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Abstract— Guided wave ranging measurements offers an 
elegant method to localize an inspection robot relative to the 
geometric features, such as welds, of a structure under test. 
This paper characterizes the suitability of various EMAT 
generated guided wave modes when reflecting from butt welds 
for the purpose of choosing a low frequency mode suitable for 
accurate ranging. Wave modes were tested in 10mm mild steel 
plate in experiment and simulation, the method of data 
extraction is discussed as well as the determination of the wave 
mode best suited for weld ranging by means of comparison of 
the reflection coefficients. The authors conclude SH1 at a 
frequency-thickness product of 2 MHz.mm, is shown to be a 
highly suitable wave mode for gaining a large reflection from a weld, with an average reflection co-efficient of 
approximately 0.45 across four different sized weld crowns. A ranging over 1 meter experimentally was demonstrated 
to have a 2.65% error using our method. This work will enable simultaneous detailed mapping through ranging and 
inspection of large welded structures by mobile robotic inspection systems using EMAT’s. 

Index Terms— Automation/Robotics, EMATs. Guided Waves, Guided Wave Reflectivity, Weld Detection. 

I. INTRODUCTION

TRUCTURAL assets such as large tanks/vessels and 
structural components naturally decay through corrosion 

and cracking. Robotic non-destructive inspection/testing 
(NDI/NDT) can be used to assess the integrity of these assets 
so they can be maintained appropriately and safely [1]–[4]. 
Robotic inspection can either be performed by an operator or 
automatically, but each carries the same burden of needing to 
know where the robot is during the inspection, this is an 
ongoing challenge in mobile robotics called robot localisation 
[5]. 

Authors on this work have previously shown that using 
structure-borne ultrasonic guided waves has promise for robust 
robot localisation and mapping [6]. In order for a mobile robot 
to localise on features within a subject, guided waves must be 
able to consistently reflect from features and then subsequently 
the reflections should be able to be used to accurately determine 
the position of the feature relative to the sensors, this is ranging 
using reflected guided waves [7]. 

The structures that are intended to be inspected by the system 
in [6] are large tankers and vessels similar to that shown in the 
Abstract Figure, which are considered plate-like structures 
joined with welds. Welds are an extremely common feature on 
these structures so are ideal for use as a consistent reflector for 
a mobile robot to range from. Although these are cylindrical, 
pipe like structures, due to the shallow curvature they can be 
considered plate-like, [8] shows that if the radius:thickness ratio 
is greater than 10:1 the effect of plate curvature on the 
dispersion curves is negligible.  

There are two main ultrasonic guided wave modes that can 
be generated in plate-like structures, Lamb waves and Shear 
Horizontal waves [9]. Non-contact guided waves are commonly 
generated using Electromagnetic Transducers (EMATS) which 
typically use a pulsed coil and static magnetic field to generate 
a guided wave [9]–[12]. EMATs are suited to mobile robotics 
where contact with the subject is not required to generate a 
wave which in turn will not impede the movement of the 
crawler. Rayleigh waves are surface waves, similar to guided 
waves, which can also be generated using EMATs [13]. 

A. Guided Waves and Welds
Ultrasonic weld inspection can be undertaken using multiple

methods, from traditional ultrasonic inspection [14]–[17], to 
phased array measurement [18]–[20], guided wave inspection 
[21]–[26], and evaluation using weld-guided waves [27]–[29].  

For the majority of research on the topic of weld inspection 
using ultrasonic methods, the detection of defects within the 
weld has been investigated rather than the reflections from the 
weld. The focus of this work is to achieve local ranging by 
reflecting transmitted guided waves off of welds in order to 
localise the robot, so in this case the weld is instead a useful tool 
and is not impeding inspection. 

Little work has been conducted on the reflectivity of guided 
wave modes from welded features and sections. Existing work 
[30] has looked at the propagation of SH0, 128kHz, waves at a
Butt Weld, T-Joint, and Lap Joint. SH0 was shown to reflect off 
each weld type in experimental setup and 2D simulation,
however the reflections were found through non-welded area
comparisons.
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Khalili and Cawley [31] used simulation to carry out an 
investigation into the response of SH0, SH1, S0 and A1 modes 
when encountering features in 10mm steel. It was found that 
S0, SH0 and SH1 were reflected from a T-joint, with SH1 
having the highest reflection coefficient. The T-Joint was 
simulated by adding additional steel to the surface of the plate 
without simulating any weld head or weld pass geometry. 
2DFFT was used to identify the modes.  

