
Inductive measurement of narrow gaps for 
high precision welding of square butt joints
In laser beam welding without filler material, the gap between the parts to be joined must 
be narrow. Optical sensors are often used to measure the gap, but with precise machining, 
it may become so narrow that it is difficult to detect, with the risk of welding in the wrong 
position. This thesis proposes the use of an inductive sensor with coils on either side of 
the gap.  Inducing currents into the metal, such a sensor can detect even gaps that are 
not visible. The new feature of the proposal is based on using the complex response of 
each coil separately to measure the distance and height on both sides of the gap. This 
information allows measurement of gap width and misalignment as well as position. The 
properties of the new method have been examined experimentally, showing useful results 
for gaps with up to 0.4 mm width and misalignment.
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Populärvetenskaplig Sammanfattning 

Nyckelord: Automation, Virvelström; Spaltföljning; Mätteknik; Lasersvetsning 

 

Lasersvetsning kräver smala spalter mellan de plåtar som skall fogas. Det kan 

lätt hända att spalten blir så smal att den inte syns, och då fungerar inte de op-

tiska givare som ofta används. Riktas laserstrålen fel svetsas inte plåtarna ihop på 

rätt sätt, och fogen håller inte lika bra. Med en induktiv sensor, som känner av 

spalten med hjälp av magnetfält och virvelströmmar inne i metallplåten, kan 

spalten upptäckas även om den inte syns.  

Avhandlingen föreslår en ny metod med två induktiva sensorer, en på vardera 

sidan av spalten. När svetshuvudet rör sig följer givaren med och mäter. Det nya 

är att mäta med båda sensorerna separat, och att mäta hur ström och spänning 

genom respektive sensor ändras med läget. Därigenom kan både avståndet till 

spalten och höjden över plåten mätas för var och en av sensorerna. Det ger mer 

information än om sensorerna är hopkopplade. Ett sådant givarsystem kan 

monteras på svetshuvudet och kalibreras för en viss gapbredd och höjdskillnad 

mellan plåtarna, men när dessa varierar kommer systemet att mäta lite fel. Detta 

kan korrigeras med hjälp av en matematisk modell, som beskriver fel i gapbredd, 

position och höjdskillnad. En sådan lösning fungerar bra, men är fortfarande 

känslig för om spalten har både bredd och kantförskjutning samtidigt. Speciellt 

gapbredd är svår att mäta. Båda sensorerna ska sitta relativt nära plåten, och de 

mäter rätt även om de flyttas lite i höjd eller sidled. Arbetsområdet för det före-

slagna systemet är ganska litet, 1 mm avvikelse åt varje håll, men det är bättre än 

tidigare publicerade induktiva sensorsystem som bara visat rätt om spalten var 

rakt under givaren. 

Metoden har kontrollerats genom experiment med en sensor, som mätt på en 

sida i taget, varefter mätningarna kombinerats. Spalter upp till 0.40 mm bredd 

har detekterats med goda resultat, liksom höjdskillnader upp till 0.40 mm. 
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A recent method in aero engine production is to fabricate components from 

smaller pieces, rather than machining them from large castings. This has made 

laser beam welding popular, offering high precision with low heat input and 

distortion, but also high productivity. At the same time, the demand for automa-

tion of production has increased, to ensure high quality and consistent results. 

In turn, the need for sensors to monitor and control the laser welding process is 

increasing. 

In laser beam welding without filler material, the gap between the parts to be 

joined must be narrow. Optical sensors are often used to measure the gap, but 

with precise machining, it may become so narrow that it is difficult to detect, 

with the risk of welding in the wrong position. This kind of problems can cause 

severe welding defects, where the parts are only partially joined without any 

visible indication. This thesis proposes the use of an inductive sensor with coils 

on either side of the gap. Inducing currents into the metal, such a sensor can 

detect even gaps that are not visible. The new feature of the proposal is based 

on using the complex response of each coil separately to measure the distance 

and height on both sides of the gap, rather than an imbalance from the absolute 

voltage of each coil related to gap position. This extra information allows meas-

urement of gap width and misalignment as well as position, and decreases the 

influence from gap misalignment to the position measurement. The sensor 

needs to be calibrated with a certain gap width and height alignment. In real use, 

these will vary, causing the sensor to be less accurate. Using initial estimates of 

the gap parameters from the basic sensor, a model of the response can be used 

to estimate the measurement error of each coil, which in turn can be used for 

compensation to improve the measurement of the gap properties. 

