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ABSTRACT 
This paper presents an update on the progress of developing 

a crawler-based automated non-contact ultrasonic inspection 
system for the evaluation of large structural assets. The system 
presented is a significant improvement on current robotic NDT 
crawlers and aims to greatly reduce the time of inspection by 
creating an internal feature map of the subject in a Simultaneous 
Localisation And Mapping (SLAM) style method instead of using 
a lawnmower scanning style where all areas are scanned 
regardless if they contain features or are featureless. This map 
will be generated through rapid automated path planning and 
scanning and will show the location of potential areas of interest, 
where then, the appropriate method of inspection can be used for 
a high detailed evaluation. Current and ongoing work presented 
is as follows; the use of guided waves as the sensory input of an 
occupancy grid map; evaluating guided wave modes to find the 
mode most appropriate for this system; minimum thickness 
estimation using machine learning; improving the transducer 
setup using a unidirectional transmitter. 

Keywords: Guided Waves, EMATs, Shear Horizontal, 
Mobile Robotic Crawlers, Occupancy Grid Mapping. 

1. INTRODUCTION
There is an industrial drive and statutory need to monitor the

integrity and condition of industrial assets such as pipelines, 
tanks and vessels, in order to ensure optimum operational 
uptime, prevent failures and costly forced outages [1]. Non-
Destructive Evaluation (NDE) is an effective method to assess 
the structural integrity of these assets and identify any 
degradation, deviations or defects. Suitable NDE techniques 
require precise detection, location and measurement of structural 
parameters such as corrosion and thickness, in a nonintrusive 
manner, with the results utilised to make informed decisions on 
future operational activities and maintenance. Automation of 

NDE offers the potential to address some of the limitations of 
traditional manual NDE, which suffers from slow inspections, 
increased costs to ensure inspection safety, inconsistent 
measurements through poor human repeatability and an inability 
to access certain hazardous locations [2]. Research in automated 
and robotically deployed NDE seeks to address these limitations 
and obtain a decrease in inspection time and cost while 
improving inspection accuracy and safety [3]. The current state-
of-the-art automated NDE seeks to combine inspection 
modalities such as ultrasonic [3], [4], vision [5], optical [6] and 
electromagnetic [7], [8], sensing techniques with robotic 
platforms and data analysis and interpretation software, to enable 
fast and intelligent inspection [9]. Ultrasonics is an inspection 
technique that utilises acoustic waves of frequency 20 kHz or 
greater to inspect industrial assets through wave propagation and 
analysis of parameters such as time-of-flight and amplitude [10]. 
Ultrasonics is a safe and sensitive inspection modality capable of 
measuring asset parameters such as wall thickness, corrosion 
loss and weld cracking [11]. Current state-of-the-art industrial 
ultrasonic NDE implemented on robots [3], [12], typically 
measures component thickness and corrosion through the use of 
normal incidence bulk wave inspection, directed perpendicularly 
into the subject surface [13]. These waves are typically generated 
using single-element or phased array bulk wave transducers, 
which require contact with the sample. Although quicker and 
cheaper than manual NDE, such approaches are still time-
consuming as the probes are required to be scanned across the 
full area to achieve the desired coverage [4]. Furthermore, such 
systems typically estimate their position using wheel encoders, 
which drift over time, especially when not travelling in a straight 
line [14]. There are limited localisation systems available that 
provide the appropriate level of global accuracy (~10mm), and 
those that do exist, such as Laser Trackers [15], are prohibitively 
expensive (2-3x the cost of inspection robots). Combining 
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medium-range inspection techniques with on-board localisation, 
both using ultrasonic guided waves, can improve automated 
inspection using robotics in these two key areas. This paper 
describes the current state of the art in the development of this 
system. 

The first section will give a project overview describing the 
system at a high level and the goals of the project. The second 
section will be a summary of the first work published, presenting 
the proof of concept of the system. The third section is a 
summary of the work on selecting the most appropriate guided 
wave mode for this system. 