Sargent [32] used an omnidirectional multi-element 
transducer to detect corrosion within butt welds and did not 
measure wave mode reflectivity. It is stated that at positions 
normal to the weld the reflectivity of the S1 wave mode was too 
great to identify the artificial corrosion. 

Both [33] and [34], investigated Rayleigh wave interaction 
with welds and rib type features (geometry comparable to butt 
welds), showing instances of Rayleigh wave reflections at very 
short distances with low reflectivity.  

The literature presented does not provide a thorough and 
complete investigation into guided wave reflectivity from butt 
welds, this information is needed for the proposed application. 
As a result ranging using guided waves from welds has not been 
investigated, which must be done to allow for the positioning of 
robots deploying EMATs on welded structures. 

B. This Work
To assess whether a guided wave mode is capable for use in

ranging using welds, its reflectivity from welds must first be 
investigated, as if the mode cannot reflect well from welds it is 
not suitable for ranging. The following wave modes were 
investigated:  SH0 (128 kHz), SH1 (205 kHz), S0 (106 kHz), 
S1 (375 kHz) and A0 (91 kHz). The modes listed are marked 
on a dispersion curve for 10mm Mild Steel, Fig. 1. SH0 was 
previously used in [6] but only for reflection from edges, so had 
to be evaluated for use on welds. SH frequencies were chosen 
based on the EMAT’s available for experimental generation 
and Lamb wave frequencies were chosen where dispersion 
would be reduced and encouraged single mode generation.  

Fig. 1 Theoretical dispersion curve for guided waves in 10mm thick steel. 
Lamb (solid lines) and Shear Horizonal (dashed lines) wave modes are 
shown. Asymmetric modes are blue and symmetric modes are red, this 
graph was generated using the Dispersion Calculator Software (Centre 
for Lightweight Production Technology, DE). X’s represent the 
frequencies of the wave modes used in this work. 

A1 was not selected as in [31] it was found to have no 
reflection on the T-Joint weld. Rayleigh waves have previously 
been shown to have a small reflection coefficient from welds 

[33], [34]. However, their propagation distance is typically 
shorter than guided wave modes such as Lamb or SH waves. In 
addition, the wavelengths required to ensure that the wave in a 
10mm thick plate behaves as a Rayleigh-like wave are very 
small, and hence will be strongly attenuated by very small 
surface defects [36].  

The wave mode best suited to ranging from welds requires 
the characteristics described in the following paragraphs. 
Strong reflectivity from welds is the most important factor to 
consider when selecting the wave mode best suited for the 
localisation system, if the mode does not reflect off of welds 
then ranging is not possible. Greater reflectivity makes it easier 
to do Time-of-Fight (TOF) calculations for ranging. A greater 
reflectivity shows that welds are easily detectable by the mode 
and can be distinguished from other features. 

A particular weld is likely to have variations in its geometry 
across its length, so it is preferred that wave mode reflectivity 
is consistent with weld size and would increase linearly and 
proportionally to a weld heads geometry that increases in size, 
as well when the weld decreases in size, the reflectivity reduces 
proportionally.  

Low dispersion is desirable when dealing with guided waves. 
The range of wave propagation this system will be operating 
within is up to 2m, at this shorter range dispersion was found to 
be manageable. Fig. 2 shows SH1 signals for receiver positions 
at 200mm and 600mm from the weld, the weld reflection is 
identifiable even when the wave has a total travel path, from 
transmission point to the weld and reflecting back to receiver, 
of 1.5m.  

Fig. 2 Experimental data. First received direct signal, left edge reflection 
signals and weld signals are highlighted. SH1 at 205kHz was used on 
Sample 3 for these measurements. The blue signal is where the receiver 
is 20cm from the weld and the orange signal is where the receiver is 
60cm from the weld. 

To investigate the chosen modes Finite Element Analysis 
was used to sweep through the range of variables that could not 
be evaluated experimentally. Simulations were validated 
experimentally on a subset of wave modes.  