The properties of the new method have been examined experimentally, using a 

precise traverse mechanism to record single coil responses in a working range 

around a variable dimension gap, and then using these responses to simulate a 
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two coil probe. In most cases errors in the measurement of weld gap position 

and dimensions are within 0.1 mm.  

The probe is designed to be mounted close to the parts to be welded, and will 

work in a range of about 1 mm to each side and height above the plates. This is 

an improvement over previous inductive sensors, that needed to be guided to 

the mid of the gap by a servo mechanism. 
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1 Introduction 

Automation of production is at the heart of the – continuing – industrial revolu-

tions. The benefits gained in productivity and quality motivates development of 

new automation methods, applied to existing manufacturing processes and ena-

bling new processes and products. 

Welding is a production method with ancient roots, which is still developing and 

demanding more efficient automation. Welding allows complicated products to 

be built of simpler parts, where each can be tailored to have suitable properties. 

A thinner plate can be used in part of a component, or a more durable material, 

or a cheaper design, to give the product the desired properties. This is used for 

example in production of tailored blanks in automotive industry, and in fabrica-

tion of aero engine components. The thesis is directed towards measuring nar-

row gaps in keyhole laser beam welding of aero engine parts. 

1.1 Laser keyhole welding 

In laser keyhole welding, the laser beam is focused so that the radiation intensity 

is high enough to melt, and partly vaporize, the material. The pressure of the 

vapour displaces the molten metal, forming a deep and narrow hole into the 

material [1]. Welding in the keyhole mode delivers energy deep into the material, 

where it is needed to melt metal and form a joint, without excessive spreading 

that would affect the properties of the material or cause deformation. This also 

gives high welding speed and productivity. Because of its low heat input and 

small heat affected zone, laser keyhole welding is well suited to production with 

high demands on precision and material properties [2]. 

On the other hand, laser keyhole welding is also a demanding application, where 

it can be difficult to find good welding parameters. Small disturbances can cause 

defects that lower productivity, ruin the product, or worse go unnoticed to 

cause an in service failure or an accident. Some defects that can affect static 

strength, fatigue life, or cosmetic appearance of a weld are illustrated in Figure 1. 

The effect of a particular weld flaw will depend on the circumstances of the 

application, but in general any defect that reduces the solid cross section of a 

weld may affect static strength, while small cracks or stress concentration from 

unfavourable weld geometry may decrease fatigue life. Spatter can affect corro-

sion properties [3, 4], and weld appearance may sometimes render a product 

commercially unacceptable. Lack of fusion defects, caused by welding to the 
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side of the gap, can be especially difficult to find when the weld bead is wider on 

the top and root side than it is inside the metal. In these cases, there may be a 

weaker part of the weld that cannot be found by visual inspection, and is so 

narrow that it is also difficult to detect in x-ray inspection. 

 

 

Figure 1 Examples of welding defects and errors. Weld torch misalignment (top left), 

lack of fusion error from torch misalignment (bottom left), lack of penetration (top 

right), pores, spatter and centreline crack (middle right), underfill and root drop (bot-

tom right). 

 

1.2 Automation of welding 

Modern production increasingly demands predictable and consistent quality, and 

at the same time increasing productivity. These demands are carried forward to 

the automation of the welding process. Some processes are very predictable, and 

can be automated by repeating a predefined procedure, while others need some 

feedback from sensors that measure the performance and can detect events that 

influence the result. High precision and robustness in processes like laser weld-

ing call for accurate and reliable sensors and control [5, 6]. 

