (SFs).

There are some restrictions on usage of reconstructed environments. First, consider the type of
NDE scan that will be used from the surface profile. For example, if ECT is used, then the probe
will require to be remarkably close, within potentially 1mm, or even touching the surface. UT

has looser requirements but still requires a lenient distance between the NDE probe and sample,
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Figure 3.1 Camera orientation against a flat panel.

especially for subsurface scanning. In both scenarios, it is not wanted to touch the sample to
prevent any damages. Error in registration or alignment is also significant in this regard. Erroneous
rotations may also generate unwanted effects in the scan, for example in recordings of reflected
signals in UT, which may add a layer of gain shifting in the output data that shouldn’t be wanted.
Another restriction is the requirement for the sample to not be positioned during the scan, meaning
between the first snapshot of the reconstruction sensor to the last piece of information obtained
from the NDE probe. If the sample moves during the scan, it will be difficult to track the amount
of movement while also adjusting the scan path in real time during the scan. Miss positioning is a
registration issue, which will be discussed in the next chapter. An example is if there is a collision
of the probe or robot which may shift the sample within physical space. In a lab environment, if
somebody touches or moves the sample in between scans, this will add unwanted errors in assumed
positioning of the sample, creating unwanted effects in the NDE scan. It is recommended that the
sample has measures to ensure it doesn’t move during the scanning procedure, but applications

where it may move quickly inside or outside the workspace may restrict this ability. Also, like
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Figure 3.2 Depth sensor orientation from a waypath against a flat panel.

before, the sample must remain in a static location.
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Figure 3.3 Depth sensor path planning in simulated RDK environment.

3.2 Mesh Reconstruction and Post-Processing

To obtain the physical to digital environment meshes M., from 3D snapshot sensors and M,
from 1D depth sensors that are suitable for path planning, the meshes should be reconstructed from
a parent PTC P. For mesh reconstruction, the goal is to obtain a set of triangulated faces F from
indices related to vertices. As explained in the last chapter, this enables parsing transformations
on the surface of the physical surface interpreted in digital space through ray-triangle intersection,
parsing the point of intersection and rotation from the normal of the face. On top of mesh

reconstruction, there are recommended operations to remove unwanted points as statistical outliers,
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segment the sample from the background, and smooth the sample. Some of these steps may be
processed on the PTC before mesh reconstruction, and some afterwards. Processing is done with
CloudCompare and MeshLab, and both are automatable, with the C++ language interfacing for
CloudCompare, and the Python language with MeshLab. CloudCompare handles registration,
statistical outlier removal (SOR), and Poisson reconstruction, while MeshLLab handles decimation
and smoothing. Both are possible to meet within C-sharp, however CloudCompare has difficulties
due to requiring wrappers. Figure 3.4 shows a recommended pipeline, however some operations
may be added, removed, or reorganized. For example, registration may occur either on a PTC or on
a mesh, which it may be easier to through point pairs picking to use a mesh instead since points may
lay on each face rather than exclusively on points on the PTC. Registration or orienting the mesh to
the robot’s base frame is discussed in the next chapter. Another example is that many commercial
software already outputs a mesh for the user which saves some implementation but those meshes
might still need smoothing operations.

Using multiple PTCs post registration is useful for expanding the region of the scan, done
by either moving the device at different approaches or using multiple cameras at different static
locations. A merged PTC P,,.,, of an indexed PTC P; from 1 to size np may be found through the

summation:

$
~

Pmerg: Pi

i

Il
—_

This is not a summation per point, which would distort position of points, rather appending each
point within any PTC P; into an initially blank P,,.,,. As PTCs are linear 1D lists, P, will be
an extended 1D list of points from each P;.

After merging, typically there will be outlier data that may distort Poisson reconstruction if it
is not removed. Outlier data may be information that is not intentionally picked up by the sensor,
as random points or perhaps even wires or small components that appear in some PTCs but not in
others. Poisson reconstruction outputs a SF per vertex within its generated mesh, which a histogram
may be used to filter smaller components before the majority curve of the wanted. However, it

is a better practice to cut unwanted points as they may generate alongside Poisson reconstruction
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Acquire point clouds

Register point clouds to robot's base frame

Merge point clouds into one image
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Poisson reconstruction
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Segment sample and background

Smooth the mesh

To the toolpath generator

Figure 3.4 PTC to filtered mesh processes.

even after filtering the SF. Two methods were examined. First is to use an algorithm such as an
SOR filter, which may remove individual rogue points or separate clusters of points not attached
to the PTC. This process automatically removes points generally efficiently. The complication of
SOR filtering is that points or clusters too close to the mesh may not be detected and may generate
unwanted geometries on the surface to scan. An example is shown in figure 3.5, in which most
points are removed, but some stay close to the sample region. This leads to the second method:

cropping. Cropping is the process of manually selecting a region to scan and segmenting that
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region with the rest of the PTC. Simply after cropping, the unwanted segment can be removed from
the PTC. The process of cropping is discussed when segmenting the sample and background. The
drawback of cropping is that it is a manual process without the help of artificial intelligence, which

may be overkill for this operation.

Figure 3.5 SOR filter example within CloudCompare.

Once the PTC is cleaned, the mesh may be generated via Poisson reconstruction. The raw
output of Poisson reconstruction is a mesh which has SF values per vertex. Higher values of SF
tend to show clustering of vertices, showing the area to reconstruct. There are several inputs that
may be placed into this algorithm. One is the choice of boundary conditions, including Dirichlet
and Neumann [93] [155]. Dirichlet tends to output more spherical boundaries, while Neumann
tends to supply mode flat boundaries. Neumann is selected instead of Dirichlet due to consistency
in providing results with less bumps of the edge of the output mesh, which Dirichlet boundaries

may provide. Octree depth levels may be chosen, which lower values provide faster and smoother
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but less resolute meshes, while higher supply higher dense meshes at the cost of smoothness and
computation time. Level 8 octree depths are universality used for any Poisson reconstruction in

this thesis.

SF-Parameters
Display ranges  Parameters

(636564493 2] displayed [7.55893373

I h

[2:59185828 2] saturation (755893373

Histogram
Poisson scalar field
reconstruction \ range selection

level 8

-‘

Figure 3.6 Poisson reconstruction example in CloudCompare.

SF filtering is done by examining a histogram of SF parameters from the generated mesh, and
removing vertices and faces that are on the lower spectrum of the histogram, showing vertices that
are not clustered. An example is shown in figure 3.6. Usually, a peak will appear, indicating where
the filter should not pass through. This process is automatable even by simply setting a threshold
before the maxima, however this is currently done manually. In figure 3.7, the PTC is obtained
through SL, which supplies a mostly uniform structure of the PTC, though "mostly" is used since
multiple PTCs were used for temporal purposes. In contrast, 3.8 generated a depth PTC from UT
depth scanning, which holds clusters based on the speed of the probe, which can be seen on the
edges and middle on the unfiltered SF mesh. The start and stop locations also have the highest
clustering. Despite this, it is irrelevant to the output mesh post filtering as only the lowest before
the main spike is filtered.

Methods such as Delaunay are possible, but sometimes lead to mixed results. Delaunay can
supply fast and automated reconstruction from planar meshes without filtering out SF parameters
like Poisson reconstruction. Delaunay reconstruction may work alongside methods such as 1D

depth raster scanning. The issue is that sometimes if the input PTC is not planar, which may occur
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if there is missing information, then the output may distort. Several comparisons between Dirichlet
versus Neumann boundary conditions, or between Delaunay and Poisson reconstruction, are shown
in figures 3.9, 3.10, and 3.11.

The final processes are the segment the sample and background, and to smooth the sample’s
geometry. The background should be kept, but only for path planning and collision detections,
to prevent any damage to the sensor, robot, or surroundings. The background should be removed
for the path planning however, as it may be intrusive for path planning with waypoints being
generated in the background. Autonomous methods for segmenting PTCs exist [34] but would
be difficult to currently implement and confirm within the current setup [131], and potentially
unnecessary. Therefore, manual segmentation is used. There are two useful techniques as options
inside of CloudCompare and MeshLab. One polygonal segmentation in which the user inputs a
custom polygon from a certain camera perspective to segment out the sample from the background.
This is useful if the sample and background are merged post mesh reconstruction. The second
method is connected components selection, which may be used if the sample and background are
not touching, or have connected faces, on the reconstructed mesh. Simply, the user selects the
sample and background individually. For extra filtering, every other part exclusive to the sample
and background, such as rouge clusters of faces, may be removed as the surfaces of the sample
and background are known. Once the sample is known, it is recommended to smooth the surface
to prevent rotation bias from rough surfaces generated through mesh reconstruction. Laplacian
smoothing is used [160], generally with 10 iterations of smoothing. An example is shown in
figure 3.12. Decimation is also used on samples with many faces, saving computation time in any
processing including path generation used due to restrictions on the custom path generation engine

where only 30, 000 faces may be used per mesh.
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(a) Point cloud, RGB from depth
with red closer to the viewer. (b) Unfiltered SF mesh.
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(d) Filtered SF mesh with previous
(c) SF histogram and parameters within CloudCompare. SF coloring.
(e) Filtered SF mesh with updated SF (f) Filtered mesh, RGB from depth
coloring. with red closer to the viewer.

Figure 3.7 PTC to raw mesh process from SL on an aluminum sample placed on a table.
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(a) Point cloud, RGB from depth (b) Unfiltered SF mesh, with
with red closer to the viewer. Neumann boundaries.
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(e) Filtered SF mesh with updated SF (f) Filtered mesh, RGB from depth
coloring. with red closer to the viewer.

Figure 3.8 PTC to raw mesh process from UT sensor in depth detection mode, on an aluminum
sample placed on a table.
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Figure 3.9 Delaunay 2.5D reconstruction, from PTC obtained from figure 3.8.
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(b) Mesh reconstruction using
Delaunay 2.5D function from
(a) Initial PTC from SL. CloudCompare.

(c) Mesh reconstruction using
Poisson reconstruction with
Neumann boundaries from

CloudCompare. (d) SF filtered mesh.

Figure 3.10 Comparison of aluminum sample reconstruction from SL between Delaunay and
Poisson reconstruction methods.
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(b) Back side of unfiltered
(a) Unfiltered reconstructed mesh. reconstructed mesh.

(c) SF filtered mesh.

Figure 3.11 Poisson reconstruction with Dirichlet boundaries, from the PTC in figure 3.10.

Goal CAD Erom reconstruction Laplacian smooth ten iterations

Figure 3.12 Laplacian smooth example in MeshLab.
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3.3 Reconstruction Methods and Devices

Several different reconstruction methods have been tested, including stereo vision, SL, and single
point raster scanning. Though stereo vision is eventually ignored due to mediocre performance in
surface accuracy, it shouldn’t be ignored for extended methods such as mobile applications due to
its low cost and portability. Commercial options were explored for stereo vision and SL, with an

Intel RealSense d435i used as a stereo camera and a Creality CR-Scan 01 used as a SL camera.

3.3.1 Stereo Vision

Stereo vision was the first method examined for surface reconstruction, shown in earlier works
[76]. Stereo vision works like human vision, in which two cameras are used to perceive depth.
How this works is that the two cameras obtain an image each at the same time, in which matching
algorithms are deployed to obtain depth per point [102]. How matching algorithms are decided to
come from camera intrinsic parameters. Stereo cameras supply fast, high resolute, and portable
solutions for 3D PTC snapshots.

In the case of using the Intel RealSense camera, stereo vision is used alongside Intel RealSense’s
SDK, along with several filtering algorithms [6], [39]. Much discussion will use Intel RealSense
as an example. The filtering process is shown in figure 3.13, which would be input to the processes
shown in figure 3.4. Such processes allow for decreasing various noises with background data that

may conflict with mesh reconstruction. In short, a filtered output will be generated:

1. Decimation filter: selects a kernel that immediately limits the number of faces per mesh.
This is used first to decrease computation time. A median filter is used within the kernel for

each depth.

2. Temportal filter: selects a simple depth range which any point outside with be removed from

the PTC. This is done early to decrease computation time.

3. Depth2Disparity transform: converts the depth map to disparity, which is the reciprocal of

depth, used for the next two sections of filtering.
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4. Spatial filter: smooths data using various 1D horizontal and vertical iterations [68]. Is

edge-preserving.

5. Temporal filter: uses past snapshots in order improve the final output to be closer correlated
the the physical surface. This requires for the camera and recorded environment to remain in

statics locations.

6. Disparity2Depth transform: converts back into a depth map.

7. Hole-filling filter: Attempts to find four neighboring vertices to remove any holes on the PTC

to reconstruct.

The Intel RealSense SDK also supplies direct outputs of the mesh itself after these procedures,
which may allow for reconstruction to be avoided.

There are complications using stereo vision, at least tested with the RealSense camera. Simply,
the PTCs used for reconstruction are not correct enough for the high-precision applications needed
from robotic arms. At 2 meters, the depth accuracy of the camera is 2 percent. At this distance, the
accuracy is up to 40mm, which is exceptionally large with respect to NDE scanning with a robot
arm with much higher accuracy. Figure 3.14 and 3.15 shows results of complex shaped CFRP
car pieces from different CFRP car pieces placed on a table, snapshots taken above using the Intel
RealSense stereo camera. Upon visualization compared with SL in figures 3.16 and 3.17, the SL
supplies more detailed geometric features. This affects path planning and output NDE results,
as stereo cameras tend to distort edges significantly which makes scanning exceedingly difficult.
Because of this, SL is examined instead for the rest of this thesis. For mobile applications, stereo
vision may be more proper where positioning of the sensor may have a relatively similar accuracy
restriction. Similarly, reconstruction methods such as photogrammetry, in which several images
from differing perspectives are used to generate a 3D environment [118], may be useful for such

applications [49].
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Figure 3.13 Intel RealSense filtering process.

3.3.2 Structured Light

SL for PTC reconstruction supplies high accuracy, cheap, and portable options that have seen
uses for surface NDE and robotics [106] [5] [83]. SL uses light fields associated with spacial
distributions, such as amplitude, phase, and polarization, to obtain features that would parse 3D
environments [60] [7] [69]. A Creality CR-Scan 01 is used, which while typically used for more
artistic, preservation, or 3D printing purposes, is used for robotic NDE scanning and path planning.

It holds an accuracy of 0.1mm, black boxing of certain functionalities of the device, which for
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(a)Car 1

Figure 3.14 Stereo vision environment mesh results on CFRP car pieces, depth colormap.

commercial purposes is understandable, however when it comes to registration later, this becomes
problematic unlike with the RealSense SDK which avoids most of this black boxing. Figures 3.16
and 3.17 show mesh outputs from the SL device on the CFRP car samples seen which is very suitable
for NDE methods requiring high accuracy such as ECT, and works very well with UT. It also has

advantages of a portability mode which allows for auto alignment intelligent matching algorithm
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(a) Car 1 (b) Car 2

(c)Car3

Figure 3.15 Processed stereo camera sample mesh results on CFRP car pieces, depth colormap.

for orienting multiple PTCs. This algorithm may also be used to obtain temporal information,

overall improving output PTCs.
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(b) Car 2

(c)Car 3

Figure 3.16 SL environment mesh results on CFRP car pieces, depth colormap.