This paper is arranged as follows. Section II covers the 
background theory on what wave mode characteristics result in 
a high reflection coefficient, Section III covers the simulation 
setup and results of the simulations ran. Section IV covers the 
experimental setup, results and comparison of simulation and 
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experimental results. Section V covers ranging testing usability 
for real world practicality. 

II. METHODOLOGY

The wave modes indicated in Fig. 1 were investigated in 
10mm S275-N Steel plate as this is commonly used in the 
construction of large oil and gas industry plant [37]. The 
material used is mild steel and as shown in [38] and [39] the 
grain structure of a parent metal and bead added via MIG 
welding is approximately the same size, 34µm. The HAZ will 
have significantly less effect on the reflection of the wave than 
the geometry changes of the bead, especially in the case of the 
samples used in this work, as such grain structure is not 
explored in simulation. 

Fig. 3 The coordinate system shown here is depicted with a plate to 
better illustrate the direction of wave propagation and the cross section, 
S, which is in the 𝑥𝑥1 − 𝑥𝑥2 plane. 

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, for a given 
plate thickness, can be used to identify the areas of a plate 
thickness which carry the largest portions of a waves energy, as 
this is not always constant across the thickness. The energy 
density distribution, 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , can be calculated for a given point 
in the plates thickness using Equations 1-3. These equations 
operate in a domain, 𝑥𝑥𝑖𝑖 = (𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3), see Fig. 3, where the 
plate thickness is on the 𝑥𝑥2 axis, this is the axis the values in 
Fig. 4 are calculated for. 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  𝐸𝐸𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑠𝑠 + 𝐸𝐸𝑘𝑘𝑖𝑖𝑠𝑠𝑘𝑘𝑡𝑡𝑖𝑖𝑘𝑘   (1) 

𝐸𝐸𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑠𝑠 =  1
2 ∫ 𝜎𝜎𝑖𝑖𝑖𝑖

 
𝑠𝑠 𝜀𝜀𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑      𝑖𝑖, 𝑗𝑗 = 1,2,3, (2) 

𝐸𝐸𝑘𝑘𝑖𝑖𝑠𝑠𝑘𝑘𝑡𝑡𝑖𝑖𝑘𝑘 =  1
2
𝜌𝜌 ∫ 𝑣𝑣𝑖𝑖2

 
𝑠𝑠 𝑑𝑑𝑑𝑑 (3) 

Where 𝜎𝜎𝑖𝑖𝑖𝑖 is the stress tensor, 𝜀𝜀𝑖𝑖𝑖𝑖 is the strain tensor, 𝜌𝜌 is the 
plate density, 𝑣𝑣𝑖𝑖 is the particle velocity, integration of the two 
energy densities is performed over the cross section of the plate, 
S [40]. 

Analysis of the energy density distributions of the chosen 
wave modes across plate thickness, shows that A0, S1 and SH1 
have a higher percentage of the wave energy at the plate 

boundaries rather than the centre of the plate thickness, as 
shown in Fig. 4. The upper and lower boundaries of the plate 
are where the thickness increases when a weld head is present, 
and it is thought that modes which have an energy distribution 
favouring the plate boundaries will reflect well from welds.  

Reflectivity is also thought to be dependent on low mode 
conversion at geometric changes in a subject where thickness 
variation occurs. Most geometric features can be described as a 
thickness change [41]. A significant amount of work has been 
conducted into mode conversion of guided waves when 
encountering thickness changes within a subject [9], [41]–[45]. 

It is hypothesised that the ideal mode for useful high 
reflectivity will have an energy distribution favouring 
boundaries and has low mode conversion when encountering 
plate thickness changes, such as SH1 or S1, which shall be 
validated in this work. 

Fig. 4 Energy density (Etotal) distributions across 10mm plate for A0, S0, 
S1, SH0 and SH1 generated using Dispersion Calculator. 