2. PROJECT OVERVIEW
The aim of this project is to develop a robotic crawler system

that can automatically and quickly create a structural map of a 
subject. This map will include structural defects, welded regions, 
geometrical features etc. These internal and surface features will 
be detected using guided waves generated within the subject of 
interest. The robotic crawler will use guided waves to range and 
estimate the position of the internal features relative to itself, 
using this information it will continue to range and map by 
following features it has detected and looking for unknown areas 
to build up a map in a SLAM style method, [16], [17]. The 
crawler will move around the surface of the subject being guided 
by the internal features it detects. This method is efficient as the 
system automatically generates the robot's path based on features 
that have been detected and by looking to move to unexplored 
areas of the subject, which greatly decreases inspection time 
compared to methods that use lawnmower scanning style 
methods as there is little overlapping on previously explored 
areas.  

The use of guided waves compared to bulk ultrasonic 
methods greatly decreases inspection time too, this is due to the 
significantly longer propagation distance of guided waves, 
which allows a significantly larger portion of the subject to be 
scanned in a shorter time. Further to this another benefit to using 
guided waves in mapping and ranging scenarios is the longer 
propagation distance, which makes it possible to scan 
inaccessible areas where the transducer cannot make direct 
contact with. 

FIGURE 1: CAD MOCKUP OF FINAL SYSTEM OPERATING ON 
A PRESSURE VESSEL. 

The combination of an automated path planning and 
mapping algorithm with guided waves shows significant benefits 
over current industry standard robotic NDT inspection systems, 
an image of this concept is shown in Fig. 1. It must be stated 
however that guided waves are not being used as the primary 
inspection method for evaluating defects and that the goal of this 
system is to quickly identify the areas of interest and their 
location, so that the appropriate method of inspection can then 
be used to fully define the problem area. 

3. GUIDED WAVE OCCUPANCY GRID MAPPING
The first step in this project was to show that guided waves

could be used for ranging and mapping, [18] was produced to 
show proof of concept of the guided wave occupancy grid 
mapping system (GW-OGM).  

In this work SH0 was used as the sensory input for a 
transmitter model that operated within an Occupancy Grid Map 
(OGM). Occupancy grid mapping is a probabilistic mapping 
algorithm in the field of mobile robotics which addresses the 
problem of generating maps from noisy and uncertain sensor 
measurement data, in this case guided waves, with the 
assumption that the robot pose is known [19].  

Conceptually the OGM simply partitions a 2D environment 
into cells, with each being the probability of three states, 
including free, occupied, and unknown, the sensory input for the 
OGM in this work is guided wave ranging measurements. Values 
close to 1 (black) represent a high probability that the cell 
contains an obstacle (in this work, obstacle refers to the 
geometrical features of a component such as edges/welded 
regions). Values close to 0 (white) represent a high probability 
that the cell is obstacle-free. As the robot drives around learning 
the environment, the unknown cells are filled in. Bayesian 
probability is then used to update probabilities when the new 
measurements are taken for any given cell. Information about 
which areas are unknown is also important, e.g., for autonomous 
exploration of an environment. In OGM, sensor readings are 
transformed into probabilities and then combined using Bayes’ 
rule for data fusion [43]. A standard occupancy grid map 
calculates the posterior over the map 𝑝(𝑚𝑖|𝑧1:𝑡 , 𝑥1:𝑡) given a set
of measured data up to time (𝑧1:𝑡), and the robot poses (𝑥1:𝑡),
which are assumed to be known, and part of the measurement 
here, the full expansion of this can be found in [18]. 

The OGM was then simulated with a bidirectional 
Electromagnetic Acoustic Transducer (EMAT) transmitter and 
two EMAT receivers, a sensor model was created for this so that 
it was represented in the OGM algorithm. Two receivers were 
used, as a bidirectional transmitter produces waves propagating 
forwards and backwards, so two receivers are required in order 
to identify the direction of propagation. Incorporating the sensor 
model into the OGM, the model was simulated, in this simulation 
however the robot’s path was predefined as at this point of the 
work, a proof concept was needed to show that guided waves 
could be used to map, where automated path planning will be 
carried out in future work but is not necessary for proof of 
concept. 

Crawler-based automated non-contact ultrasonic inspection of large structural assets
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FIGURE 2: IMAGES OF THE OCCUPANCY GRID MAP WITH 
THE SIMULATED SENSOR MODEL; THE RED DIAMOND 
REPRESENTS THE ROBOTIC CRAWLER. 