(a) Car 1 (b) Car 2

(c) Car 3

Figure 3.17 Processed SL sample mesh results on CFRP car pieces, depth colormap.
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CHAPTER 4

ENVIRONMENT REGISTRATION
While environment reconstruction obtains the knowledge of the surface geometry of the sample
for scanning and surrounding background, registration is how to align the geometry for it to be
useful. If the geometry is placed back into a robot arm’s base frame, then this enables scanning on
the geometry. Therefore, the goal of registration is to obtain a single transform that references the
relationship between the first orientation of the mesh to the robot. The complication is accurately
obtaining this transformation automatically, particularly for snapshot images obtained from methods
such as stereo cameras or SL. Just as accuracy is important for reconstruction, which decides the
proper geometry for an NDE probe to move along, accuracy in registration is important in ensuring
the NDE probe is moving along that geometry. As shown back in figure 1.4, having no alignment
will not allow for NDE scanning as there is no alignment defined. The alignment must be estimated,
which two methods will be discussed. Alignment may be placed onto a PTC P or mesh M, as the
output of registration is a transform matrix holding translation and rotation and may be applied to
either. The first is point pairs picking (PPP), in which at least three points are selected on the mesh
that have known locations with respect to the robot. This method requires manual intervention,
at least in its current usage, to measure the physical locations that as reference mark to the robot,
and the locations on the digital environment for alignment. The second method is center point
transformation (CPT), which uses the known orientation of the camera to the base and simply uses
that as the transformation. This enables autonomous registration of the snapshot to the robot’s
base frame. Either the reconstruction device needs to be in a static location that is measured to
the robot’s base frame, a method that isn’t covered but may be viable, or is placed on a measured
location on the robot arm such as the end-effector. For example, if a mount is placed on the wrist
of the arm, then measuring the displacement of the location on reconstruction camera where it
obtains the snapshot location may be used as the final frame of the device. Forward kinematics
can then be used to solve the location of the snapshot to the robot’s base frame. The issue from

this is that sometimes the snapshot itself does not orient with the measured physical location in
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which the snapshot is taken, which surprisingly was the main drawback from this method. CPT
is technically the registration method used with 1D depth sensing raster scanning, which shows
its effectiveness with high accuracy depth modules and its transformation known from the robot.
Reconstruction methods such as iterative closest point [19], which automatically compares two
PTCs or meshes to find the transformation frame between the two, is avoided as during testing
though may find it’s usage with pre-calibrated models used as reference. This was tried but did not
lead to notable results due to major reliability issues in terms of accuracy. For NDE scanning, there
are at least five conditions that should be met about registration. These both limit transformations
of the NDE probe and reconstruction device and allow for focus on available setups within robotic

environments.

1. The region to scan must be in the cyber-physical scene.

2. Error between the aligned frame and the robot’s base should be minimized in accordance to

the lift-off requirements of the NDE scan.

3. The physical region to scan and its associated cyber environment must be within the robot’s

workspace.

4. The physical region to scan and its associated cyber environment must not be obstructed by
any background components, specifically preventing the NDE end-effector from reaching a

waypoint or destination.

5. If using PPP, Calibration regions to be selected must be reconstructed along with the region

to scan, and visible to a human operator within the cyber-physical scene.

Condition 1 is a simple statement in which if the cyber-physical scene is not available, then path
planning will not have an input meaning no known waypoints can be generated. What is important
to note from this condition is that it restricts the number of transforms inside of the workspace
environment E. For example, if the camera or reconstruction device is placed on the robot, then

it is bound by the restrictions of z4. Condition 2 is purposefully abstract, implying that errors in
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alignment must be reduced to prevent NDE data loss or potential collisions. The purpose of this
abstraction is due to the black boxing of surface scanning NDE methods, which differentiate lift-off
requirements. On top of this, single channel "pencil" style probes are assumed, in which probes
with arrays add complexity in terms of path planning and lift-off requirements for each element
of the array. Conditions 3 and 4 define availability within the cyber-physical environment. Like
condition 1, condition 3 is defined to ensure the point the generate is within E, or else they may
not be reached and are considered as null or not generated. Similarly for condition 4, if the NDE
probe cannot reach the point, then it will be marked as null. Condition 5, only noted if PPP is used,
then calibration regions need to be visible and measurable on the reconstructed mesh and physical
location. If not, then PPP will be difficult to incorporate as no known or correct locations between
the two frames would be known.

Increasing the area of the known scanning environment is beneficial for complex shapes which,
require different perspectives to reconstruct regions unknown to a first snapshot, for large samples,
or to purposefully reconstruct components of the background that may be useful, for example for
calibration regions or collision detection. There is a phenomenon of "point cloud shadows", which
are missing pieces of information behind a reconstructed mesh from a single snapshot. This may
be avoided by merging multiple PTCs from different perspectives. Camera orientation O 4, 1s the
basis of environment registration, as this factor mostly affects the required outcome of registration
itself. As shown in figure 3.1, orientation of the snapshot device O, will decide projection of
point’s that define the PTC and mesh. By moving the camera, several different projections may
be used. This is beneficial for expanding the region to scan, potentially for larger samples than
the width and height of a first snapshot. The camera O,;,, may be considered as floating near the
robotic environment, enough so that the required range for z; of the reconstruction device may be
appropriately placed nearby the robot’s workspace. Multiple orientations of snapshots may occur
in two ways. One is to dynamically move one camera or reconstruction device; the other is to use
multiple reconstruction devices shown in figure 4.1. Dynamically moving robots may be done by a

human conductor holding a portable reconstruction device, then manipulating it around the robot.
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This enables movement of the camera outside of the robot’s workspace environment E, and robust
movements down to the human operator’s discernment. The drawback is that this method is not
automated due to human intervention. Another method is to attach the reconstruction device on
the robot, which is shown in figure 4.2. In this scenario, the camera orientation is equivalent to
the forward kinematics solution defined by robot joints J and Denavit—-Hartenberg parameters DH,
shown in equation 2.6. Note there will be another frame to define the tool, which may be placed
into DH,, and a static joint for 6, at the final frame at index n;. This operation is automatable,
with figure 4.3 showing an ideal scenario where a hemispheroid scan is defined to obtain each piece
of information of the sample within the environment. Dual robotics are shown so both sides of the
sample may be defined, deploying the idea that multiple cameras may be used dynamically as well.
After alignment of multiple snapshots obtained, which RealSense and Creality can merge multiple

frames into a single local frame, the cyber environment area for path planning may be increased.

Figure 4.1 Multiple reconstruction device setup.
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Figure 4.2 Camera as robot tool setup.

Figure 4.3 Hemispheroid scan using dual robots.
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4.1 Point Pairs Picking

PPP, done within CloudCompare, takes two frames, one as reference frame O,.r used in
PTC and mesh P,y C M,.; and one "to align" frame O,; used in P,; C My, and obtains the
transformation between the two which is used to register P, or My to P,y or P,.p [37]. At
least three point pairs must be defined between the two frames. The drawback of PPP is that it
requires manual choice, at least in current usage, while receiving help from correct transformations.
Manual choice is also prone to human error for selecting points on meshes, which becomes difficult
to confirm. The reference frame should always be the frame that relates back to the robot’s base
frame. To effectively do this, then there must be regions on the reconstructed environment that
hold "calibration" marks. These marks are measured locations that correlated with the initially
unregistered mesh to align towards. There are two options for PPP. One is to use a reference PTC or
mesh environment that is already registered to the robot’s base frame and contains the calibration
region, a method that is not examined due to the requirement of the environment already being
registered limiting usage but may see some purpose with more development. The second is to
physically measure the calibrations to the robot’s base frame and use these points as approximate
locations on the "to align" PTC or mesh. To avoid manually measuring these spots in person,
which would be difficult to confirm, the robot arm itself may be used in which an end-effector is
used to measure the location itself. This method, while taking some time to manually move the
robot and has human subjectivity in choice, has shown effective usage alongside PPP. Calibration
spots should remain in constant locations, perhaps in the background, to avoid remeasuring each
location.

How PPP obtains the transformation is through approximation of the best transformation which
lowers the root mean squared (RMS) error value between each point pair. Higher RMS error
correlates to the potential error between the alignment of the cyber space versus physical space.
RMS values should be treated carefully, however, as it only decides the error between the measured
physical location and measured location on the aligned mesh. This means that if there is error on

these measured points versus the actual points, then RMS will not be useful in finding this error.
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For this, it’s important to differentiate these types of PTCs, points, and orientations:

10.

11.

12.

. Py or M,;: PTC or mesh to align

. Prey or M. ¢: PTC or mesh in the reference frame

P, .42 Set of physical points as references, actual position A
P, 1o Set of physical points as references, measured position «
Py a: Set of cyber points to align, actual position A

P,y o: Set of cyber points to align, measured position @

. Pph,A: Physical space point ph, actual position A
. Pph,: Physical space point ph, measured position «

. Pey,a: Cyber space point cy, actual position A

Dey,e: Cyber space point cy, measured position «

Ofl : Actual transformation or orientation (contains both translation and rotation) vector

ef,A
between p,u 4 and pey 4
al
Oref,a

result for Ofé 7 between aligned O and reference O, s frames

There are also several functions that should be described:

1.

2.

3.

4.

p = Mtop(paxa), matrix form pax4 to a translation vector as point p shown in equation 2.2

O = MtoO(Oy4x4), same as Mtop but with context for an orientation O holding rotation

parameters from matrix form O4x4
Pax4 = ptoM (p), obtain matrix form from vector form

Oy4x4 = OtoM(O), similar to proM but for orientations
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5. p=0top(0) or psxs = Otop(O4xa), take translation parameters from orientation
6. O = ptoO(p) or O4x4 = ptoO(pax4), create orientation from translation parameters

7. p=Mtop(Oyxq) = Otop(MtoO(O4xs)), abstraction for Mtop taking O4x4 and converting

into p

8. 0 = Fyi(J, DH), forward kinematics equation from 2.6, inputting the joint set J and

nj
0,4x4
Denavit—Hartenberg parameters DH to obtain orientation matrix between the end effector

frame at n; back to the robot’s base frame at 0

9. 04

vefdxd = Fppp(Pai, Prey, Pey, Ppp): point pair’s picking algorithm, outputting an orien-

tation matrix from the PTCs to align P,; and as reference P,.r. The point pair sets P, as

al

re f.dxa 4> While

reference and P, are also input. Fppp 4 refers to the best possible result for O

al

Fppp  refers the to the result which contains error in processing for Ore Faxd

In general, matrix forms are better at explaining orientation due to having a single defined output,
while vector forms condense that output and may generate different orientation matrix forms from
OtoM. Function Fppp will be abstracted as the function simply used within CloudCompare [37].
There are several statements for comparing physical and cyber alignments. To begin, the actual
point positions between the two spaces are the same, ignoring errors due to misalignment or miss

measurement:

PphA = Pey.A 4.1)

This is an ideal scenario that when measuring should lead to the best approximation of p,; 4 and
Pey,a- This is in no relation to the cyber environment PTC P, but just for points used within PPP
for measurement’s sake. The points between actual and measured spaces are also interchangeable

for physical and cyber point sets:

Pph,A € Ppha 4.2)

Pcy,A < Pey,a 4.3)
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Using a physical calibration device in frame O.4p, connected to the robot providing relation to

reference frame O, ¢, which directs a ray perfectly towards a calibration location p,, 4. If the

nj

calD 4x4 Ay be

device is connected as end effector at frame n;, then and orientation matrix O
defined between the end-effector frame and calibration device frame. Forward kinematics can be
found to equate the end effector frame back to the robot, which used in conjunction with the known
calibration to end-effector frame supplies the frame from the calibration device to the robot’s base

frame:

0(6)%54,A = Fri(Ja, DH) * 0:21D,4><4 (4.4)

This is still in the ideal case, since the joints /4 may have been measured manually for mastering,
which may add to orientation error from forward kinematics. Using the frame from actual lift-off

ZcalD.A» describing the end of the ray oriented from generation spot of the calibration device:

Ppha = MIoP(OG42) 4 % Oz 44xa) (4.5)

The "dot" in which is oriented from the robot to the calibration point is ideally solved for p,j 4.
This means that a pointer, such as a laser, which has a visible output may be used even at a distance
from the calibration device to the calibration point. Ideally, the robot should face the calibration
device as end-effector tool in a manner that is normal alongside an axis. For example, if pointing

downwards so normal vector N_, = [0, 0, —1] and likewise rotation R(‘;“l b.A [180,0,0]°:

[ calD ]
1 0 O Hoe.A
_ calD
3, o -1 o tgel
Phaxaa = D
0 0 -1 %4 +2cap,a
0O 0 O 1

With equivalence:

_ _ rqcalD _calD _calD
Ppna = Mtop(Ophy,y 4) = [tO,x,A’ y.a0toza T ZealD]
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Another examine is facing forward of the robot, with N, = [1, 0, 0] and likewise rotation R(C)alD’A =

[0, 90, 0]°: _
0O 0 1 I(C),axl,g + ZcalD,A
calD
oo o R
Phaxan = calD
-1 0 0 1osA
0 0O 1

With equivalence:

_ r4calD calD ,calD
PphA = [l()’x,A + ZcalD,A> tO,y,A’ tO’Z’A]

Therefore, if using a normalized rotation along parallel to an axis, then only the translation is needed
for positioning the sensor. This does not account for errors, which are now proper to discuss. There
are joint errors J, related to the ideal joint set J4 to the measured joints J,. If the physical sample
i1s moved between the recorded snapshot and registration, there is a displacement pp , between
cyber and physical spaces. In current usage, human positioning will add error pg .. Error in
D H measurements are ignored. General position error p . . considers any unlisted cases of error.
Compensating for these errors, the orientation matrix from the calibration device to the robot’s base

frame may be defined:

O(C),a41>21,A = Fpi(Jo +Jo, DH) x 02211),4><4 (4.6)

Point position errors may be added together:
Pphe = Ppos,e t PD,e + PH,ph,e
= MtoP(0YP  « 0 ) + 4.7)
Pph,a o 0.4x4,A ZealD.a4x4) T Dph,e .
By minimizing errors, ideal and measured results converge:
Ppha = Pph,A (4.8)

Each point should be recorded into a point pairs vector that holds each equivalent point to size n:
np

Pypa = Z Pph,An; 4.9)

nl:O
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np
Poha =) Pphan (4.10)

n[ZO

These summations refer to appending points, not adding each point together. This was to solve the
physical location of a calibration spot, done within the physical workspace, but for cyber equivalent
locations are solved within a mesh simulator such as CloudComapre. In current implementation,
a human selects the equivalent points P, 4 ideally and P., , measured, based on the equivalent
calibration location found on the reconstructed mesh. This is where PPP is used to solve the
required orientation between the reconstructed environment frame O, and the robot’s base frame
at 0. An example of selection for P., 4 within CloudCompare is shown in figure 4.4. In the ideal

case, using equation 4.5:

0;);1,4><4,A = FPPPA (Pal’ Pref’ Pcyal,A, Pph,A) (411)

Py, refers to the cyber points in the aligned frame, which are then transposed to the reference
frame for Py 4:

Pey.A = MtoP(O;yh’ sschp) (4.12)

The physical points should already be placed as reference to the robots base frame at 0, while
the frame of the cyber points to align should refer to the output snapshot’s frame, meaning that

OCy — OCy

phAxdA 0.4xa 4 18 the solution to place the PTC or mesh to the robot’s base frame at 0 for

scanning. In this process, there are a couple of errors that may occur. First, the PPP function
Fppp holds loss, as it is trying to solve the best translation from points. This error is represented
in RMS per cm but is defined as a matrix O ppp, 4x4. Because of this, the function is differentiated
as Fppp, which includes error. Errors for the physical calibration points within P, , have already
been defined. There is human error Py ., . when selecting points within cyber space, in current

implementation. The output may now look like:

FPPPQ (Pal, Pref’ Pcyaz,ou Pph,a) = OE,yhAXA;’A * OPPPE,4><4 (4.13)
0;yh’4x4,w = FPPPQ(Pal’ Pref, Pcya],a, Pph,oz) * OtOM(Pcyaz,a + PH,cy,e)
Peyo = MtoP(O%, ) (4.14)
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By minimizing errors:

Pcy,a ~ Pa CYA (415)
cy ~ NCY
Oph,4><4,a ~ 0ph,4><4,A (4.16)

The solution for aligning the reconstructed environment to the robot’s base frame is Oth dxdg =

o7

Odxdoe AN example is shown in figure 4.4 where several point pairs n,, = 4 with indices i, are

n_n

selected on calibration locations defined on "x" marks on tape placed on the table. These points

were manually measured for p,, , using the end-effector tool, emulated in figure 4.5.

Figure 4.4 PPP with four calibration points on the background around an aluminum sample.
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Figure 4.5 Robot simulation pointing the end-effector to the calibration spot.