III. SIMULATION

A. Measurement Setup
The setup described below was used for both simulation and

experiment. To obtain reflection coefficient values, the wave 
modes were propagated at a weld head. A transmitter generates 
the wave which is directed towards the receiver to measure an 
initial signal, this setup is shown in Fig. 5. Depending on the 
mode it will not reflect, reflect or strongly reflect off of the weld 
and propagate back to the receiver. Using a 2DFFT based 
method the amplitude of the weld reflection signal and the first 
received signal can be obtained to gain a reflection coefficient 
value. As the setup will remain the same for each wave mode 
investigated, the values for each wave mode can be easily 
compared.  

Transmitter and receiver EMAT’s are separated 300mm 
colinearly centre to centre. Experimentally the receiver is 
moved in 1mm steps over 64mm to allow a 2DFFT to be 
performed on the data. In simulation the steps are modelled as 
nodes, spaced similarly, which measure directional velocity 
changes over time. The transmitter/receiver setup is placed so 
that the receiver is 400mm from the weld. Plate dimensions are 
1.5x0.3x0.01m where the weld is 500mm from the right-hand 
edge, this setup is the same for the experimental plates. 

Each of the modes were propagated at four weld heads with 
different geometries. Different weld heads were used to 
characterise a given wave modes reaction to small changes in 
weld geometry.  
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The calculated weld head Cross Sectional Area (CSA) for 
each weld head is given in Table 2, It is thought that the larger 
the CSA the higher the reflectivity. The different weld heads 
were manufactured, measured, and then modelled using 
Solidworks (Dassault Systems, FR), in simulation the weld 
microstructure [32], [46] was not modelled. It is thought to have 
some effect on the reflectivity of a wave mode but not 
significant [47], [48]. 

Fig. 5 The weld sample model with the PPM EMAT block 
representations and monitoring point representations for SH wave 
inspection, which allow measurement at 64 different points with 1mm 
spacing. 

The EMAT model used to generate SH modes was a 6x2 
magnet PPM (Periodic Permanent Magnet) configuration, 
where magnet dimensions were 20x10x5mm [22]. The 
EMAT’s were modelled from Sonemat (Sonemat Ltd., UK) 
sensors that were used for experimental measurement. OnScale 
(OnScale, US-CA) was used to run the simulations. The PPM 
EMAT model was used to generate SH0 (128kHz, 25mm 
wavelength) and SH1 (205kHz, 25mm wavelength) in 
simulation. 

To generate S0 (106kHz, 51mm wavelength), S1 (375kHz, 
16.1mm wavelength), and A0 (91kHz, 25.4mm wavelength) 
modes, a meander coil EMAT was simulated [49]–[51].  

A 5-cycle sinusoidal pulse was used as the driving function 
[6]. 0.5mm mesh size was used for this model as a compromise 
between numerical stability and computational time vs. the time 
step for the Courant–Friedrichs–Lewy (CFL) stability criterion 
[52] . Plate density was set to 7850kg/m3 [53].

B. Data Extraction
To calculate the reflection coefficient values for the waves

propagated in simulation and experimentally, a 2DFFT [20] 
was performed on the data to gain an accurate value of the 
amplitude of the initial signal and the reflected signal. 2DFFT 
is suitable for use with dispersive and non-dispersive modes 
[31]. This can be used to better extract information from 
multiple A-Scans by taking measurements in the spatial domain 
as well as the time domain allowing isolation of specific 
frequencies and their amplitudes [54]–[56]. 2DFFT is also used 
to validate the wave modes generated experimentally and in 
simulation [55], [57].  

Fig. 6 Wavenumber-Frequency Amplitude plots for (a) A0 (91kHz) (b) 
S1 (375kHz) (c) SH1 (128kHz). The centre frequencies are highlighted. 
The mode conversion of the generated waves and the waves that 
returned after reflecting from the weld, are those with negative 
wavenumbers. 

To find the reflection coefficient for a given wave mode and 
weld size the following steps were taken: 

1) 64 measurements were taken at intervals of 1mm,
monitoring points in Fig. 5, where the receiver moves and the 
transmitter remains stationary to form a 2D array data set. A 
specific time period is isolated so that only the first transmitted 
wave and the weld reflected wave are considered. 

2) A 2DFFT is performed on this data which builds a 2D plot,
Fig. 6, where it is organised by wavenumber, frequency and 
amplitude. A theoretical dispersion curve plot is overlaid as 
well. As mode conversion can occur at the weld reflection, and 
dispersion causes parts of the wave to spread out; using 2DFFT 
counteracts this by organising amplitude by frequency and 
wavenumber, instead of by time. 