When a component has been laser welded, an inspection for defects determines 

if it can be approved. Figure 2 illustrates the consequences to production of 

three different concepts for finding defects at different stages. If defects are 

found in the final inspection, the component must be repaired, losing time and 

money. If defects can be found in the welding cell instead of the final inspec-

tion, so that it can be repaired early, unnecessary inspection can be avoided. 

Better still, if the process can be controlled well enough so that no defects are 

produced, both unnecessary inspection and repair can be avoided. These tasks 



INTRODUCTION 
 

3 
 

of control of pre-existing conditions, of inspection, and of monitoring, require 
different sensors and measurement methods. 

 

Figure 2 Three different inspection strategies, with different impact on productivity. 
Finding defects in final inspection (top), in fixture (middle) or avoiding to produce them 

(bottom). 

1.3 Measurement in laser welding 

Since laser keyhole welding is a complex process with extreme conditions, it can 
only partially be determined and modelled [1, 7]. Properties of the finished weld 
are determined by heat and mass flow, around and in the molten metal pool, 
where it is difficult to have direct access with sensors.  

For practical reasons, non-contact sensors are preferred over sensors that need 
to secure mechanical contact with the work pieces while the sensor moves along 
with the welding process. Some acoustic sensors, for example, need special gels 
or fluids that could interfere with the process, for other sensors wear may be a 
problem. If the measurement can be made from a distance, fixture mounted 
sensors can sometimes be accepted. For on-line measurement during welding, 
real-time response is necessary, demanding short response time, simple algo-
rithms or efficient signal processing. 
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As mentioned in Section 1.2, measurement for welding can be done before, 

during or after the process [8]. The results, and the sensors that can be used, are 

different in each case. Pre-existing conditions that influence the result can be for 

example the position and dimensions of the welding gap [9, 10], or the thickness 

of the material. These can affect welding parameters such as, power, welding 

speed and beam focus, as well as position and direction of the laser beam [11]. 

Better measurement and control could make it possible to perform the weld 

with a wider tolerance to conditions, or to determine in advance that adjust-

ments are needed [12]. 

During the welding process, some phenomena that can be observed and give 

information about the result are reported in [8, 10, 13-15], such as emitted, ab-

sorbed, or reflected electromagnetic radiation, or mechanical waves. Useful sen-

sors can be e.g. photodiodes or cameras of different wavelength, for reflected 

laser light related to absorption in the keyhole [16], for melt radiation from melt 

pool and surroundings indicating e.g. temperature [17], or for plume radiation 

related to keyhole stability [18]. Spectrometers can be used to indicate changes 

in plasma content related to keyhole conditions [19-21]. Combination of several 

sensors can be used to combine the information [22]. Optical and vision sensors 

dominate the literature, reflecting the versatility of these methods. With micro-

phones, recording airborne pressure changes, levels of disturbing noise in indus-

trial environments is described as a problem in [13, 14]. Still, there are investiga-

tions using them to detect partial penetration [23]. Accelerometers can be used 

to record structure borne vibration [14], but these methods traditionally rely on 

contact sensors, which are impractical in industrial applications. Laser based, 

non-contact sensing has the potential to change this [24]. Sensors that monitor 

the welding process may, again, give the feedback necessary to adjust the weld-

ing parameters or to abort a process that would result in a bad weld.  

For post process investigation, a wide array of non destructive testing methods 

are available, see for example Shull, [25]. Unfortunately, many of these are not 

so easily applied to on-line automated inspection. Penetratant inspection is well 

known, but is based on dye that enters superficial cracks and defects, and coat-

ings to give a visual indication. This would interfere with processing. Magnetic 

particle inspection, relying on changes in magnetic flux as indication of defects, 

also uses fluids or particles. It cannot be used for non-magnetic materials. Ra-

diographic methods are common in off-line inspection, and image processing 

methods may support automation [26], but they demand access from both sides, 

and requirements for radiation protection can make them difficult to introduce 

in industrial environments. Thermographic methods, using the emissive proper-

ties of surfaces and defects, can be useful to identify surface, [27, 28], and sub-

surface [29] defects. Inductive methods like eddy current testing, or acoustic 
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methods like ultrasonic testing, can be used to find both superficial and sub-