H iy  Deya Pph \ RMS (cm) H

0 0.806 72.826 | 0.0509
1 14777 94.421 0.0471
2 -=3.678 99912 | 0.0234
3 -21.028 73.079 | 0.0273

Table 4.1 Comparison between cyber and physical points in the reference frame in figure 4.4.

0.644 0.615 0.455 71.926

0.385 -0.774 0.502 -25.277

Oal _
ref,4x4 —
0.661 -0.147 -0.736 —1.904

0 0 0 1

Oy = O?éf = [Traelf’ R;L}e{f]
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Tf‘e’f = [71.926,-25.277,-1.904] (cm)

Rf;f = [-168.7,—-41.4,30.9](°)

4.2 Center Point Transformation

CPT is an automated method when the cyber snapshot’s orientation is known about the robot’s
base frame. This is done from the reference frame of the reconstruction device physically to the
orientation it outputs on the PTC or mesh environments. Unlike PPP which this transform is found
via the PPP function for O, CPT needs a definition of two frames: the frame of the reconstruction
device O, and the frame of the cyber environment O.,. The frame of the reconstruction O,
should be in a measurable location with respect to the robot’s base frame at 0. To do this, the
reconstruction device was placed as an end-effector tool on the robot arm, meaning O, is used as
a frame between O, and O.y. In this scenario to solve 06d through the robot, forwards kinematics
may be used using equation 2.6 with the final frame at O,d. The ideal solution for the reconstructed

environment linked to the robot’s base frame O may be linked with O}/ by finding O ,:
Ogy = Fri(Ja, DH) x O3 + 07 | 4.17)

Ord

o4 refers to the frame between the end-effector wrist joint to the "lens" of the reconstruction
]

device where the snapshot is taken. Including joint error J, from mastering as discussed in the PPP
section:

Oy = Fri(Ja+Je, DH) 0}, % O} (4.18)

rd,a
The error included within 0,’1?, ., may be due to fixture holding the reconstruction device or extracting
the precise location of the "lens". To differentiate O, , and 0%, , O’ , is the best frame that
rd,A rd,a rd,A

describes the transformation between the center point of the environment and the "lens". The center

point of an environment is the zeroed point location, which may define as the identity or "eye"
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matrix:

1 00O

01 00
eyeqxs =

0010

0001

eye = [Teyea Reye]
Teye = [O, 0, 0]
Reye = [0, 0, O]

Rotations from transforms will rotate the environment at the zero location at 7,,.. Therefore, the
best transformation O;KyL 4 correlates the center point to the physical "lens". The process of CPT
is shown in figure 4.6. This transformation may be unknown or even variable, depending on the
application used, which the measured transformation is Oftym.

To solve for 0%, 'so O '~ O ,, this frame should be calibrated to solve the best possible

rd,a rd,A’

transformation for the environment to physical space. To solve this frame, perhaps a method such
as PPP may be used, which can closely approximate transformations, and through backwards-
propagation, or reusing the same technique until the closest approximation is available, may a

solution for CPT be available. Assume a calibrated final transformation of the mesh Ofly Ascd cal®
J» >

which holds the transform from the environment back to the robot’s base frame. From the PPP

section, O is decided as O . Using the inverse function inv of matrices, it is possible
nj,4x4,cal phax4

cy

to solve O’ using forward kinematics and O
rd nj4x4,cal

[182]. The following solutions are then

possible, for the ideal case:

Oy 4 = inv(Fpi(Ja, D)) 0 4y (4.19)

and for the measured case:

0%

rd,a

= inv(Frk(Ja +Jo, DH)) x O (4.20)

nj,a,4x4,cal
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MUT to register
[{-6.,-2.0)m, (0,0,90)deg]

Center point to rotate
around
[(-6.3.0)m, (0,0,90)deg]

Destination center point
[(-5.0,0)m, {0,0,0)deg]

Center point to
translate
[(-6,3,0)m, (0,0,0)deg]

Destination center point
[{-5,0,0)m, (0,0,0)deg]

Registered center point
[(-5.0,0)m, (0,0,0)deg]

nj,a,4x4,cal

Destination MUT
[(0.0,0)m, {0,0,0)deg]

MUT not registered

Rotate MUT to register
(0,0,-90) deg around center point

Translate MUT to register
(1,-3,0)m

MUT to register
[{-1,3.0)m, {0,0,90)deg]

Destination MUT
[(0.0,0)m, (0,0.0)deg]

Registered MUT
[(0,0,0)m, (0,0,0)deg]

Figure 4.6 Center point transformation example, showing the process of rotating then translating

an aligned cyber-physical scene to the reference frame.
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Placing either into equations 4.17 or 4.18 supplies the solution for CPT. The main issue met
with CPT, despite it’s high advantage of autonomous registration, is that the error involved with
1s quite significant in practice. When testing with the Creality device, it turns out that
the center point shifts around dynamically between frames, making it difficult to impossible to

use CPT dynamically. This limited its usage within this thesis, when the slower but more reliable




PPP algorithm tends to provide more correct registrations. It shouldn’t be discarded as a method,

however, as with better approximations, it may be a stronger method overall.
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CHAPTER 5

TOOLPATH GENERATION

Toolpath generation is the process of generating waypoints within digital space that will be placed
into inverse kinematics equation 2.7 for the robot simulator and physical robots to move towards.
Much discussion has already been addressed on how to obtain waypoints through ray-triangle
intersection within chapter 2. This chapter will discuss the generation of ray-triangle grids which
will be used for generating optimal waypaths. "Optimal" in this context may be different parameters,
depending on usage. It may be distance traveled, time taken to conduct a scan, or energy consumed
during the scanning process. These parameters may be defined intermittent between waypoints as
"weights". On top of the concept of weights, optimal paths might also be the computation time
to generate the waypath as well. For example, if the weight selection is to use time to conduct
the scan, with the implication that the time to start the scanning procedure includes computation
of the waypath, then computation time may be significant. Several methods for solving paths in
terms of low computation time and sub-optimal path planning versus higher computation time and
optimized path planning are discussed. For any waypoint p,, inside the list of waypoints W for any
index i,,:

W: [W()’Wl’WZ’-"W}’ZW] (5'1)

5.1 Basic Generation Algorithms

This section discusses basic generation algorithms that may be extended to the complex path
planner. To start, a 2D configuration is discussed, in which later implementation will be used
as a basis for the ray-triangle grid arrays. For any waypoint p,>p in set Wop within the 2D

configuration:

pw2p = [Top, Rop]

Irp = [tx, Iy, O]
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From equation 2.11, the normality N2p ;n,, Which in this instance is pointing initially upwards in

the z-axis, may be used to solve for the rotation Ryp jny:
N2D,inv = [0’ 0, _1]

R2D,inv = [O» 0, 0]

The rotation is "inverted", meaning instead of it pointing upwards, it should be facing downwards
to the ground which is how the NDE probe will be oriented. Simply, a rotation of 180° applied to

Ry p.iny along the x-axis will reorient each waypoint:
RZD = RZD,inv * RX(ISO) = [1809 09 O]

See above equation 2.3 for the matrix of R,(a). This rotation produces normal N,p = [0,0, 1]
which faces the ground, along the z-axis. The scanning environment, defined as the area in which

waypoints are within, is defined as E.,;, with:
Escan,min = [O, 0, _OO]

Escan,max = [Wa h, OO]

As the z-axis is not defined, the boundaries go to infinity, though these are restricted by the
workspace environment E. With w being the width of the scan along the x-axis, and h being the
height of the scan along the z-axis. The potential points for E;.,, are defined to be within the robot
workspace E, so Es.q, C E. Any points generated outside the bounds for E.,, should be ignored,
which specifically points that are not generated for movement are counted as nu/l. The scan should
have an area defined by lengths L, and L, which extend from starting point p,, >p o. Considering

boundaries:
Escan,min,x < Pw,2D,0.x < Pw2D,0.x + Lx < Escan,max,x
Escan,min,y < pw,ZD,O,y < pw,2D,O,y + Ly < Escan,max,x
The boundaries of along the z-axis are not needed in the current definition, as they are not defined

within these any waypoint in the set. Resolutions rs, and rs, may be defined, which decides the
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number of points placed alongside the x-axis and y-axis respectively. Higher resolutions of rs,
increase the number of raster lines, which is significant for increasing the resolution and scan time
of the output PTC, while rs, increases the density of points on a raster, important for moving more
smoothly along the input mesh surface. It should be noted that resolution of NDE data points on
a raster path is figured out by the time taken to move along the line versus the data acquisition
speed, meaning outside speed decreases due to an increase rsy or only acquiring data at a point,

rsy doesn’t increase the resolution along the y-axis. From resolutions, step-sizes sy and s, may be

defined:
Ly
S, =
T orsy—1
ly
Sy = rsy—1

Inversely, rs, and rs, may be defined as rs, = [;s, and rs, = [,s,. Figure 5.1 holds labels to
describe the height and width of the sample (red), the boundary lengths (blue) and point step-sizes
(magenta) the along the x and y axes, the waypoints (yellow) including the start point (cyan), and
all possible paths (green). In this example, rs, = 4 and rs, = 3. It should be noted that this is
a "point-by-point" waypath system, which entirely relies on waypoints to move towards. Ideally,
increasing rs, increases the resolution of the image while s, increases the resolution with respect
to the curvatures of the surface. In a flat system, it is sufficient to leave rs, = 2, which defines only

ly

the top and bottom of the length /. If using rsy, = 2, then s, = 555 = [,,. The travel between points
is assumed to be linear, following a ray between the two points. When dealing with a robotic arm
system, this linear movement is decided by the joint sets needed per point via inverse kinematics.
More advanced systems may incorporate "splines", which are curved lines that may move along
the contours of the surface, removing the need for discretization of points. Specifically, b-splines
have been examined in the past [184], however these methods had trouble in implementation due
to reconstructed meshes having many faces that complicate movement of b-splines.

The current waypath is unorganized, meaning that no direct pathing between points has been

defined. From the starting point wq to the last point w,  should be the order of points to move

towards. It is helpful to generate the waypath to at once have a practical path on generation, rather
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Figure 5.1 Way point example within 2D coordinates.

than each point being at random locations. One of the simplest algorithms is the "line-by-line"
point generation algorithm, in which all points are generated via a double for-loop, creating a 2D
grid of points along the x and y axes. This is shown in figure 5.2 and algorithm 5.1. The NDE
probe will scan across a linear path, acquiring information along this path, then swing back to the
next point in a diagonal manner. The total distance 6;; may be defined, which may be useful in
deciding total weight, such as if distance is the property used, or time which may be simplified
to t = §/v with v being static velocity value. This allows weight efficiency comparisons between

distance and time to be analogous. Note that scanning time depends on more complex parameters
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than simple velocity from the robot joint system. This is relevant for point-by-point scanning, as
the robot may stop shortly at each point, requiring deceleration and acceleration at each point. For
the sake of optimization comparison, t = §/v will be used. Total distance ¢;; is decided by the

equation, adding the lines moved along length /, and diagonals [s2 + l%:

O =(rsexly)+[(rsy—1)* s2 + lg]

Figure 5.2 Line-by-line waypoint example.

It should be noted that in the 2D scenario that resolution rs, has no effect in the total distance
traveled. For 3D points that follow complex surfaces, rs, plays a role as points may move upwards
or downwards along the z-axis, increasing distance per point along /. The diagonal movement is
not very efficient, as that is a large movement to move to the next index along the x-axis. It also
tends to add distortion to final images from the diagonal movement interfering with the desired
raster. Instead, it is better to move to the closest neighbor with only a slightly more complicated

algorithm: zig-zag point generation. This algorithm is used instead of line-by-line due to its overall
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Algorithm 5.1 Line-by-line point generation.

Input: Two real numbers /, and [, two non-negative integers rs, and rs,
Output: List of points, list

Sy =Ly [ rsy; > Define sizes
sy=1,/rsy;
list = new PointsList(sy * sy); > Define as PointsList with capacity sy * s,
forx=0;x <rse;x=x+1do > [terate through all lines along [,
pOSy = Sy * X; > Define the position on x
fory=0;y <rs,;y=y+1do > Iterate through point on the line along [,
pOSy = Sy % Y; > Define the position on x
point = new Point(tx = posy,ty = posy,tz=0,rx =0,ry =0,rz = 0);
list.Add(point); > Create and add a point to the list
end for
end for

returnlist;

better performance as a default point generation tool. The zig-zag point generation algorithm
is shown in figure 5.3 and with supplied pseudo-code in algorithm 5.2. The difference between
zig-zag and line-by-line generation algorithms is that a Boolean "zig" parameter is defined. If "zig"
is true, then the probe running along the y-axis will move in a positive manner. If "zig" is false, this
means to move along the "zag" path, or along the y-axis in a negative manner. What’s important
is organizing the points so shifted point on x-axis is neighbored to the last point of the y-axis, on
either "zig" or "zag". Consecutive points along the zig or zag paths need to be organized to move
in each direction. In terms of total distance ¢, in the 2D configuration, the pieces that create the
path are now a summation of zigs and zags traveled at /,, and the summation of shifts as just the
length /,:

0= (rsyxly) +1,

Compared to the ¢;; for line-by-line, scan, the difference between the two is the requirement to

shift along the x-axis, with 4/s? + 3 for line-by-line and s, for zig-zag. Inequalities may be defined

Sy < w/s%+l§

between the two:

This leads to:

0;; <y
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It should be noted if /, = 0, then 6., = 6. If [, = 0, then only a single straight line along [, will
be conducted, or in other words, a line-scan is conducted, which eliminates movement along vy.
Because such inequalities and similar computation requirements, zig-zag path generation is used
over line-by-line. For zig-zag scans, there is also potential to round off the edges at the end of each
raster iteration, leaving the edges to be less "square like". This is suggested but not implemented.
One downside is that the edges while shifting may record information, which adds distortion on
the edges of the retrieved scan. Fortunately, this is on the edges rather than through the image like

line-by-line will conduct.

Figure 5.3 Zig-zag waypoint example.

3D surface configurations are well different, as movement along the z-axis is enabled. An
example is shown in figure 5.4 and its mesh representation shown in figure 5.5. With the extra
dimension, there is more to consider. For samples of higher complexity, higher resolutions for
rsy may be useful to follow the contour movements of the sample. This may be interpreted in an

analogous way to Nyquist’s sampling theorem, with the required geometry to move towards may
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Algorithm 5.2 Zig-zag point generation.

Input: Two real numbers /, and [, two non-negative integers rs, and rs,
Output: List of points, PointsList

1. zig = true; > Define the zig-zag variable
2: > Note: zig => zag = true, and zag => zig = false
3
4: sy =1 /rsy; > Define sizes
5.8, =1,/rsy;
6: list = newPointsList(sy * 5y); > Define as PointsList with capacity sy * s,
7: forx =0;x <rs;;x=x+1do > [terate through all lines along I,
8 POSy = Sy * X; > Define the position on x
9 fory==zig?(0:rsy—1);zig?(y <rsy:y>=0);y=y+zig?(1:-1)do
10: > Iterate through point on the line along [,
11: pOSy = Sy * Y, > Define the position on x
12: point = new Point(tx = posy,ty = posy,tz=0,rx =0,ry =0,rz = 0);
13: list.Add(point); > Create and add a point to the list
14: end for
15: zig = zig; > Flip the zig->zag or zag->zig
16: end for
17: returnlist; > Return the resultant list

be interpreted as a 1D signal defined by the mesh, with contours defining a required "frequency"
Jfum- As the resolution may also be interpreted as a frequency of points along this 1D path, then for
effective usage [100]:

rsy > 2% fy (5.2)

This may be an oversimplification, as the choice for fj; should exist for every raster conducted
throughout the scan, however it is a suggestion to follow to ensure scans properly follow the
contour of the mesh. On top of this, the number of points as resolution should be minimized
to prevent high computation time, either using more complex organization algorithms or during
inverse kinematics computation plus collision detection per point in simulation. If spline methods
are used to manipulate along the curves directly from the surface of the mesh, this may prove useful

for raster scanning.
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Figure 5.4 Zig-zag waypoint example within 3D coordinates.