3) A vertical line at the centre frequency for the generated
mode is drawn, to isolate this frequency, and the point where 
this line intersects the dispersion curve is isolated within this 
plot and a wavenumber amplitude graph is generated for 
positive and negative wavenumbers, see Fig. 7 [58].  

4) Using the wavenumber amplitude plot, the spikes which
represent the first transmitted and first weld reflected waves can 
be identified. Integration is then performed on each spike to 
calculate the area under the spike, this is more accurate than 
taking the max amplitude value as it considers the changes in 
the width of the signal.  

EMAT Force Blocks 
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Fig. 7 An example of the Normalised Amplitude-Wavenumber plot that 
is used to find the magnitude of the first transmitted wave and the weld 
reflected wave, this example is for SH1 taken from the plot Fig 6c. The 
limits of the integration performed on the spikes are highlighted by the 
red dashed lines. 

5) To find the reflection coefficient the area of the weld
reflection spike is then divided by the area of the received signal 
spike, Fig. 7. Using this method the individual wave modes can 
be isolated, and the reflectivity calculated. 

Using material datasheets [53], wave properties were 
calculated for the S-275N samples, including theoretical 
longitudinal and shear velocities [59]. To verify these values, 
bulk ultrasonic wave measurements and Time of Flight 
calculations were carried out on the experimental samples. The 
results for both theoretical and experimental values are shown 
in Table 1.  

Table 1- Sample Longitudinal and Shear Velocities 
Longitudinal 
Velocity (m/s) 

Shear Velocity 
(m/s) 

Material Calculated Values 6001 3208 

Experimental Test Values 5959 3259 

C. Wave Mode Focused Simulation Results
Results for the wave mode focused simulations are graphed

in Fig. 8. When analysing the data to calculate the reflection 
coefficient for the simulated modes, S1 showed significant 
mode conversion. A0, S1 and SH1 were focussed on during 
analysis due to the characteristics of their plate thickness energy 
distributions. Fig. 6, shows the wavenumber-frequency 
distributions of A0, S1 and SH1, for direct and reflected signals, 
these modes have similar energy distributions which favour the 
boundaries of the plate. Significant amounts of mode 
conversion occur for S1 upon generation and when interacting 
with the weld,  this made analysis difficult due to the noisy 
returning signal, this was also found in [32].  

For the frequency of A0 tested, minimal amounts of mode 
conversion to S0 occurs upon generation. A small amount of 
energy is reflected in equal amounts from A0 and S0, this 
indicates that mode conversion is occurring when the wave 
encounters the weld. 

In simulation SH1 was found to be the most reflective out of 
the modes propagated, as in Table 5 of [31] where SH1 was 
found to have the highest reflection coefficient however the 

focus of this paper was corrosion detection not ranging. SH1 
showed the most desirable response for ranging by having the 
highest reflection coefficient and the reflectivity value changes 
were proportional to weld geometry changes.  

Comparing the energy density distributions, Fig. 4, to Fig. 6, 
where the level of mode conversion for A0, S1 and SH1 can be 
seen. SH1 has the thickness energy distribution which best 
favours the boundaries of the plate, almost no mode conversion 
and it has the highest reflection coefficients found. This shows 
that the findings in simulation align with the theory discussed 
in Section II. Although S1 has the second highest reflectivity, 
this was not able to be validated experimentally due to project 
limitations, as such SH0 was tested instead. Fig. 4 shows that 
SH0 has a higher average energy density than S1 so is a suitable 
replacement in experiment. 

Fig. 8 Simulated data. The reflection coefficient for each mode and each 
sample is shown, SH1 is significantly more reflective than the other 
modes tested, S1 is the most reflective lamb mode. Good stability is 
shown by A0, SH0 and SH1. 

IV. EXPERIMENT

A. Weld Samples
Four 10mm S275-N Steel plates were used as the parent

material of base test geometries. To minimise the variables 
within the experimental setup and to ease the manufacture 
process, weld beads were added straight to parent plates via 
Metal Inert Gas (MIG) welding, instead of directly butt welding 
two plates together. This enabled the geometry of the plate and 
weld cap to be representative but with minimal plate distortion 
on each side of the weld bead.  