Fig. 2 shows the simulation of the model. The red diamond 
represents the robot crawler and the position of the transducer 
setup, this diamond moves across the surface of the sample 
generating guided waves in the plate. As the robot moves and 
guided waves are received cells turn from grey, unknown, to 
white or black, which is free or occupied, respectively. As the 
robot continues to move the edges of the plates become clear and 
the full shape can be seen. This simulation proved that guided 
waves could be used as the sensory input for mapping, the next 
step for the mapping algorithm is to fully automate this system 
to incorporate automated path planning for the robotic crawler.  

4. CHOICE OF GUIDED WAVE MODE FOR GW-OGM
For the work in [18] SH0 was used as the guided wave mode

for sensory input as it is non-dispersive, however this choice had 
to be evaluated in more detail as looking at the structures that 

this system is likely to inspect, welds are commonplace so will 
be a suitable feature to localise and act as anchors for the maps. 
As a result, the choice of guided wave mode was evaluated by 
testing five wave modes (A0, S0, S1, SH0, SH1) and their 
reflectivity from welds [20].  

It was thought that the energy density distribution of a wave 
mode would be a key indicator of its reflectivity from welds. The 
energy density distribution of a mode is the portion of the waves 
energy in a given point in the plates thickness [21]. Considering 
the geometry of a weld on plate, the presence of a weld head 
causes an increase from nominal plate thickness, the wave mode 
which is best suited to ranging will react to this change in 
thickness by strongly reflecting from it. This requires the mode 
to be sensitive to upper and lower boundary changes. The energy 
density distribution of a wave mode can then be used to identify 
the areas of a plate thickness which carry the largest portions of 
a wave's energy, as this is not always constant across the 
thickness. The theoretical energy distributions of the five modes 
tested in 10 mm steel plate are shown in Fig. 3. It can be seen 
that SH1 has the highest overall energy and a significant portion 
of its energy favours the top and bottom boundaries of the plate, 
as such it was thought that SH1 would likely have the highest 
reflectivity in testing. 

FIGURE 3: ENERGY DENSITY DISTRIBUTIONS ACROSS 
10MM PLATE FOR A0, S0, S1, SH0 AND SH1 GENERATED 
USING DISPERSION CALCULATOR. 

The modes were tested by using a transmitter EMAT to 
propagate a wave towards a receiver EMAT, the wave moves 
past the receiver towards a weld, the wave reflects from the weld 
and returns to the receiver, this setup can be seen in Fig. 4. The 
reflected signal was then divided by the first received wave to 
gain a reflection coefficient, this allowed easy comparison of 
each of the modes reflectivity through a single value.  

Robot pose 

Spurious occupied 
regions 
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FIGURE 4: REFLECTION COEFFICIENT MEASUREMENT 
SETUP SHOWN IN SIMULATION. IN THE EXPERIMENT, THE 64 
MONITORING POINTS WERE REPLICATED BY MOVING THE 
RECEIVER EMAT IN 64 1MM STEPS. 

All five modes were tested in simulation in four different 
10mm steel plates, each of the four plates had a different weld 
head size so that wave mode stability could be measured, this 
was needed as a wave mode whose reflectivity increased as the 
weld head increased in a stable fashion would be better suited to 
ranging and mapping, than a mode which had reflectivity that 
varied greatly with small changes in weld head size. 

The results of the simulation are shown in Fig. 5, it can be 
seen that the reflectivity of the modes tested corresponded with 
the energy density distributions shown in Fig. 3. The modes with 
higher reflectivity had energy density distributions that favoured 
the plate boundaries. SH0 and SH1 were then tested in an 
experiment using an identical setup to the simulation, similar 
results were found; however, reflection coefficients were 
reduced in value by approximately 0.1-0.2. 

FIGURE 5: REFLECTION COEFFICIENT VALUES FOR EACH 
MODE IN EACH OF THE FOUR SAMPLES. IT CAN BE SEEN SH1 
IS SIGNIFICANTLY MORE REFLECTIVE THAN THE OTHER 
MODES TESTED. 

From this study it was found that SH1 would be the best-
suited wave mode to use for ranging and mapping, considering 
the structures that would likely be under inspection. 