Figure 5.5 Mesh representation of figure 5.4.
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5.2 Ray-Triangle Intersection Arrays

The custom path planner uses the concepts just discussed to parse a grid of waypoints to
generate a waypath placed into the robotic simulation software. Ray-triangle intersection arrays
that are organized in a zig-zag organized waypaths are used, which generates a path with 3D
coordinates. The concepts of generating a point on a point via ray-triangle intersection was
discussed in equation 2.12 for translation on the mesh, equation 2.11 for retrieving rotation from a
face’s normal, and equation 2.13 including for lift-off compensation. Instead of discussion theory
and waypath implementation like past section, this section focuses on the customized path planner.
The engine that runs the path planner was done with an open-source toolkit based on OpenTK which
contains low-level controls for OpenGL bindings and works alongside the developed C-sharp code
that runs the rest of the NDE acquisition software. For reference of this open-source engine, see
[88]. From having low level control, it was possible to enable ray-triangle intersection to obtain
any way point w,, on intersection and ignore potential mistaken waypoints from non-intersecting
rays. The consequence of using such a system is that much implementation must be customized by
hand, which is burdensome on development. For example, a spline or detection system based on
line edges for waypath may be a potential option but requires development and debugger time to
carry out. There are several optimizations within this engine for collision detection with respect to
ray-triangle intersection, but these will not be covered.

To start, figure 5.6 displays a single ray against a flat plane. The intersection point w, is on the
surface of the mesh and holds a normal which extends from the z-axis away from the triangular
faces on the place. The ray has a finite length, with a defined start point p;, s+ and stop point
Dr.stop- Prstart,0, DOt accounting for rotation, with respect to position x pos, and position y posy

from algorithms 5.1 and 5.2, may be defined as:

Pr,start,0 = [pOSXa POSy, 0]

Likewise, p;, s10p,0 Without rotation may be defined with ray length /,:

Pr.start,0 = [posx, poSsy, _lr]
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Figure 5.6 Ray-triangle intersection against a flat planar sample.

Prstart and py g0, should allow for rotation along an axis to enable intersection along any mesh
orientation. Using a rotational matrix R, x4, and functions paxa = PtoM (p), converting a vector

into a 4x4 matrix, and vice-versa p = MtoP(p4x4):
DPr,start = MtOP(PtOM(pr,start,O) * Rr,4><4)

Pr,stop = MtOP(PtOM(pr,stop,O) * Rr,4><4)
The algorithms input the start position p, g4+ and direction normal vector d,, instead of stop point

Pr.stop- dr may simply be solved by normalizing the difference between the two ray points:

pr,stop — Pr start

dy =

B |pr,st0p - pr,startl

About ray length /,, it may be a useful tool to limit the length of /. as a boundary condition of

where to scan within the environment, to ensure that points are not generated far from the sample
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to scan. /, may also theoretically be infinite, however in practice in a digital environment, a value
of infinity is not possible as it can’t be defined in the environment. If an "infinite" is needed, then
the max value of the value’s type may be used. Lift-off is important to parameterize, to support low
and constant lift-offs. As mentioned previously, there are two approaches: a global lift-off which a
single translation is allied to the complete set, or a local lift-off based on a constant distance away
from the normal of the intersected face. These methods were discussed with resulting equations
2.2.6 and 2.13.

When a waypath is generated, then the rays will generate a "rectangular prism" in which faces
within the prism may intersect with the arrays to generate waypoints. The start and stop of each
array generate a plane from the different generated pos, and pos, values of the input waypath,
holding width w and height 4. These planes are considered as the "approach plane" and "end planes"
respectively. The direction which this prism points towards is considered as the "approach angle"
which all rays follow, defined by a single rotation R, = MtoPR, 4x4. Figures 5.7 and 5.8 display
a simple example on a unit plane with width and height w = h = 1, resolutions rs, = rs, = 5,
and lengths [, = [, = 0.5. Each generated point is normal to the surface, and the path generates
a zig-zag pattern. When applying approach angles that are against the surface, there is a bit of
distortion of the path placed onto the mesh, which may or may not be of use. Figures 5.9 and 5.10
show generate as similar path to figures 5.7 and 5.8, but at a 45° angle. The path stretches on the
plane.

Another configuration shown in figures 5.11, 5.12, and 5.13 intersects a soccer ball-like mesh,
with resolutions s, = rs, = 9 and lengths [, = [, = 2. This shows the capability of adjusting the
rotation per point on surfaces with different normals per face. Figure 5.13 shows the path (orange)
alone without the waypoints and approach and end planes.

5.2.1 Optimal Waypath Organization Algorithms

Waypaths to this point have been generated from an unorganized algorithm which creates

a raster pattern. This section focuses on some options to perfect the total weight, decided by

total distance, by reorganizing the waypoints within the waypath. Calculations about ray-triangle

110



Figure 5.7 Plane-triangle example against a unit plane showing the approach planes.

intersection have already been calculated, which saves time in computation. Collision detection
along the environment is decided afterwards, since it is a computationally expensive function that
may be performed after solving the waypath. One quick disadvantage to note is that when applying
organizational algorithms, the data may distort based on the path taken from the organized path,
which raster scanning prevents. As discussed before, the path of distance ¢ is analogous to time,
considering if time calculation is abstracted from a constant velocity v so t = §/v. The solution
for total weights is considered by the famous traveling salesmen problem (TSP) [90] [9]. When
dealing with TSPs, it is important to juggle two parameters related to time: computation time 7,

and travel time #,. This version of the TSP requires all points to be found, excluding any points that
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Figure 5.8 Plane-triangle example against a unit plane with a bird’s eye view.

are null. This is known as a Hamiltonian path or circuit [66], which have been historically difficult
to solve for best solutions. As it turns out, solving the best weight solution supplies exceptionally
long computation times that are impractical for scanning. Such methods such as brute force supply
exact locations by calculating all possible waypaths or "tours" and outputs the shortest tour of the
bunch [152]. The problem is that calculating every solution is burdensome on performance, even
if simple calculations ignoring collision detection are used. Now it is proper to introduce the "Big

O Notation", which is used to evaluate performance of algorithms. The big O notation is used to
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Figure 5.9 Plane-triangle example against a unit plane showing the approach planes when the
approach is tilted.

classify the performance of algorithms based on the size of the input data placed into the system
[36]. In this case, the input size n is uses the area of input resolutions into the default path planner
algorithm, rs, and rs,:

N=TrSy*ISy

Big O notation evaluates the number of computations done on the input set of data based on the

algorithm used. Brute force does the following procedure: [152]:
1. Find the total number of tours

2. Connect and list all tours possible from input vertices
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Figure 5.10 Plane-triangle example against a unit plane with a bird’s eye view when the approach
is tilted.

3. Determine the weight ¢, from each tour
4. Return the list of vertices that provided the shortest tour as the best waypath

This simple solution supplies a monumental consequence of O (n!) performance [71]. To understand
the significance of this abyssal computational performance, take a graph with rs, = rs, = 10 using
the brute-force function. Assume that a computer can calculate f. = 1GHz calculations per n. The

time to perform this operation, with a relatively small set of points will provide:

Lo (rsge#rsy)! 100! 9.333 %1017
c = — = = S =
f. f 109 109

s =9.333 %1048

In other words, to complete this computation, it would take 7. = 2.959 = 10'38 millennia to

finish! Clearly, this is unacceptable. This example shows the clear difficulty when considering
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Figure 5.11 Plane-triangle example against a soccer ball showing the approach planes.

perfecting computational time. There exist other exact solutions, such as the deterministic approach
branch-and-bound, which breaks the problem into several sub-problems to solve to eliminate the
factorial nature of brute-forcing [152] [107]. Branch-and-bound still had an expensive complexity,

with exponential complexity for worst-case computational scenarios [164]. For comparison, the
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Figure 5.12 Plane-triangle example against a soccer ball with a bird’s eye view.

generation algorithm using zig-zag, that is prerequisite for making the points before organizing,

has a complexity of O (n?), with computational time using the same parameters as before:

_n? (100%)

t. = =
T 100

s =0.00001s = 10us

The organizational algorithm used in this report is the greedy approach, which minimizes com-

putation time in attempt to find a better immediate solution [125]. The complexity of the greedy
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Figure 5.13 Plane-triangle example against a soccer ball showing improper collision.

algorithm itself is O (n’log,(n)), and while it has the potential to find the best solution for weight
t;, it isn’t guaranteed to do so [3]. There is also a possibility the solution may be equal to the
input zig-zag default waypath list, or even worse. Despite this, the greedy approach tends to solve
best tour yields around 10 to 25 percent less than the best possible yield from exact methods [89],
meaning it’s for travel time #,improvement per computational time ¢, is rather impressive.

Consider that the greedy algorithm will use the zig-zag algorithm as a base, so applying greedy
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afterwards will add the complexities together. For usage, then the complexity using greedy will be:
O((n) + (n* +n’loga(n)) = O(n* = (1 + loga(n)))

Solving t. using previous parameters:

_n?x(1+1loga(n)) 10000« (1+6.644)  7.644 % 10

‘s — 76.44
7 10° 10° ps

In comparison, the greedy approach is approximately 7.644 percent more expensive than the base
zig-zag algorithm, approximately due to simplification of computational complexity algorithms,
however, is still effective on it’s closer approximation to the best solution for #,. The process for
greedy is shown in algorithms 5.3, which uses function 5.4 to solve best points. To be noted, if the
best weight as 7, found is worse than zig-zag, then the waypath return will be zig-zag instead. This

is done through the function in algorithm 5.5.
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Algorithm 5.3 Greedy TSP

Input: The enumeration value of which weight mode to use, WeightMode, a list of waypoints,
InputPoints

Output: A list of waypoints organized using the greedy algorithm, Output Points, the non-negative
value for total weight of movement, TotalWeight

1:

R A

e e e e e
R S A A A T T

NN
N =

)
T2

length = InputPoints.Count; > The number of points inside of the input points list
OutputPoints = new PointsList(length); > Set up the output path as an empty point list
> with the capacity at length
currentPoint = InputPoints|0]; > Select the current point as the starting point
currentPoint.Reached = true; > Set as reached by default
TotalWeight = 0; > Set up the total weight traversed as zero
fori=1;i <length;i =i+ 1do » Iterate through all points after first, solve the best weight
weight = 0; > The local weight solved from the previous
point = BestGreedyPoint(InputPoints, currentPoint, out weight); > Solve
if weight # O then > If the weight is solved (it’s not equal to zero)
¢ > then a valid point was found. Do the following:
point.Reached = true; > Mark the current point as reached
> Note: by default, points.Reached = false
OutputPoints.Add(point); > Add the point to the path
currentPoint = point; > Set the current point as the point selected
TotalWeight = TotalWeight + weight; > Append the local weight to total weight
else
break; > If no point found, then leave the loop to exit the function
end if
OutputPoints.ResetReach(); > On the final list, restore default reached configuration
return OutputList;
: end for
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Algorithm 5.4 Best point solver within the Greedy TSP

Input: The enumeration value of which weight mode to use, WeightMode, a list of waypoints,
InputPoints, the current point to compare with the rest of the list, Current Point

Output: The best point solved (if not solved, this it is null), Best Point, the non-negative value for
best weight solved (if not solved, then is equal to positive infinity), BestWeight

1: BestWeight = oo; > Set the best weight to positive infinity
2: > as any other value selected will be better
3: BestPoint = null,; > Set the best point to null, which is the default if no point was found
4: length = InputPoints.Count; > The number of points in the input point list
5: for j =1;j <length;j=j+1do > [terate through the list of points
6: point = points|[j]; > Get the local point with the index of this loop
7: if localpoint.Reached == true then
8: continue; > If the local point has been reached, immediately go to the next point
9: end if
10: weight = GetWeight(CurrentPoint, point); > Compare the weight of the

—_
N =

> input point (CurrentPoint) and the local point, and obtain the weight value

if weight < BestWeight then  » If the local weight is less than the current best weight
13: > then set the best parameters as the local ones
14: BestWeight = weight;
15: BestPoint = point;
16: end if
17: if weight = 0 then
18: break; > In the case that the weight is zero, then the current point and
19: > local point are the same. In this case, then leave the loop to exit the function.
20: end if
21: end for

Algorithm 5.5 Best weight selector

Input: The enumeration value (of type WeightModes) of which weight mode to use,
WeightMode, and the two waypoints to compare, WaypointA and WaypointB
Output: The weight between the two points, Weight

1: switch WeightMode do > Switch based on the weight mode, either being distance or time
2 case WeightModes.Distance > Simply, the distance between points using
3: > translational 7,, parameters
4: return WaypointA.Distance Between(WaypointB);

5 case WeightModes.Time > Time is to be implemented
6 > would be a separate function due to complexity
7 return SolveTime(WaypointA, WaypointB)

120



5.3 SprutCAM Toolpath Generation

This section discusses waypath generation through the commercial software SprutCAM which
specializes in usage with robotic arms. This software works well with predefined CAD models but
had trouble with reconstructed models. As explained before, the importance of using reconstructed
models is to ensure the positioning and geometry in physical space correlates with the environment
in virtual space. If approximation is done, for registering the CAD and assuming the geometry is the
same to the CAD in physical space, then usage of software capable of complex path planning may
prove useful. Due to the focus of reconstruction in this thesis, SprutCAM will not be examined later,
but will be mentioned quickly here, as there is plenty of documentation on SprutCAM available.

SprutCAM enables linear and curved movements along the y-axis on the mesh by selecting the
predefined edges of the model, while still generating raster scans. This cuts the fine tuning from
point-by-point generation algorithms, with rs,. SprutCAM also generates "jumps", which is not
implemented currently in the custom path planner. A jump allows the probe to move towards a "safe
plane" whenever a complicated movement or one that causes a collision is detected. SprutCAM
avoids generating paths that cause any collisions, with the robot and its tools and the environment.

Two operations were examined with SprutCAM. The first provides 6-DOF surfacing results
normal to the surface of the virtual CAD. This requires a defined CAD model to run, and if a mesh
file is desired, then it must be converted to a CAD file such as STEP. This requires an input of faces
to be scanned and start and stop curves. This process is shown in figure 5.14. Several strategies
are possible which supply different results. The second strategy is 6-DOF morphing, allowing
a user-defined region for a surface scan to be conducted within a 2D boundary. This prevents
scanning unwanted sections of the model for areas wanted to be examined. Either may be helpful
depending on different applications, but both were difficult to work with while using reconstructed

mesh inputs.
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Figure 5.14 SprutCAM path planning using a predefined x-brace model, partitioned twice from
top to bottom.
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CHAPTER 6

ECA SCANNING AND POST-PROCESSING
Now that the processes prior to scanning have been discussed, which enable surface scanning for
complex-shaped objects, it should be appropriate to discuss the scanning procedure, the effects
of errors in scanning, and how to deal with these errors in post-processing for Eddy current
arrays (ECAs). The parameters used for figures regarding ECA data are the same as shown in
the experimental results, with an Ectane 2 and Eddyfi I-flex probe (ECA-IFG-034-500-048-N03S)
utilizing 32 channels with a 34mm coverage area and 1.25mm between rows of coils, running
at 2M hz with 5V excitation, with a goal lift-off of 1mm away from the scan surface. Complex
impedance is obtained through absolute mode for several 3D+NDE points on the image, with the
robot running at 25mm/s at 500hz acquisition speed for each set of 32 coils, obtaining an along
resolution of 0.05mm however this varied. Only the real component of the impedance is evaluated.
See figure 7.1 for the system diagram. Flat sample A will be used in these examples as well. With
these parameters, corrosion defects at a minimum of 10um may be picked up from the ECA system.
However, there are unique phenomena that occur when scanning with a robotic arm system. The
raw data is a PTC of 3D+NDE points that follows the shape of the material under test, though it is
converted later to 2D for simplification of post processing. Fast and full mode scanning will later
be discussed as procedures to enhance understanding of errors and post processing requirements, in
which only coil 16 will be used. High frequencies are desired for picking up small surface defects,
in which the skin depth equation may be used to determine the max penetration of the coils on the

defect:
1

Vforu

Where o is the conductivity in S/m, u is the magnetic permeability, and f is the frequency of

5=

the probe.