Table 2 lists the weld head geometry of the four samples, the 
weld on each plate was positioned 0.5m from the right-hand 
edge. The geometry measurements taken were used to model 
the plates in simulation. Sample 1 has the smallest CSA and 
Sample 4 has the largest CSA. 

Table 2 - Weld Sample Geometry 

B. Experimental Measurement Setup
The pitch catch setup used for the 2DFFT measurements is

shown in Fig. 5 and Fig. 9, where the receiver EMAT is moved 
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towards the weld in 1mm measurement steps. The transmitter 
and receiver were positioned so that the weld signal would 
arrive at a different time than other signals to make it easier to 
identify the reflected wave from edge reflections, as in 
experiment they cannot be prevented as they can be in 
simulation. Sonemat PPM EMATs, model numbers SHG2541-
G and SHD2541-S with a wavelength of 25mm were used to 
generate Shear Horizontal modes SH0, at 128kHz, and SH1, at 
205kHz. Both transmitter and receiver EMATs are constructed 
with two rows of six magnets, which provides narrowband 
excitation and reception.  A LabVIEW (NI Inc., US-TX) 
program was used to control the wave generation parameters. 
The laptop used to run LabVIEW was connected to a PicoScope 
5000a (PicoTech, UK) to trigger a Ritec RPR-4000 
Pulser/Receiver (Ritec, INC, US-RI), shown in Fig. 9. The 
Ritec generates a 5-cycle sinusoidal pulse with a reception gain 
of 50dB. 0.5mm lift-off was created between the EMATs and 
the sample so that the EMATs were able to be moved easily 
when measuring; lift-off and movement was achieved using 
0.5mm PTFE sheets. A jig setup was used to ensure collinearity 
between the transmitter and receiver EMAT’s and to maintain 
300mm centre to centre separation. 

Fig. 9 Experimental setup where the LabVIEW programme is used to 
command the Ritec generating the pulses to send through the EMAT’s. 
The signal from the receiver EMAT is sent to the Ritec, digitized in the 
Picoscope and sent back to the LabVIEW programme where it can be 
viewed. 

C. Experimental Results and Comparison to Simulation
Experimental results are shown in Table 3. SH1 was

significantly more reflective than SH0. Both modes responded 
to increased weld head geometry by increasing in reflectivity.  

Table 3 – Experimental Reflection Coefficients 
CSA (mm2) SH0 (128 kHz) 

Experimental 
SH1 (205 kHz) 
Experimental 

Sample 1 14.35 0.145 0.409 
Sample 2 16.77 0.134 0.416 
Sample 3 20.43 0.188 0.442 

Sample 4 24.02 0.308 0.493 

As can be seen in the results there is a difference in the 
strength of the reflection coefficients between simulation, Fig. 
8, and experiment, Table 3, there are multiple factors 
contributing to this increase in coefficient value.  

The experimental welds are not completely consistent and 
have some variation in their bead size across their length, in 
simulation this is not the case. Real world weld variations are 
normal and as a result at different positions along the weld the 
reflection coefficient will vary slightly, this is not the case in 
simulation. 

The plates in simulation can be considered perfect meaning 
there is less signal loss in the simulation sample than the 
physical plates, which will have many minor flaws causing 
additional amplitude losses. 

To further validate the simulation reflection coefficients, 
SH0 and SH1 reflection coefficients were plotted using 
simulation and experimental results, shown in Fig. 10, where 
the results have been normalised such that the smallest 
reflection coefficients are given a value of 0 and the largest, a 
value of 1. As can be seen for both SH0 and SH1, simulation 
follows the same trends as experiment. 

Fig. 10 Normalised reflection coefficients for SH0 and SH1 in experiment 
and simulation for Samples 1-4. 

V. RANGING EVALUATION

To evaluate the ranging capabilities of SH1, as well as SH0, 
waves were propagated at the weld bead from varying 
transmitter and receiver positions, so that relative distance 
between the receiver and the weld could be estimated, this is 
ranging. Waves of frequencies 128kHz and 205kHz were 
generated in Sample 4 and propagated at the weld. 