surface flaws, but both usually rely on skilled operators and manual probe han-

dling. They are also easier to use on smooth surfaces, and the surface of the 

weld can cause problems. Traditional ultrasonic methods further require con-

tacting sensors to scan along the area of the weld joint with fluid or gel used to 

improve the coupling between sensors and work piece. Some investigations of 

other methods to induce and sense mechanical vibrations in metal suggest elec-

tromagnetically coupled acoustical sensors [30, 31] (known as EMATs), laser 

induced [32-34], or air coupled ultrasonic sensors [35, 36].  

Broberg et al. [37] compare a number of methods with potential for automation, 

finding that phased array ultrasound showed best results for defects inside the 

plate, while the thermographic method performed the best for surface cracks. 

Narrow cracks were difficult to detect using radiographic methods.  

The most readily applied method is probably optical determination of the di-

mensions of the joint, [38, 39]. The sensor could be e.g. a laser line scanner, 

recording parameters such as reinforcement, weld toe angle, or undercut.  

1.4 Objectives and research question 

To improve the production and the resulting quality of laser welding in aero-

space, new and improved sensors and measurement methods for various phe-

nomena are needed. The overall objective addressed in this thesis is to find 

measurement methods and sensors that can increase productivity and quality in 

laser beam welding. 

Considerable research efforts have already been directed to both post-process, 

in process monitoring, and measurement of gap position. Still, with high preci-

sion machined components used in aero engine fabrication, seam tracking of 

narrow gaps for square butt welds is a relevant problem. From industrial experi-

ence, these gaps can be difficult to detect and, using optical sensors, there is a 

risk of confusion from scratches. 

Welding in the right place is the first requisite of a good result. Knowing the gap 

dimensions can help decide if welding can be performed, or if the fixture or 

welding parameters need to be adjusted. Better accuracy in measurement of gap 

position means less risk of lack of fusion defects and a more predictable result. 

Therefore, this thesis is concerned with better methods of sensing the position 

and properties of the gap to be welded, suitable for future automation of the 

welding process. 
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The problem addressed will be directed to the needs of fabrication of aero en-

gines. The goal is to find a method to measure very narrow or zero width gaps 

in order to allow automation of high precision laser keyhole welding. The mate-

rials considered are titanium and nickel based alloys, and the joints are square 

butt joints, typically used in aerospace components. To be practically useful, the 

method needs to work not only for very narrow gaps, but also for wider gaps, 

and for gaps that are less well aligned. The integration and use of the sensor in a 

system, for example on a robot, will not be considered, except that the method 

should be suitable for such industrial use. Only 2D-applications, that is plane 

plates are studied. The research question then is: 

“How to detect and measure position and dimensions of even a very narrow and well 
aligned gap in laser beam square butt welding of titanium and nickel based alloys in 
order to weld correctly and in the right place?” 
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2 Background 

Seam finding means to find the position of the weld gap before the welding 

process begins. This allows the nominal weld path to be adjusted to take ac-

count of any differences in dimensions, or fixturing, of a component compared 

to the nominal dimensions. Seam tracking means that a robot or manipulator 

has the ability to detect and follow the weld gap automatically during welding, 

rather than following a pre-programmed path were the gap is expected to be. 

This makes production more flexible and further reduces the risk of producing 

defects, because the process can adapt also to problems like variation from heat 

input distortion, and still produce good welds. 

From the welding point of view, accurate knowledge of the position of the gap 

is arguably the most important, because lack of fusion can be so difficult to find 

in inspection and is a serious defect. Gap width is also important, because in 

autogenous welding (without filler material) wide gaps cannot be tolerated, 

though sometimes changing weld parameters or addition of filler material may 

help. Poor alignment in height of the work pieces can also cause problems that 

can be avoided with parameter control. Measurement of height and alignment 

of the plates is useful for example to allow control of laser focus. While capable 

of measuring zero-width gaps then, the method also needs to be able to measure 

gaps that are wider, and less well aligned, to be of practical use. 