6.1 Errors from Complex Robotic Scanning
The largest concern with ECA scanning with defects requiring such precision was sensor

orientation error, however this was not the only factor found through testing. With the high
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required sensitivity of the ECA to pick up such small defects, errors must be minimized to increase
SNR. The lift-off selected was 1mm, so to prevent collision, the goal was to maintain lift-off errors
that do not exceed 1mm from either direction. Rotational errors occur on the entire probe, meaning
that coils away from the center point will be subject to more lift-off error. For example, along the
34mm coils, a 1 degree tilt error along the edge will cause a 0.314mm change in lift off in either
direction along the tool z-axis, while the coils near the 0.75mm away from the center would be
significantly less affected by the tilt at 0.0109mm. The two coils in this array next to the center are
coils 16 and 17, which are on opposite rows. The coils on the far edges are coils 1 and 32. A 3
degree tilt error on the end coils would cause a 0.942mm error! The center coils would be affected
0.0327mm by the same tilt. In contrast, a 1 degree error between the points at 1.25mm only causes
0.0109mm change between rows, and a 3 degree error causes 0.0327mm lift-off in either direction.
Tilts also cause changes in interaction between the coil’s electromagnetic field and the metallic
surfaces, however this phenomenon was not examined.

It was found the most complex error came from robot mastering error due to such rotation
issues. This error is complicated as each malignment of the probe itself will be related towards
several different rotational errors on the robot arm. This error significantly affects the raw data, as
shown in figure 6.1. This was a significant issue in testing, as due to the age of the robots used,
reducing this error proved to be difficult as errors below 1degree per joint could still add around
Imm worth of orientation error in the scan. With this error removed, it is possible to recover
locations and intensity of defects with post processing, though there may be loss of signal from
the lift-off error. A unique algorithm "array subtraction" was developed to counter these unique
patterns using the 3D+NDE PTC.

Another source of error would be any miscalculations from the mesh used for path planning.
Coarseness of the face used in a ray intersection causes differences in rotation that would affect the
tilt of the probe along a linear path. Figure 6.2 shows the changes in tilt online side the sample,
which it may be seen that some lines on the raster path tilt more than others. Likewise, error

versus expected lift-off location-wise would be appended to these issues. This may be fixed in post
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Figure 6.1 Raw PTC data from full scan.
processing through detrending the scan lines. To simplify this process, detrending is applied along
each raster scan. There may also be errors from the alignment process, which would be a consistent
orientation error across all points. This may also be resolved by detrending along the entire sample.
Since absolute mode scanning for ECT was used, it was found that effects of temperature
fluctuations on the coils would significantly affect the acquired voltages [65]. These temperatures
could be from the surrounding scan environment, or from the coil heating up from voltage being

pushed through the system, or through any other system components generating heat. Figure 6.3
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Figure 6.2 Change in rotational tilt for each rotation on the probe, full scan.
shows heat fluctuations, with a coil placed statically above a steel sheet sample. After 7 minutes,
the returned voltage for each coil saturates towards the maximum voltage settings! This may be
decreased through waiting a significant period while exciting the coils, such as 1 hour at minimum
which was applied across all scans later. Afterwards, utilizing coil gain calibration tools from the
Ectane 2 the signal may stabilize near OV on the background. However, since it is assumed that
over a longer scan the temperature may still change, detrending of the signal per coil over time is

utilized.
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Figure 6.3 Heat fluctuations for every coil.

As the returned signal of the coils run asynchronously from the toolpath returned from the
robot, there are delays which affect the actual location of the signal with respect to space. While
the coils maintain a 5004z acquisition rate, the robots tended to fluctuate between 104z and 70hz.
While this does not affect the gain of the coils, effecting the quality of intensity per defect, it does
affect the placement of the data which is later used for quantifying the ECA signals with the ground
truth results of the digital microscope. The solution was to scan at a slower speed of 25mm/s to
reduce synchronization error. A proper solution towards this synchronization error may allow for

much faster scanning of samples, as the selected robots can move up to 2m/s if so desired!
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6.2 Scanning Procedures to Examine Errors

It was selected to use two different scanning movements of the array to better understand and
utilize post processing, which will be later used in the experimental results. The typical usage of
an ECA is to scan with several coils to increase coverage of a scan while significantly reducing
scan times. For the sake of this work, this is considered a "fast" scan. However, it is advantageous
to examine the effects of errors for each coil individually for a scan. A "full" scan was considered,
meaning that each coil will obtain an image of the samples through redundancy. The full scan,
while being slower due to redundancy, also requires more coverage so that several coils may hit
the same defective locations. Both types of scans are conducted using the same aligned mesh but
will have different waypoints for pathing. Despite the assumption that a full scan should provide a
better or similar quality image in terms of SNR. This is due to where the points end up intersected
and the interaction they have on tilt and lift-off as previously mentioned. Another is not that due
to limitations of the robot’s capacity to hold a large number of points; specific path planning was
utilized to allow only 2 points for a linear movement. This switches directions of rasters, with full
scans appending rasters along the y-axis while fast scans append along the x-axis, swapped due
to the nature of the scan types. In this configuration, the required appending will follow along
the curved section to provide more points for the curved sections intentionally. The differences
in errors should be for direction of synchronization errors and locations of the way points. For
simplicity, only coil 16 which is near the center of the array will be demonstrated for full scans,

however later full analysis of coils will be done in graphs instead of figures of the image.

6.3 Post Processing

There are several errors that have been discussed, this section covers processing procedures to
minimize such errors. Post processing to compare both the digital microscope data from a Keyence
VHX-7000 (considered as VHX) and the ECA results are also discussed, in which common defect
regions are compared on a pixel-by-pixel basis between defect and background. The total procedure

in order of algorithms used will be in the experimental section.
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6.3.1 Array Subtraction Algorithm

This section covers how to reduce errors that are common along all coils of the array. This
is important for removing complex errors that occur due to robot mastering miscalculation. ECA
scanning has different modes to conduct scanning. One of these mods is "differential mode", in
which two adjacent coils on a row are subtracted. This can be done either through analog with a
circuit to subtract the signals such as a Wheatstone bridge, or digitally by simply subtracting the
signal between the two. By subtraction, common errors between the two signals may be removed.
This is a method that can be used to remove the error from robot mastering. However, a differential
image will obtain an "edge-like" pattern. Let us say there is a coil A and B, with B lagging A. A
reaches a defect while B is in the background. There should be a measurable difference between A
and B in this scenario. Let us say B reaches the defect while A is still on the defect. The subtraction
of A and B should yield a zero result. Likewise, if both A and B move to the background, the
subtraction will yield a zero result. In those scenarios when A and B are above the same defect,
they will give the same result as the background! This may be seen in figure 6.4, which sample
has several sand-blasted defects with shapes such as a triangle, square, circle, and line of 1mm in
length and measured depths of 10um. Note that imaginary is used in this case. The edges of the
shapes are picked up, but the area of the defect in between is identical to the background output.
This makes comparison between the ground truth complicated, as the ground truth shows the near
exact volumes of defects from a surface perspective rather than an edged image. The background
is not perfect, as the loss of data due to lift-off still occurs.

To maintain the areas of inside the defects, an algorithm inspired by differential mode scanning
was used. This algorithm determines the normalized mean per coil and subtracts each voltage
value with similar normalization from this mean per each 3D+NDE point. Normalization is used
to reduce biases between more saturated coils. The subtracted normalized value is then scaled back
to the voltage prior to normalization with the common signals removed. This process significantly
reduces the effects of the robot mastering error, as shown in figure 6.6. The algorithm is shown

in algorithm 6.1 and shown in figure 6.5. This algorithm tends to work better on surfaces with
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Figure 6.4 Differential mode on sandblasted shapes sample.
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variable defects, such as corrosion. Large defects with constant values tend to overbias and cause

"ghosting" from the array.

6.3.2 Detrending

This section will discuss detrending and the entire process of post processing up to cross

correlation. In can be seen in figure 6.6 that the top part is more saturated than the bottom. This
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Figure 6.5 Array subtraction procedure.
Algorithm 6.1 Array Subtraction Algorithm
Input: ECA voltage data with all coils, ecaln
Output: ECA voltage data post subtraction with all coils, ecaOut
1: normVals = zeros(size(ecaln)); > initalize values holding normalized vals
2: ecaOut = zeros(size(ecaln)); > initalize values holding the output
3: for c = 1;¢ < size(ecaln,1);c =c+1do > ¢ is the coil index
4: N =norm(ecaln(c,:)); > normalize the voltage time signals per coil
5: normVals(c,:) =n > place time signal per coil
6: end for
7: normVals = normVals — mean(normVals); > zero the normalized values
8: for c = 1;c < size(ecaln,1);c =c+1do > ¢ is the coil index
9: ecaOut(c,:) = revertNorm(normVals(c,:), ecaln(c,:)); > normalize to voltage
10: end for

11: returnecaOut

may be due to the registration error and heating variables shown in figure 6.3. There are also factors
such as rotation that would need to be detrended per line, as shown in figure 6.2. Detrending is the
process of zeroing regression to "squish" down results, reducing these effects. The regression may
be linear or of higher orders. Mean or median subtraction may be used to zero a section of the data.

For a different view, figure 6.8 shows the subtraction algorithm with respect to time, and figure 6.9
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Algorithm 6.2 Normalize Vector

Input: ECT data, ectln
Output: Normalized ECT data, N

1: V=ectIN — mean(ectIN); > zero the voltage
22 N=(V-min(V))/(max(V) — min(V)); > normalize
3: return N,

Algorithm 6.3 Revert Normalization

Input: Normalized ECT data post subtraction, N, original ECT data, ectIn
Output: Reverted ECT data, ectOut

1: mEctIn = mean(ectln); > obtain the mean
2: V=-ectIN —mEctIn; > zero the original voltage
3: V=(Nx* (max(V) —min(V))) + min(V); > revert voltage from normal
4: ectOut =V —mean(V) + mEctIn; > undo zeroing
5: ReturnectOut

is the front scan.

The first order of detrending occurs on the 3D+NDE PTC after subtraction. Detrend is first
applied along the scan with respect to time for each coil to remove heating effects. To reduce tilt
alongside a coil row, for each time instance of row data, the data is detrended. The results are
shown in figure 6.7. There is still tilt from the orientation. To simplify this, the PTC is converted
into 2D through scatter interpolation. Once converted, planar detrending is used using first then
third order detrending on the 2D regression. This reduces complex phenomena from poor tilting.

The result is shown in figure 6.10 with trend from 2D included.

6.3.3 Cross Correlation between ECA and VHX

This section will discuss cross correlation (xcor) to position the VHX data, which has a smaller
area, to the larger ECA. As the two data sets will be aligned differently, an algorithm was developed
and will be shown that approximates this rotation through iteration and comparing the best xcor
value. Errors may occur if either the data of the ECA are obstructed, or the defect is simply outside
the image itself. For later results, if the defect is shown to be outside the ECA data, then it is
ignored in performance analysis.

Xcor is the process of multiplying two images together that are scaled with respect to eachother.

Keep in mind that the data at this point have been converted to 2D instead of PTC. When two
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Figure 6.6 PTC data after the array subtraction algorithm is used, full scan.

patterns match, their xcor value should increase. The multiplied value for our voltage values from
the ECAs and depth values from the VHX would be V x m, which is not a usable value. To counter
this, the values are normalized between O and 1. The maximum value from cross correlation will

determine the best match, which in turn, also gives the position in between the two images.
An issue that occurs from comparing two images from different scans together is that they will

also have a tilt along XY and need to be counted for. To approximate this rotation, an algorithm was

made that checks the cross correlation per each rotation. This was done here rather than later, as it
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Figure 6.7 Detrended data on the PTC, full scan.

would be less taxing left outside the intersection testing. When the rotation is found, it is applied
to the VHX image with the cross-correlation location found. This value, as well as the area from
the VHX image, then crops out the ECA data. Both cropped images are then used for intersection
testing to obtain objective information about the locations of the defects per each. These cropped
images are shown in figure 6.11 using defect d1 from sample A. The patterns of each can be seen
but are much sharper in the VHX image. This is due to convolution and other factors of processing

for the ECA image. Figure 6.12 shows the ECA and Xcor full images with respect to figures 6.11.



6.3.4 Intersection between ECA and VHX

This section will discuss intersections to match localized ECA and VHX values. This inter-
section requires the masking between defect and background for both ECA and VHX, and simply
compares the two. The intersected image will have three enumerations: defect, background, and
no intersection. This is done on a pixel-by-pixel basis, in which the percentage of intersected pixels
versus total pixels is calculated. As voltage and depth are not perfectly aligned so OV and Omm due
to the nature of them being different scanning procedures, an algorithm was developed that will
determine the best intersection through iterating different voltages. Unfortunately, due to voltage
changes due to gain calibration as required to reduce temperature errors, this voltage fluctuates
between different scans. It will also discuss why intersection does not reach 100% due to errors
obstructing data, convolution of the ECA, and synchronization errors between the ECA and robot
toolframe data streams.

For pixel-to-pixel intersection, both the ECA and VHX samples require alignment together,
which is done previously through xcor as discussed. The ECA and VHX images are placed into a
threshold filter to obtain masks between "defect" and "background". For VHX, values below Omm
are considered as defects, while above are considered as background. For ECA, voltages over a
variable amount are considered as defects, while under are considered as background. Examples
are shown in figures 6.13 from the ECA and VHX images from figure 6.11. The masks are then
intersected to find common regions between defects and backgrounds. Figure 6.14 shows the
results of this intersection, with the white regions being the defect, the black regions being the
background, and the gray regions being no intersection. For the fast scan, figure 6.15 shows the
ECA data from figure 6.8, along with the translated VHX data, and with xcor and intersection
information parsed from ECA vs VHX. The final intersection percentages, which is the ratio
between the intersected pixels versus all pixels, is used for performance testing. Despite issues
from error due to convolution, data synchronization, and some post processing, the results are

promising for efficient detection of corrosion using robotic inspection.
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6.3.5 Future Prospects for Voltage to Depth

This section will briefly discuss the difficulties of voltage to depth. There are procedures that
make it difficult to obtain this information, such as the array subtraction algorithm and detrending
which recovers information at the cost of this difficulty. To obtain voltage to depth, a calibration
sample is used in which voltages are mapped to depths. This can be done through fitting algorithms,
in which exponential decay or tangential models may be recommended. Unfortunately, with the
variables due to calibration and variance in lift-off, this was ineffective for obtaining quality results
from testing which are currently ignored in this work. There may be prospects using improved
calibration methods, different instrumentation allowing for more control of gain calibration, or

using Al tools or simulation to retrieve the lift-oftf and desired depths for ECA.
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Figure 6.10 Final processed ECA after 2D trending, full scan.
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CHAPTER 7

EXPERIMENTAL RESULTS

The results shown will mostly cover the complex robotic scanning setup and ECA results for
corroded samples. Voltage to depth through ECA is briefly discussed. In support for objective 1, UT
inspection on a curved CFRP car piece is also conducted, using the same methods for path planning
until NDE is black boxed. The topics discussed will be sample preparation, the reconstruction and
registration results, ECA versus digital microscope (VHX) results, and the performance of each
scanning mode for full and fast configurations. See 7.1 for the system diagram. A refurbished
Fanuc ARC Mate 100ib robot arm is used to manipulate the ECA and calibration laser. The robot
arm was calibrated so the joints would be less than 1 degree of error. A CR-Scan 01 structured
light (SL) reconstruction device is used to obtain reconstructed images of the samples, which were
placed in a static location alongside the robot. To register the reconstructed mesh from the SL
frame to the robot frame, a Banner LM precision measurement sensor (LM 150KUQP) was used as
the calibration laser. this laser would be pointed towards several calibration marks that would also
appear in the reconstructed mesh that would measure the location of those points with respect to
the robot. The length of the laser is output as an analog voltage signal converted to depth, which
has a range in between 50 to 150mm and an accuracy of 4/mum. There was an error due to joint
error from robot mastering miscalculation and slight tilt from placement on the toolframe itself. To
reduce error from tilt, the laser was separately calibrated so when lifted upwards from a calibration
mark, the laser’s XY position would remain the same at a large distance. This rotation was 0.40°
and —0.24° alongside x and y axes of the tool. The laser was lifted 60m away from the calibration
marks while depth information was obtained while the robot tool was at a standby to prevent jitter.
For information about how the laser is used, see section 4.1. The layout of the ECA probe with
respect to the environment 1s shown in figure 7.9.