Fig. 11 Each red dot represents the positions for the receiver when 
propagating the modes at the weld for range and distance estimation, 
the transmitter and receiver EMAT’s are kept 300mm apart and colinear 
for all measurements. 

Fig. 11 shows the distinct positions of the receiver EMAT. 
The EMAT pair was positioned at three different points along 
the y-axis and moved back in 50mm steps from the weld along 
the x-axis, measurements further than 650mm from the weld 
were not carried out as the sample length did not allow it. The 
weld geometry is inconsistent across its length, with variation 
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of up to +/-2mm each side, so an average of three measurements 
across the weld will give a more realistic picture of a modes 
ranging capabilities than a signal measurement at one point. 

Human error when placing the EMAT’s had a contribution 
to the error of the modes ranging accuracy due to the high 
magnetic forces between the EMATs and sample. The results 
for the estimated and actual distances are graphed in Fig. 12. 

Ranging accuracies were evaluated by comparing the actual 
distance and the measured distance between the weld and the 
receiver. A time-of-flight and Short-Time Fourier Transform 
(STFT) method was used to calculate the distance between the 
weld and the receiver using measurements [9]. 

A frequency time amplitude graph was formed from the 
measurement data using an STFT, the centre frequency of the 
propagated mode was then isolated across time. This forms an 
array of amplitude peaks which represent received waves, the 
peaks of the first received signal and the weld reflected signal 
were identified, the time between the two peaks was then 
calculated. Using theoretical dispersion curves the group 
velocity for a frequency was estimated, using the time between 
peaks and the group velocity the distance the wave has travelled 
was calculated. The difference between the calculated distance 
and the actual distance, which is known, can then be used to 
find the modes ranging accuracy. 

Fig. 12 Distance is the distance from receiver to the weld. Distance vs 
Estimated Distance of SH0, group velocity 3259m/s, orange, and SH1, 
group velocity 2000m/s, blue, in experiment. The dashed line shows the 
exact position of the weld to the centre of the EMAT. 

As shown in Fig. 12, SH1 can be used to accurately estimate 
the distance from the receiver to the weld, better than SH0, as 
over the nine distances SH1 had higher positional estimation 
accuracy and less error throughout than SH0. The overall 
positional estimation error of SH1 was 2.65% and the overall 
positional estimation error of SH0 was 5.96%. For SH1 at an 
EMAT pair position ≥75cm from the weld, interpretation of the 
weld reflection became harder. This is thought to be due to 
dispersion, where the group velocity is a less accurate value to 
use for calculating the weld distance and the spreading out of 
the signals energy results in the reflection becoming a less 
prominent amplitude spike. It is also thought to be caused by 
signal attenuation, as at the point of reception the signal will 
have travelled >1.5m which will expectedly cause the signals 
amplitude to decrease.  

VI. CONCLUSION

In order to select an optimal wave mode for the localisation 
of an inspection robotic platform, various guided wave modes 
were investigated against the weld reflection. Welds can be 
clearly detected using the SH1 wave mode and the position of 
a weld relative to the position of the receiver can be accurately 
estimated at the distances evaluated. SH1 is a dispersive mode, 
however, during experiment and simulation this was not a 
significant issue due to the ranges of propagation and the 
narrowband signal used. A 2.65% estimation error for SH1 over 
multiple positions is considered suitably accurate for ranging 
and mapping over reasonable distances that would be expected 
on large steel plant such as pressure vessels. 

This work has drawn the following conclusions: 
• SH1 is the most reflective mode, out of those tested

and can be used to detect a butt-welded feature with
strong certainty of the features relative position.

• A highly weld reflective mode has an energy
distribution favouring the edges of the plates and has
low mode conversion when encountering features.

• Compared to the SH1 wave mode, Lamb waves are not 
suited for use in ranging from welds. Although S1 had
good reflectivity, and mode conversion occurred at
this frequency making it inferior to SH0, which itself
was shown to be unsuitable for ranging from welds.

Future work for this system is to develop a unique compact 
EMAT array with unidirectional generation where transmitter 
and receiver housed in the same unit. This will allow the mobile 
robotic system to use SH1 guided waves to identify positions of 
reflectors relative to itself with a simpler analysis routine, as 
well as compact and easy mounting. 
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