5. MINIMUM REMAINING WALL THICKNESS
ESTIMATION USING GUIDED WAVES
To increase the amount of information in the map produced

by the system thickness estimation of the minimum remaining 
wall thickness using Gaussian process regression machine 
learning [22]. This increases the amount of information on the 
map, which is better for the inspector when choosing the high 
detail method of inspection to evaluate an area of interest, and it 
also increases the certainty of the type of feature under 
inspection. The machine learning model was designed to be able 
to predict the depth and width of defects using the instantaneous 
phase of the received signals, Fig. 6. 

FIGURE 6: A TYPICAL PATTERN OF INSTANTANEOUS 
PHASE VARIATION OF SH0 WAVE MODE AS A FUNCTION OF 
WIDTH FROM SIMULATION DATA FOR A CIRCULAR DEFECT. 

OnScale (OnScale, US-CA) was used to create a dataset 
which featured a number of defects in plates for the machine 
learning model. From this model experimental tests were carried 
out where a transmitter and receiver EMAT setup was moved 
across an aluminium plate, where waves were sent from 
transmitter to receiver as the setup is moved perpendicular to the 
direction of wave propagation, Fig. 7. This plate has three flat 
bottom holes of varying width and depth, the goal of this 
experiment was to use the machine learning model and 
instantaneous phase method to determine the size of the defects. 

FIGURE 7: EXPERIMENTAL SETUP TO MEASURE THE 
THREE FLAT BOTTOM HOLES; THE ARROW INDICATES THE 
DIRECTION OF TRANSDUCER MOVEMENT. 

EMAT Force Blocks 

Monitoring Points 

Weld Head 
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The machine learning model was able to accurately estimate 
the depth and width of two of the defects and the width of the 
third defect, this can be seen in Fig. 8. The third defects depth is 
90% of the plates thickness and has a width that is smaller than 
the wavelength of the guided wave, this is a difficult defect to 
accurately measure, however future work is looking to solve this 
as well as explore the estimation of varying defect shapes which 
will better represent real world defects. 

FIGURE 8: ESTIMATION OF REAL DATA SET CONTAINING 
THREE FBH DEFECTS USING THE GPR MODEL, SHOWING A 
GOOD ESTIMATION OF WIDE DEFECTS (DEFECT WIDTH TO 
WAVELENGTH RATIO OF ≥100%). 

6. UNI-DIRECTIONAL TRANSDUCER SETUP
Ongoing work is being carried out on the robotic crawler

transducer setup, in previous work a two receiver and 
bidirectional transmitter was used, bidirectional transmission 
requires two receivers in order to identify the direction of a 
reflected wave travelled from, signal direction is essential for 
ranging and mapping. This setup in the experiment is quite large, 
Fig. 9, and could easily obstruct crawler movement when 
moving on top of a real-world subject. As well as this, there are 
points within a subject that which the waves sent in both 
directions can return to the two receivers at the same time, this, 
in turn, makes it impossible to infer the direction of the wave, 
which means that ranging cannot take place. 

FIGURE 9: PREVIOUSLY USED TWO RECEIVER, 
BIDIRECTIONAL TRANSMITTER SETUP, APPROXIMATELY 50 
CM IN WIDTH. 

A solution to this is to use a uni-directional EMAT where 
waves are generated in only one direction, this removes the need 
for a second receiver, significantly reducing the width of the 
transducer setup. This allows the transmitter and receiver to be 
placed side by side, see Fig. 10, the resultant transducer package 
will be less than 15cm compared to 50cm. The second receiver 
can be removed as a uni-directional EMAT that only generates 
waves in one direction; therefore the propagation path and 
direction of the wave is always implied, and so the second 
receiver is not needed to determine signal direction. The use of a 
unidirectional transmitter EMAT improves robotic crawler 
mobility and decreases the complexity of signal interpretation. 

FIGURE 10: PROTOTYPE UNIDIRECTIONAL TRANSMITTER 
AND RECEIVER TRANSDUCER SETUP. 

7. CONCLUSION
This paper has given an update on the work towards creating

an automated guided wave-based mapping robotic crawler 
system that will be used to create internal maps of large industrial 
assets. Ongoing work will look to further explore the estimation 
of defect size and shape, as well as optimising transducer setup 
for ranging and mapping. 
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