An Ectane 2 Eddy current instrument was used alongside an Eddyfi I-flex probe (ECA-IFG-034-
500-048-N03S). This probe operates at a base 500k iz, however, using the strong gain calibration

tools of the Ectane 2, 2M hz is utilized in order to pick up smaller defects. 32 channels are utilized
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on the probe in absolute mode, which obtains the impedance voltages for real and imaginary. Only
real is considered to reduce the number of figures in this work. The coils are exciting with 5V The
probe has a 34mm coverage, with 1.25mm between coils. The desired lift-off was 1mm away from
the samples, with enough room to prevent collision from rotational errors. The probe was also
calibrated to prevent major tilt from the placement on the tool along the coil rows, at —1.815° along
y. During scanning, the information from the ECA obtaining defect information is synchronized
with the robot’s toolframe position to localize the defect information to the robot’s frame. The robot
ran slowly at 25mm/s, even though the maximum velocity of the robot is around 2m/s. This is due
to synchronization issues between the ECA and robot toolframe which would displace expected
information. The ECA ran at 500hz for every coil, or 16000 impedance data points per second
including every coil acquired. The coverage while moving along a line would obtain a resolution
of approximately 50/mum, however this varies due to changing rates of the robot tool orientation
information. It was selected to have a shift resolution of 0.25mm between lines. These parameters
are sufficient to pick up corrosions with similar resolution requirements in area, and 10um in
depth. Full and fast scanning procedures were used per dataset as discussed previously, in which
figures for full scanning shown will only be for coil 16 for simplicity.

A VHX digital microscope from Keyence was used to obtain high accuracy for small defects
as a ground truth. This is different from the laser, which is used for understanding defects within
the robot’s frame and validation of the structured light reconstruction and registration. The digital
microscope cannot serve the same function, due to limitation of space on the microscope and it
not being with respect to the robot’s workspace. Being able to use precise depth reading from
the digital microscope to obtain fitting curves is especially useful, especially considering the sizes
of the defects involved. What needs to be considered for the microscope’s usage is that it will
obtain the surface profile, which also includes surface rust. Rust is barely visible to the ECA probe
versus steel but will be counted the same as steel. This means to improve the microscope results;
the samples must be removed of corrosion, or considered as “cleaned,” then rescanned with the

assumption that the rust will not significantly change between the uncleaned and cleaned samples.
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Subsurface is possible with an elemental analyzer, which would provide composition between the
steel, rust, and residue salt or other contaminates, but this is technically destructive testing as it will

burn a hole into the sample to obtain this information and not considered useful for surface depth

detection.
-
—
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R-j3ib
Robot controller Ectane 2
v I —| Eddy current
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Figure 7.1 ECA robotic scanning diagram.

7.1 Curved Steel Corrosion Detection
For the corrosion detection, the ECA scanning system shown in figure 7.1 is used. Nine samples

were made using steel sheets that were corroded for seven days each. 27 defect areas were examined
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in total, which were measured using a VHX-7000 digital microscope. Each was scanned using the

procedures mentioned above.

7.1.1 Sample Preparation and Defect Selection

Nine samples in total were prepared for ECA scanning: 1 flat sample, 4 increasingly concave
samples, and 4 increasingly convex samples. Each sample is 12 x 4in? or 304.8 x 101.6in? in area,
with a depth of 0.75mm. Each sample is 12 x 4in” or 304.8 x 101.6in? in area, with a depth of
0.75mm. The reconstruction and path planner for the robots need to compensate for the angular
changes of each, demonstrating the complex movements of the probe with curved surfaces along
several different curved intensities. There is also a need to see what complications may arise due to
poor orientation, specifically for bad rotation alignments. The standard used is ASTM B117 [11]
using a salt fog chamber. The samples would be within the fog chamber during a 1-hour operation,
which was conducted daily for seven days. The brine solution consisted if deionized water and

sodium chloride (NaCl) using the ratio:

Massof NaCl

=0.053
Massof Water

The samples in the corrosion chamber are shown in figure 7.4. The back portion of the samples
and the bottom inch were coated with corrosion inhibitor during these days. The back was coated
to prevent leaching of the back to the front corrosion areas, which would potentially make results
more complex than desired. the bottom inch was coated to provide an unaffected background
for each sample. Initially, the scans were scanned each day for corrosion growth, however these
results were corrupted by issues from heating. Importantly. There was also slight scratching of the
corrosion inhibitor on the calibration area for the bottom inch of the samples. This allowed some
creeping of corrosion to occur on these components that can be seen in the ECA data. Despite
this, most of the calibration regions were unaffected and still allowed for background reading for
each. Post processing techniques such as detrending end up obscuring this region, as will be seen
later. The samples were placed upwards in the salt chamber. Each day, the samples were removed

and cleaned of salt. After seven days, the samples were soaked using a rust remover solution for

145



1 day. This was done so when the VHX was used to obtain depths that rust would not obstruct
the depths that would be picked up from the ECA. The ECA will pick up the differences between
the conductive steel surface and nonconductive air. Rust is nonconductive with negligible effects.
However, these would be picked up as significant from the VHX, which is not desired. After the
samples were soaked, the corrosion was cleaned off using rags.

Prior to corroding, each were curved using a sheet roller at desired curvatures. These curvatures
were required to be within the ASTM B117 standards of 10 — 30° at any location on the curved
sheet. The sheet roller process was manually done on previous samples, then recorded using
circular segment calculations. The metric used will be in curvature k = 1/R in units of m~! with R
being the radius of the "circle" which the curved sheet is placed along. These curvatures are shown
in table 7.1. The flat and concave samples after 7 days have "speckled" defects across the sample
with unique patterns throughout. The convex samples removed large components as dripping from
the top occurred during these scans, leaving large lines draining along the sample. Each finished
sample is shown in figure 7.5, 7.6, and 7.7. Note that from rust removal that some regions were
stained darker than usual but have no effect on the ECA or VHX results.

The importance of each sample’s curvature is to ensure that it does not go over the B117
requirements of tilt for the samples, between 10 and 30 degrees. To ensure this, each curvature of
the sample much be within this range. To simplify the problem, the total curvature would remain
constant, following the path of a circle. This was done by recording the chord length C between
the edges of the curved sheet, and the height of the arched length M [179] shown in figure 7.2. It
should be noted that in relation to arch length S, C ~ § = 12in. Using C and M, a solution for the

radius R of the circle in which the sheet metal is curved along using the equation:

C2

R=—
8M

With this radius and the chord C may be used to solve the curvature 6 of the sample:
C
0=2xsin" (=—
x sin” ( P R)
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Figure 7.2 Chord-angle model for sample curvature preparation.

A duty sheet metal roller was used to curve the samples, however as this was entirely mechanical,
it was difficult to obtain an exact rotation without trial and error. The corrosion salt spray chamber
places a flat-shaped sample at a 20 degree angle, in the middle of the 10 to 30 degree range of
sample tilt. Figure 7.3 shows the configurations for flat, convex, and concave setups. The sample
holder evaluates about 10.3cm diagonally from the bottom. Regions along the 12in length of the
sample were partitioned into two sections: di, and d53, with d1 being at the top of the sample, d2
being at the fulcrum resting point of the sample, and d3 at the bottom. These points are measured
using the arch length § prior to bending, though because S ~ C, each point distance is approximated
to be the same between the arch and chord. It is desired to obtain the maximum and minimum
amount of curvature that a sample may have while ensuring each piece of rotation of the sheet
metal falls within 10 and 30 degrees. This is done by partitioning the angles with the previous, one
at the top at 6,1, at the fulcrum 6;,, and at the bottom 6,3, all tangential to the sample. In the flat
example, each tilt will be same ideally at 8,1 = 6,2 = 6,3 = 20. In the concave configuration, let us
assume the sub rotation at 6,3 is 10 degrees and the tilt at 8, is 20 degrees. The known distance

S = 12in = 304.8mm and the distance dp =~ 103mm, so dp3 ~ 201.8. The ratio between di> and

147



S = d3 1s 0.338, and the ratio between dj, and S = d;3 is 0.662. Solving for the total curvature 6:

Abs(63 — 05) =20 — 10° = 10° = 0.66210

6 ~ 15.103°

Now for 6;1:

0112 ~ 0.3380 = 5.103°

01 =0 + 6,12 =20+ 5.103° = 25.103°

As 10 < theta;; < 30 degrees and 10 < theta;3 < 30 degrees, the convex configuration is
sound at a maximum of 15.103 degrees curvature. The minimum amount of curvature would be at
0 degrees. Similarly, the convex configuration follows the same procedure, with 63 = 30 instead
with the same results. Likewise, the tilt at 6, = 20, the ratios between dj> and S = dj3 is 0.338,

and the ratio between d, and S = d;3 is 0.662. Solving for the total curvature 6:

Abs(63 — 60) =30-20° =10° =0.66216 = 10° = 0.66216

6 ~ 15.103°

Now for 6;1:

012 ~ 0.3380 = 5.103°

014 =60, +0;=20-— 5.103° = 14.897°

As 10 < theta;; < 30 degrees and 10 < theta;3 < 30 degrees, the convex configuration is

sound at a maximum of 15.103 degrees curvature. Both convex and concave configurations are
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symmetric towards each other, meaning that when creating the curvature on the sheet metals, it is
preferred to use the same settings on the duty roller. Unfortunately, despite using the same settings,
there was still some variation between sheet metals using the same duty roller configuration,
however all measurements were deliberately under 15 degrees to ensure B117 standards were met

when corroding the shaped pieces.

ot,

(a) Flat (b) Convex (c) Concave

Figure 7.3 Sample curvature diagrams with respect to placement inside the salt chamber.

Figure 7.4 Corroded samples inside the salt spray chamber before the 7th day of corrosion.
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Figure 7.5 Flat sample a.

Sample

a

bl b2 b3 b4

cl c2

c3 c4

Curvature k

0.000

0.304 0.397 0.527 0.842

0.304 0.451

0.528 0.842

To apply accurate cross correlation, defects were required to be unique across an approximate
2 x 2cm? area per defect, as limited by the VHX microscope. These defects may be unique based
on the pattern of corrosions in the area, or one large but uniquely shaped pattern in terms of XY.
Each defect was manually selected with this in mind, with blind knowledge of the ECA results. As
a result, some defects end up being outside the bounds of the scans for the full scans for the coils.
These results are removed from the results. The VHX results for each corrosion will be down in
section 7.1.4 alongside the ECA results. Four defects (D1-4) were chosen on the flat sample, while
three defects (D1-3) were chosen for every other sample for concave and convex sets. A larger

number of defects would be preferred but would be very taxing on time due to requiring VHX

Table 7.1 Curvatures of each sample under corrosion.
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(a) bl 77 . (b) b2 N (©) b3 i (d) b4
Figure 7.6 Concave samples b1-4.

scans that take over 20 minutes a piece to obtain, as well as over 20 minutes for processing each.
Figures 7.8 show the defect locations for each "critical" sample, or the flat sample and the max
curved samples for concave and convex sets, with the defects for each shown later.
7.1.2 Applying the Framework

Reconstruction and registration are used to localize each sample’s geometry with respect to the
robot’s frame. The results from this process are placed into the path generator using the ray-triangle
intersection array algorithm discussed in section 5.2. This path is then placed into RoboDK to
generate the movements for the physical robot through a simulated environment. The movements
are then run while obtaining ECA and robotic toolframe information, discussed in the later sections.
This section will discuss and show the mesh and orientation results for each sample. Later, how to

orient the data later used in post processing is also discussed.
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(b) 2 () c3 (d

Figure 7.7 Concave samples c1-4.

Prior to scanning, the calibration targets were measured using the laser profiler on the robot
arm. This was only required once, as the calibration targets will remain in static locations. A
Creality CR-01 structured light camera was placed on a stand that would acquire the reconstruction
of the sample and environment for every scan. The CR-01 can obtain reconstructions with 0.1mm
depth accuracy within a 536 x 378 mm area. This would be done for each sample for each day,
with the reconstruction result being used for both the laser scan and ECA scan. For the earlier
scans, the reflection of the laboratory’s overhead lights would cause glares on the structured light
readout, which would lead to holes in the reflection. To combat this, a large piece of foam was
placed strategically to remove this glare. The reconstructed mesh generated from the CR studio
software was exported into CloudCompare, in which point pairs picking was used to align the mesh

to the robot’s base frame. This required human intervention, both in the initial location of the
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(a) Sample a with defects (b) Sample b4 with defecs (c) Sample b4 with defects
Figure 7.8 Defects localized for critical samples.
laser physically onto the calibration targets initially and on the virtual mesh. This method allows
sub-millimeter accuracy between the two sets, though the inaccuracy due to human elements is
unknown. Hence why laser profiling is used, to measure inaccuracies between the structured light
aligned set. It is advantageous to ensure that the texture mapping of the mesh shows the proper
location of each calibration mark. From testing, it is better to keep the camera in a static location as
textures may shift with several merged point clouds, giving an improper location of the calibration
mark on the mesh. This is shown in figure 7.10. For larger meshes which the SL camera may be
used in a handheld mode, giving a larger reconstruction of the area, either geometric-based point
selection or more autonomous methods such as checkerboard patterns or April tags may be used.

The samples were taped down to prevent any movement during the scan. The calibration marks
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Robot
ittt
| Sample Laser |

Cal marks

Figure 7.10 Structured light setup with respect to the scan environment.

Point | X (mm) Y (mm) Z (mm)
RO | 1123.009 148.944 -481.882
R1 | 1127.309 -104.545 -481.271
R2 | 937.195 -103.592 -479.255
RO | 939350 148.592 -479.841

Table 7.2 Recorded physical point positions R0O-3 to match with virtual.

used for point-pairs picking (PPP) were also taped onto the scanning environment which were
kept in static locations throughout the scan to reduce issues in remeasuring the recorded location
with laser to the robot environment. In virtual space, the marks were manually selected, in which
table 7.2 shows the information for the physical points, and accuracy in alignment afterwards. The
alignment errors with respect from virtual to physical are shown in table 7.3, in which root-means
square (RMS) error across the four calibration point-pairs are used. Figure 7.11 shows the meshes
and location of each point. Note that the points may drift away from the center of the calibrations
due to texturing on the mesh does not fully correlate with the actual position on the mesh.

Meshlab is used to post-process the aligned set post point-pairs picking. The operations
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Sample a bl b2 b3 b4 cl c2 c3 c4
PPP RMS (mm) | 0.516 | 0.558 0.770 0.625 0.578 | 0.722 0.820 0.643 0.587

Table 7.3 RMS errors for each sample.

(a) Sample a (b) Sample b4

(c) Sample c4

Figure 7.11 Meshes post alignment and PPP for critical samples, containing the sample and
background.

are: separate the sample from the background (done manually), pre-decimation smoothing via 10
iterations of Laplacian smoothing, quadratic edge decimation to 1000 faces, and post-decimation
smoothing via 10 iterations of Laplacian smoothing. The strong amount of processing is used as

corroded samples will end up creating a rough surface that is no desired for path planning, so it is
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heavily smoothed. Decimation is also desired, as through testing, larger face counts will end up
causing small “bumps” that may have orientations overreact for rotations which causes problems
when scanning. Pre-decimation helps smooth the mesh prior to decimation enables the decimation
to place in a smoother location, while post-decimation Laplacian smooths the decimated result
which may generate sharp edges. If the mesh generates a hole inside the area of the mesh, then hole
repair is used. If an area of the mesh follows a poor rotation, such as if an undesired irreparable hole
on the edge is generated, then the effected faces are removed, which is a rare occurrence but is done
to prevent damaging the probe or sample. The rectangular area of the sample also tends to become
more “oval like” after the smoothing operations, which has been examined to show no effect on the
orientation outside of path planning, where intersected arrays may miss the sample on the rounded
regions. The cleaned mesh is then sent to the intersection array path planning, which parses the
orientations on the cleaned mesh as waypoints. The plane is maintaining constant rotations for
each type of scan, though the xy translation on the plane is minorly adjusted to ensure all points are
on the mesh. The waypoints are sent to RoboDK, which performs a simulation ensuring that there
are no collisions or singularities while scanning. RoboDK then parses a list of robot commands
that are sent to the robot for scanning. The path used is deliberately the same between the laser
and ECA, with the only difference being the toolframe. This is to ensure intersected coverage of
the two scans, while determining any malorientation mostly due to bad rotation.

Each scan obtains both the Fanuc’s current orientation and the information of the sensor. Fanuc’s
PC Development Kit is used alongside its C# libraries to obtain the current orientation of the robot
around 70 times per second, although this varies and may increase to 100hz or shrink to 30hz. The
output is the 3D Cartesian coordinates for translation and rotation. These are saved in a separate
file, containing the orientations and time acquired using the acquiring computer’s clock. It is more
advantageous to use a sync signal in more ideal setups, as there are some inaccuracies using the
computer’s clock such as desyncs between the robot and the computer, but this was difficult to
incorporate. The second set of data per scan comes from the sensor. The eddy current array will

output the complex voltages for real and imaginary, as well as the time acquired using the system’s
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clock. The frequency used to obtain each set is at 500hz, with the excitation frequency being set at
500kHz, excitation voltage at 10V, and gain at 60dB. Each coil’s excitation is saved, with 32 sets
of complex voltages per acquisition. For the laser profiler, only the analog voltage holding depth
information time is saved. Each set of data obtained is 1D alongside with time. To equate the
Fanuc’s orientation and the data of each sensor, interpolation is used from the time information of
both sets. This mostly equates between the two sets, however, there tends to be a slight mismatch
between the clocks used in the threads of PCDK and the sensor, with a time delay required. This
time delay is potentially non-static, but a 50ms delay for the ECA and 70ms for the laser are used.
The output of interpolation will be a point cloud with floating orientations holding sensor data.
The eddy current array requires an additional translation per coil, which is done by obtaining the
local orientation of each coil respective to the toolframe and translating each coil point. As the
alignment of the probes used 2 rows of 16 coils each, with the difference between each adjacent
coil being consistent between each, the following algorithm is used:

Rxyz is a function which converts the rotation values into a 4x4 rotation matrix. Likewise, Txyz
converts translation values into a 4x4 translation matrix. Wristflip is used to flip the orientation
to ensure proper placement of each coil, which is determined by the tool orientation. The laser
profiler calculates the analog signal to depth. To ensure the ECA data and Laser data is aligned
correctly, we run the inverse of the lift-off algorithm to place the data sets onto the location of the
sample, rather than floating above it from the lift-off amount. This is done by simply applying the

rotation transform per element:

OLift = Rxyz(rx(i), ry(i), rz(i)) = Txyz(0,0,liftO f £ (i)

Then applying the translation of the rotation to the original:

ox(c,j)=OLift. X +x(j);
oy(c,j) =OLift.Y +y(j);

oz(c,j) = OLift.Z +z(j);
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Algorithm 7.1 Coil alignment for a 2 row array

Input: Lengths between each ECA coil dx, dy, number of coils numCoil = 32, Robotic orientation
datax,y, z,rx,ry, rz
Output: Aligned coil data ox, oy, oz.

1: ox = zeros(numCoil, length(x)); > initialize the outputs
2: oy = zeros(numCoil, length(x));

3: 0z = zeros(numCoil, length(x));

4: wristFlip = Rxyz(0, 0, -90); > obtain 4x4 rotation matrix to flip the data to the sample
5: zigdx = (dx/2); > define zigzag amounts to along x
6: zagdx = —(dx/2);

7: shiftY = ((dy * (numCoil — 1))/2); > define shift amount y;
8: zig=1

9: forc=1:c <=numCoil;c ++ do > for each coil ¢
10: ddy = —((dy = (¢ — 1)) — shi ftY); > append to shifty
11: if zig == 1 then > chose x value from zig-zag, then flip zig value
12: ddx = zigdx;

13: zig =0;

14: else zig ==

15: ddx = zagdx;

16: zig = 1;

17: end if

18: coil Point4D = [ddx; ddy;0;1]; > calculate the local point
19: fori=1:i<=length(x);i++do > for each data point i, adjust the orientation
20: adjustCoil = wristFlip « Rxyz(rx(j),ry(j),rz(j)) = coil Point4 D,
21: ox(c,j) =adjustCoil(1) + x(j);
22: oy(c,j) =adjustCoil(2) + y(j);
23: 0z(c, j) = adjustCoil (3) + z(j);

24: end for
25: end for
26: returnox, o0y, o0z

The rotation per point is maintained, this only translates the point along the normal or rotation
from original point. After orienting the data onto the original mesh positions, any mismatch
between calibrated ECA and laser data may be detected. As the probes used were flex coils, some
of the coils were mismatched, however as the coils were set in a rigid formation, this was mostly
approximated as a body translation along x and y w.r.t. the toolframe rather than per coil. Simple,
the ECA data set was aligned with the laser to obtain the calibration. Any drift along the z axis

w.r.t. the tool frame was assumed to be zero, though this may not be the case in practicality.
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7.1.3 Processing Procedure

The processing procedure from the reconstruction to path generation goes as such:

10.

11.

12.

13.

14.

Obtain reconstruction, use Creality software to output a mesh.

Place mesh into CloudCompare for PPP: input physical point locations, then manually select
the equivalents on the mesh. If RMS is above Imm, then redo the point selection with the

better oriented mesh.

. Place the mesh into MeshLab.

Cut out the sample from the background.

. Pre-decimation smoothing from 10 Laplacian smoothing operations.

Quadratic edge decimation to 1000 faces.

. Post-decimation smoothing from 10 Laplacian smoothing operations.
. Place into ray-triangle intersection algorithm software:

. For full scans, rotate the array by 90° along the plane’s z-axis (normal to the sample), set up

an area of 250 x 50mm? and 1000 x 2 points along Y and X respectively (X faces away from

the robot, Y is left-and-right, Z is up-and-downwards from the ground).

For fast scans, do not rotate, set up an area of 250 x 1mm? and 2 X 4 points along X and Y

respectively.

Center the location of the scan for the scan to ensure the scan is centered on the sample.
Apply array intersection in a zig-zag pattern using algorithm 5.2.

Send the generated path from intersections to RoboDK, which will simulate the scan.

Send the path generated from RoboDK to the physical robot for scanning.
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Run the scan, which will place the information of the ECA, including system timing information,

asynchronously with the robot’s toolframe using Fanuc PCDK, and its processes system timing

information. After the scan, both sets of information are placed into MATLAB for post-processing.

First, for ECA 3D+NDE PTC information:

10.

1.

12.

Read ECA information for real, imaginary, and timing.

Read Robot information for pose and timing.

. Apply a static S0ms delay to the robot timing info to help match ECA and robot tool info.

Set the start times of both to zero.

. Delete redundant points before interpolation.

Interpolate the robot pose data to the faster acquired ECA data using both timing information.

. Apply a global shift from calibration: 0.988mm along x, and 0.593mm along y.

. For each coil, apply 1mm lift-off toward the sample to undo lift-off, along the normal

determined by rotation per point.

. Place each coil to the robot frame using algorithm 7.1.

Detrend along time and per coil, fast: 2nd order for both, full: 2nd order for 1st, ignore per

coil.

Apply the array subtraction algorithm using algorithm 6.1.

Another similar detrend along time and per coil, fast: 2nd order for both, full: 2nd order for

Ist, ignore per coil.

This will process each ECA PTC for both full and fast modes. After this, each defect will be

examined with respect to VHX:

1.

Read the 2D VHX data, decimate to 0.2 x 0.2mm? pixel areas.
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2. Apply 2D detrending of order 1, then order 2.
3. For each coil:

4. Scatter interpolate the ECA PTC to a 2D image with 0.2 x 0.2mm? pixel areas and using

natural interpolation method.
5. Apply 2D determine of order 1, then order 3.

6. Apply xcor, which checks for the best rotation by the best xcor value output in normalized

units.
7. Cut out the ECA data using the area of the VHX set.

8. Obtain the defect and background intersection ratios between ECA and VHX. Iterate to

determine the best related voltage to VHX from the best intersection.

Poor data is determined from full scanning if the bounds of a data set are not within 20mm of
the radius of the median of the data sets. Poor data for fast scans are compared similarly, but with
the median of the full scan data. From these median data, if the coil’s is determined to be outside
of the scan, 20m away from the radius of the median value, then its information is discarded in

performance as it would be determined not to provide information about the defect.

7.1.4 ECA versus VHX Results

Using the framework provided, ECA point clouds are obtained then processed into an output 2D
image. This image will be compared with VHX to align the ground truth VHX data with the ECA
image. If they are aligned, then the defects and background are intersected to have a performance
metric for the ECA. If they do not align, they are considered undetected. The exception is if the
defect would not have been in the image, which is checked by comparing the median values of
correlation per coil with the expected location. If the defects are outside the bounds, they would
not generate any data. These pieces of data are discarded in this scenario. Scanning is both done

in fast and full configurations. This section will show the results of each sample. Afterwards, the
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performance of detection is discussed. For full scans, only coil 16 is shown. For the processes,
the resolution for both should be around 0.1 x 0.25mm while using scatter interpolation. The pixel
areas after interpolation were set to 0.2 X 0.2mm. The area of each full scan should be 50 x 250mm,
while the area of each fast scan should be approximately 37 x 250mm. Note that because an ECA
figure for full scans shows poor results does not mean that another coil was unable to pick up the
defect instead. For the bulk of data comparing ECA, VHX, xcor, and intersection data for each

defect, coil 16 only, for both fast and full scans, see the appendix.
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Figure 7.12 Flat sample a full scans.
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Figure 7.13 Concave samples b1-4 full scans.
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Figure 7.14 Concave samples c1-4 full scans.
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Figure 7.16 Concave samples b1-4 fast scans.
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Figure 7.17 Concave samples c1-4 fast scans.
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7.1.5 Performance

The performance metrics for both fast and full scans are discussed in this section. For full
scans, the percentage of coils with a detection in figure 7.18, the xcor values comparing orientation
between ECA and VHX for average and best cases in figures 7.19 and 7.20, and the average and
best intersection values are considered in figures 7.21 and 7.22. For fast scans, only the number
of detected defects per scan shown in figure 7.23, the xcor values in figure 7.24, and intersection

values in figure 7.25 are considered.
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Figure 7.18 Full scan, percent of coils detected per defect per sample.
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Figure 7.20 Full scan, best xcor values detected per defect per sample.
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Figure 7.21 Full scan, average intersection values detected per defect per sample.
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Figure 7.22 Full scan, best intersection values detected per defect per sample.
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Figure 7.23 Fast scan, number of defect detections per sample.
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Figure 7.25 Fast scan, intersection values per sample.
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7.2 Voltage to Depth

Voltage to depth would be the next process to compare depths calculated from ECA voltage
parameters from impedance to the depth values from the VHX sets. However, due to the hefty
amount of post processing to remove lift-off and heat variation, with some of the effects still
appearing in the data sets, this is unfeasible for this work. This section will briefly show voltage to
depth for diverse types of samples still scanned with the robotic system.

The samples, shown in figure 7.26, contain 10 plates corroded for different weeks (indicated
by the number on the sample), as well as two calibration samples. To avoid temperature or other
gain fluctuations, every sample was scanned at once. The voltage results are shown in figure 7.27
using coil 16 and a full scan. A planar scan was used, with a 1 x 0.1mm? resolution. The probe
was excited at 250khz and 5V. A linear model was used, shown in figure 7.29, and results on the
full scan shown in figure 7.28. In comparison, the two calibration samples are compared in figures

7.30 and 7.31. In a later works, the corrosion will be compared with IFM and UT results.
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0.1-0.5mm

Figure 7.26 Voltage to depth samples.
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Figure 7.27 Voltage equivalent from the samples scanned.
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Figure 7.28 Depth equivalent from the samples scanned.
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Figure 7.29 Voltage to depth response from the calibration areas, set as linear.
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Figure 7.31 Calibration set 2 from 0.6 to 1.0mm.
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7.3 Ultrasonic Testing on Carbon Fiber Reinforced Polymer

Ultrasonic testing (UT) was conducted using the same NDE 4.0 framework discussed for ECA,
up until the NDE section. This is in support of the "black box" premise for surface scanning,
appropriate to the NDE scenario desired. In this case, a complex-shaped carbon fiber reinforced
panel (CFRP) was scanned using air-coupled UT probes, obtaining the reflected propagations
that would determine the difference between a defect region and the sample’s background. For
more information about how this scan was conducted, see [75]. Figure 7.32 shows the robot tool
setup, like the ECA setup with a laser tool for PPP. Figure 7.33 shows the laser calibration on
the physical sample with figure 7.34 showing the PPP results in digital space on the reconstructed
mesh. Figure 7.35 shows the cleaned mesh which the background is filtered, and the mesh is
decimated and smoothed, then placed into path planning. Figure 7.36 shows the results for two

different orientations after scanning, with the previous figures for the first orientation.

Robot arm Laser

-~ !\>

calibration tool

Receiver
transducer

Figure 7.32 UT robotic scanner tool.
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Figure 7.33 UT laser calibration on the CFRP sample.
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Figure 7.34 Point pairs picking on CFRP sample with under 0.1mm

e WA it
I RE G
A )} 1,/
S L] 2
R D o R A Ko Sy e
o O MR
ol N T e LTS
P e e I SETA
s Al e LA N e
A A S il
Al v

‘4%_!

N )
ok : S
! A
) o ati

[

24
V)
I, 2

i
Tty
S

A
4

v
oo L
i

"é“

o
L
L

N

ok
QAT
A
e

-
0
5

Ay

I
1

=
T
LK)

A

WL

A

i N
e,
N

S0y
e
4',‘!1

ot

>

A

N R
Sy

i

A

Fa
9hs
)
7

A
;"g

et
35

[
oy
I

o
S
]
s
S

AN
e

o

R

=

it

T
)|

s

)

4
bt
Ry
%
[,
)
=
i
fh
5

L2

iy

1
F

iy
iy

S
i
!

2

=Y

i)

jlies

L
W
)

i
=

=1
ay

Figure 7.35 Cleaned CFRP mesh.

178

SRR
e

RMS error.



0.04

Orientation 1 0.03
400 ¢ Defect | Defect Defect 0.02
1 2 3
350 1 B gret 0.01
300 0
250 f -0.01
200 -0.02
150 100 50 0 50  -100 -150 -200 0.03
y (mm)
-0.04
(a) Orientation 1
0.04
Orientation 2
0.03
350 b 0.02
0.01
300
0
250 -0.01
4 -0.02
200
-0.03
-0.04

(b) Orientation 2
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CHAPTER 8

CONCLUSION
In conclusion, the ECA freeform scanning system performed decent in terms of the complexity
and complication of the scenario of detecting sub-mm depth corrosion defects. There are several
considerations for improving the setup. Obviously, reducing the errors in terms of path planning is
mostly desired, however other improvements such as path planning using the flexible capabilities
of the coil or ways to further automate the system would be mostly desired. Covered will be the

final thoughts on the objectives, limitations, and future works.

8.1 Objective Testing
This section will cover each objective mentioned in section 1.3 using the information highlighted

within this chapter.

8.1.1 Objective 1

NDE complex surface scanning without a CAD model. The result from the provided
framework enables surface scanning with respect to probe positioning. This is shown through the
ECA and UT data provided. Despite some of the data loss from the ECA due to errors discussed in
objective 2, the positioning of the probe with respect to the robot does recover information about
the corrosion damages with respect to the curved steel samples. Likewise, the information of the
UT probe shows the defect versus background information on the complex-shaped CFRP sample.
Both of these were localized with respect to the robotic system using meshes generated from a
reconstruction device (structured light), oriented to the robot’s base frame using point pairs picking,
pathing enabled on the mesh with a unique ray-triangle intersection array algorithm discussed in
section 5.2, scanned with each surface scan, and later post-processed. Both scans were done on
samples including curvature. One later examination should be ECA on more complex samples.
8.1.2 Objective 2

ECA scanning of corrosion using a freeform scanning system. The framework allows for
corrosion detection using ECA scanning at a close non-contact lift-off for various depths and size

defects. This is supported by objective 3 after post processing. The raw data contained issues
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that required post-processing, unfortunately removing any ease of voltage-to-depth conversion.
The considerations were: mastering error for calibration of the robot joints creating complex errors
throughout the scan, tilting error on the center of the coil causing variable lift-off effects on the edges
of the coils, lift-off error for positioning error from path planning on the mesh surface in terms of
reconstruction, orientation error on the body due to error in mesh registration, desynchronization
between the ECA data and the robot’s tool frame at the same time due to the systems running
asynchronously, and other effects that occurred during scanning such as temperature fluctuations.
The examinations were seen in each coil, from the full scans, and combined, from the fast scans.
Throughout later testing, it was found that there are certain effects that will cause variance and
error in acquisition, though further validation on severity of these errors needs to be examined.
These issues, due to non-linear nature of the scanning procedure, create certain difficulties that
require more advanced post-processing techniques to solve in the future. First is that robot joint
mastering error will add non-linear positional error to the eddy current array. This is non-linear
due to the rotational behavior of each joint of the array, different from the expected result. This will
add to Cartesian error that can be approximated via forward kinematics. However, when reading
the eddy current complex voltages or impedance, this is another layer of complexity, as any error in
lift-off is also non-linear and requires a model to determine this lift-off error. This sort of variance
may be seen at various locations of the probe but will not suddenly jump but will create a “hill” on
the image. This may also be seen in laser reconstructions, which one may assume would be useful
for solving these issues, however one must consider that the kinematic solution to move the laser
tool is different from the ECA probe as they are in two different tool frames, meaning the joint
calculations which contain the base mastering errors are different and not entirely comparable.
The second consideration is voltage drifting. It is examined that if the robot is at a standstill,
each joint locked in place, and placed on the sample, that there will be a voltage shift over time. The
reasoning for this need’s examination, but it is assumed that this is due to heat up of the coil. Other
considerations may be fluctuations in room temperature, minor movement of the robot or otherwise

probe or samples, or some other factor due to the device. Calibration of the coils or zeroing the
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complex voltage of each coil to the background, tends to fix this issue temporarily, but depending
on changes for environmental factors, runs into voltage drift issues. The most significant issue with
this voltage drift is that after a calibration curve converting the recorded importance of the probe
to defect depths is this shift will inevitably add error to the expected fitting curve, shown in figure
[below]. Such curves, which should be predetermined before a scan, will give different results
if environmental factors change, making this process difficult without controlling environmental
factors. Ideally, calibration should be done before each scan and ensuring that a stable signal is
available, but since the calibration process will generate a new set of gain values, this will also

change the calibration curve per coil.

8.1.3 Objective 3

ECA post-processing of corrosion with respect to robotic systems. Post-processing can
be used to reduce errors that occur from robotic ECA scanning. The post processing procedures
discussed recovered the precise corrosion data that is obstructed in the errors discussed in objective
2 on the raw data. The total process is shown in section 7.1.3. A significant unique post processing
procedure was array subtraction, which is a relative of differential subtraction between coils. This
process attempts to find common errors across each coil in order to reduce lift-off variance which
was complex due to the nature of freeform robotic scanning on reconstructed and registered meshes
and its associated errors. This algorithm is discussed in detail in section 6.3.1. The information
from the performance metrics on the ECA coils show that there is a decent amount of detection, in
terms of if a defect area is found in the ECA dataset, and the quality of detection using intersection
masking between ECA and VHX datasets. There were still unrecoverable data that may require
either different or improved post-processing procedures, or if the data is completely lost due to
lift-off error, decreased errors in scanning. Voltage-to-depth is a considered prospect for later, as
this process becomes difficult without a calibration metric and errors that were not fully controlled
within the setup. Otherwise, the results of the ECA probe for freeform surface scanning on curved

samples provided decent results, albeit not perfect.
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8.2 Limitations

There were several limitations that affected the performance of the robotic scanning system,
in terms of scan time, automation, and scan quality. First is the selection of the robot used,
which if either the calibration is improved or an easier robot to work with were to be used would
reduce complex lift-off errors. A Fanuc 100ib robotic arm was used, which was initially made
for welding applications but repurposed for surface scan NDE. The robot ideally should contain
sub-mm accuracy alone. However, the calibration process to master the robots, or set the joints as
close to "zero" as possible, was not perfect. The process requires you to measure physical markings
on two sections of the joints to match each other, which enables sub-degree error. The joint errors
in the processes added approximately 1mm of error in positioning, in a complex pattern due to it
being error on the joints causing orientation errors on the probe. The robot was also refurbished,
which may enable errors in the joints as well. One other issue in terms of automation is the ability
to enable real-time scanning ran directly from the simulation on the computer. This process instead
required a disk to be placed in between the robot and the computer instead of direct commands being
run. This capability may be possible in the current setup but was not executed due to development
complications.

Another source of improvement would be the reconstruction device used and alignment of the
obtained mesh. A Creality CR-01 scanner was used, which has 0.1mm accuracy on the mesh.
The issue is that with structured light, there may be spots of missing points due to high reflection,
either by glossiness of the material or it being bright in color. In some scans, the lights inside
of the laboratory would interfere with reconstruction. On the other side, if a material absorbed
light due to it being too dark, then points will also become missing. For both types of bright and
dark areas that are reconstructed, there may still be errors due to these material properties. It may
be better to use a reconstruction device using blue-light which should remove these issues. This
device also required commercial software to operate. This was great for enabling ease of use for
reconstructing a point cloud and outputting to a mesh, however due to not having certain controls

limited the setup in terms of automation. Ideally, the SL would be used in a pipeline process,
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where essentially a "run scan" button is pressed, and the robot reconstructs the mesh, does any
required processing such as segmentation of the sample vs background or smoothing, runs the path
planning, runs a simulation, then runs the NDE scan, from just the user inputs for starting the scan
and perhaps setting up the path planning. Instead, the software had to be run separately. Another
process of automation would be to use center point transformation (CPT) as discussed in section
4.2. Ideally, with the known location of the SL probe on the robot, point clouds on the mesh can
be automated as such to reconstruct and align the mesh with respect to the robot’s workspace. This
would not require the processing techniques of Creality for scanning larger samples, which Creality
sometimes loses orientation. This would also automate the process, in which point pair picking
(PPP) which was used in this work to compare physical locations within the workspace to the
virtual reconstruction. CPT ideally would enable automated reconstruction. However, in practice,
the center point of the mesh did not align with the expected tool location from testing. This error
enabled centimeters worth of error, which would make surface scanning not viable. If control
was enabled on the reconstruction sensor to enable operation within a pipeline while maintaining
the expected alignment from the device, there would be a significant improvement in terms of
automation and scan time, in which an extra 20 minutes per scan were dedicated just in setting up
the reconstruction for path planning. Tool pathing errors from reconstruction and registrations in
general should also be examined to be reduced.

Improvement in scan time and quality should also be improved upon. The robot ran at 25mm/s
to prevent synchronization errors between both the ECA datasets and the expected location of the
ECA from the robot’s tool frame. Both sets of data were obtained asynchronously but also using
the computers clock. The issue is that the timing between the two sets were variable, as the ECA
used a commercial instrument that might slightly delay the timing, whereas the robots’ controllers,
which were old, added 50ms of delay that was variable. If this timing was exact, then the robots
could move much faster. This, paired with fast scanning which paints, would enable extremely
fast inspections, important for larger scanning specimens. One other improvement would be to use

better curved pathing, such as with splines. This would require an adjustment to the ray-triangle
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intersection algorithm which instead uses planes for intersection that would run along the scan,
then generate a spline based on that path. This would allow the robot to run more smoothly rather
than relying on several points on the path. This potentially would reduce tilt; however, this requires
testing. As mentioned before, the scan should be more automated to decrease setup times as reduce
human interaction within the system so scans may be run in the background.

Finally, for discussed limitations is how to increase the quality of scanning. First, there should be
an examination of which type of ECA scanning should be used. Absolute scanning mode was used,
which simply records the impedance information of returned signals per coil, returning both the real
and imaginary voltage components per data point. The issue with this is that absolute mode at high
frequencies is susceptible to temperature fluctuations, which may be due to heating of the coils or
the scanning environment. The scanning environment itself was not set up to counter these errors,
so a more insulated setup would be preferred. However, in a real-world application, it may not be
ideal to have such a setup, especially for extended robotic setups including mobility as mentioned
soon. Reducing errors in tilt would be preferred, as just mentioned with improving reconstruction
and robotic setups. If these errors were accounted for, this may enable voltage-to-depth inspection,

which would help qualify the results of the voltage in terms of depth.

8.3 Future Works

Despite the limitations and shortcomings mentioned, the ECA freeform scanning system de-
veloped for this work can detect corrosion on curved samples to a decent extent. There is room for
improvement and extension of this system. As the final words, here are some future works that may
be considered. On top of improvements in the limitations, there are several extensions of this work
that may be viable. Improvements or further development of data fusion may be considered. This
may enable fusion between the structured light or other reconstruction device with the ECA data or
may even have several different methods in tangent. For quality metrics, VHX was used, but that is
far from a portable device that should be placed onto a robot inspection system. Al may also be a
valuable tool. This can be used in tangent with data fusion or enable a comparison with simulated

results to attempt to understand each ECA signal in terms of signal detected and maybe even
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lift-off detection. Finally, expansion into mobile platforms with different surface scanning systems
considered. Such may be for ground-based vehicles, crawler robots, underwater vehicles, or aerial
vehicles. Each system may have a static placed sensor, or even an arm attached. Such systems
would enable an appropriate scanning environment for larger systems. Otherwise, the freeform
ECA robotic inspection system currently designed may be used for applications either within a
pipeline for inspection of fresh materials, or a "car wash" system to inspect larger components such

as airplanes or mobile vehicles which require inspection.
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APPENDIX

Below covers the bulk defect information, showing results for ECA, VHX, xcor, and intersections

for each defect, coil 16 only, for full and fast scans.
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212



Microsco,
-44 x " 0.5 Pe

Voltage (V)
Depth (pm)

1025 1030 1035
x (mm)

(a) ECA (b) VHX
Cross-Correlation
Max val: 0.478 (Normalilzed Units)
Pos [1030.2,-55.0](mm)

f ion: 9
Defect and Background |ntrsectmn. 77.7054% Defect int.

No int.

L
o
w
Normalized Units

1025 1030 1035 1025 1030 1035 Background int.
X (mm) x (mm)
(c) Xcor (d) Intersection

Figure 13 Concave sample b3, defect D3, full scan.

213



94

92

90

ECA

1024 1026 1028 1030 1032 1034 1036 1038

x (mm)

(a) ECA
Cross-Correlation

Max val: 0.125 (Normalilzed Units)
Pos [1030.6,84.0](mm)

102
1041
<z
- {0 E E
£ <
=
4-0.1

o
w
Normalized Units

1024 1026 1028 1030 1032 1034 1036 1038
x (mm)

(c) Xcor

Microscope

o
Depth {pm)

1024 1026 1028 1030

1032 1034 1036 1038
X (mm)

(b) VHX

R . o
Defect and Background intersection: 62.1839% Defectint.

Noint.

> 4
1024 1026 1028 1030 1032
x (mm)

Background int.

1034 1036 1038

(d) Intersection

Figure 14 Concave sample b4, defect D1, full scan.

214



ECA

42
40

38 - »

26
24

22 -
1030 1035

x (mm)

(a) ECA

Cross-Correlation

Pos [1034.0,33.0](mm)

22

1030 1035
x (mm)

(c) Xcor

Max val: 0.191 (Normalilzed Units)

1040

1040

1041
<z
_O E E
£ <
=
4-0.1

o
w
Normalized Units

Microscope

(b) VHX

Defect and Background intersection: 47.205%

(d) Intersection

Figure 15 Concave sample b4, defect D2, full scan.

215

o
Depth {pm)

Defect int.

No int.

Background int.



i e et
48 Iy aia M
- 14 o b

-50 .-‘r'l- = ..
4 LN "y

LY -4 P
.52 it

1028 1030 1032 1034 1036 1038

x (mm)

(a) ECA

Cross-Correlation
Max val: 0.290 (Normalilzed Units)
Pos [1034.4,-41.0](mm)

—-40

>-42

44

-46

-48

-52

1028 1030 1032 1034 1036 1038 1040 1042
x (mm)

(c) Xcor

| b AR

1040 1042

Voltage (V)

Normalized Units

Microscope

15
E

10 &
2
o
[=]

{5

1028 1030 1032 1034 1036 1038 1040 1042
x (mm)

(b) VHX

f ion: o,
Defect anBackgruund intersection: 69.6299% Defectint.

No int.

£
1028 1030 1032 1034 1036 1038 1040 1042
X (mm)

Background int.

(d) Intersection

Figure 16 Concave sample b4, defect D3, full scan.
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Figure 26 Convex sample c4, defect D1, full scan.
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Figure 29 Flat sample a, defect D1, fast scan.
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Figure 32 Flat sample a, defect D4, fast scan.
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Figure 33 Concave sample b1, defect D1, fast scan.
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Figure 34 Concave sample b1, defect D2, fast scan.

234



y (mm)

T

-20

-22

24

-26

-28

-30

-32

-34

1020

1020

ECA
2
i 102
T +4041
1 i
10
1025 1030 1035
x (mm)

(a) ECA

Cross-Correlation
Max val: 0.452 (Normalilzed Units)
Pos [1027.0,-23.7](mm)

1025 1030 1035
X (mm)

(c) Xcor

Voltage (V)

Normalized Units

1020

Microscope

1025 1030
x (mm)

(b) VHX

Defect and Background intersection: 68.8918%
Iy

1020

1025 1030
X (mm)

(d) Intersection

Figure 35 Concave sample b1, defect D3, fast scan.
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Figure 36 Concave sample b2, defect D1, fast scan.
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Figure 37 Concave sample b2, defect D2, fast scan.
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Figure 38 Concave sample b2, defect D3, fast scan.
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Figure 39 Concave sample b3, defect D1, fast scan.
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Figure 40 Concave sample b3, defect D2, fast scan.
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Figure 41 Concave sample b3, defect D3, fast scan.
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Figure 42 Concave sample b4, defect D1, fast scan.
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Figure 44 Concave sample b4, defect D3, fast scan.
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Figure 46 Convex sample c1, defect D2, fast scan.
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Figure 47 Convex sample c1, defect D3, fast scan.
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Figure 48 Convex sample c2, defect D1, fast scan.
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Figure 49 Convex sample c2, defect D2, fast scan.
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Figure 50 Convex sample c2, defect D3, fast scan.
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Figure 51 Convex sample c3, defect D1, fast scan.
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Figure 52 Convex sample c3, defect D2, fast scan.
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Figure 53 Convex sample c3, defect D3, fast scan.
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Figure 54 Convex sample c4, defect D1, fast scan.
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Figure 55 Convex sample c4, defect D2, fast scan.
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Figure 56 Convex sample c4, defect D3, fast scan.
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