The exact requirements on gap measurement vary between applications, with 

work piece thickness, with beam parameters (spot size, focus distance and depth 

of focus) and other conditions. No strict limit on accuracy can be decided, but 

results presented here are compared to a 0.1 mm guideline that is believed to be 

useful for measurement of position and gap width as well as misalignment. 

 

2.1 Seam tracking 

Robot control and seam tracking is of interest to robotic welding for several 

reasons, for example to achieve flexible and autonomous production [40]. Espe-

cially in laser welding, the requirement for high accuracy movement control at 

high speed has been recognized [41-44]. Seam measurement sensors provide the 

feedback necessary for accurate positioning. 
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Several factors can affect the ability to determine the position of the welding gap 

[41]. Variation in production of parts, or of fixturing, could cause the weld gap 

to deviate from the nominal path. During welding, thermal distortion could 

change the path. Inconsistencies in the robot movements could cause differ-

ences in measurement that cannot be accounted for correctly. How well these 

problems are handled depends on how the seam tracking system is imple-

mented. 

Depending on the level of robot control available, different setups are used. 

With only high level control, the robot is often required to follow a pre-

programmed nominal path, while the laser weld head and the gap sensor are 

mounted on a separate tracking actuator on the end of the robot [41]. In this 

case changes in gap position are detected, but the tracking can be affected by 

unknown changes in robot speed along the path, or in lateral position. An inno-

vative solution is the use of image correlation techniques to determine the actual 

position of the welding laser relative the work piece, rather than relying only on 

nominal path values and gap sensor readings [41]. 

With a low level robot interfaces, more information about, and control over, the 

robot movement is available. This allows the weld laser and sensor to be 

mounted directly to the robot without a separate actuator [42]. This also allows 

control strategies that position the sensor over the weld gap to follow path cur-

vature. 

Since measurement can be affected by environmental conditions, such as sur-

face properties, reflections or scratches [41, 45, 46], measures to avoid costly 

mistakes and potentially dangerous situations are in order. For example, there 

could be a requirement not to weld to far from the nominal path, or if the 

nominal path is out of range of the tracking sensor [41]. 

In industrial practice, combinations of teaching and real time seam tracking may 

be more practical than fully autonomous methods [43]. 

2.2 Some existing gap measurement sensors 

Many different methods of seam tracking have been developed that are suitable 

for conventional arc welding, where the demands on precise joint preparation 

are usually less strict than in laser welding, a concise account is given by No-

mura [47]. Tactile mechanical sensors follow the edge of a plate, or the grove 

between two plates, with a probe. They are simple and often used e.g. for fillet 

welds, or for V-grooves used in arc welding, but they are not useful for preci-

sion square butt welds where the gap is too small for the probe. In arc welding, 

the voltage between the electrode and the work piece surface is related to dis-
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tance, offering a convenient method for seam tracking [47]. This is often used in 

a weaving patter to fill a grove or a fillet in a corner weld. With laser welding of 

course, this is not an option. Ultrasonic transmitters and receivers can be used 

to detect the reflection from a gap through air, and have been demonstrated for 

narrow V-groves [48], but with uncertainties that are not sufficient for precise 

laser welding. 

One investigation reported in [49] describes a method using ultrasonic waves 

within the work piece, reflecting on the gap to allow a distance to be measured 

from each side. Using EMAT transducers, this is a non-contact method that 

detects position and gap width, also with potential zero-gap capability. 

Optical methods have seen much attention from researchers [50]. These sensors 

use the visual appearance of the gap, and of the plates, to find the position of 

the weld gap. Triangulating laser stripe sensors [51, 52] are often used for less 

well aligned or wider gaps. They are well established and can measure position 

as well as gap width and alignment. The principle is based on projecting a line of 

laser light onto the work pieces. Usually, the line is projected from a direction 

normal to the surface, and the diffuse reflection from the surfaces is then regis-

tered by a 2D-camera. At the gap, the reflection of the line will be missing, indi-

cating the position and the gap width. The height of each work piece can be 

calculated from position of the reflection on the camera sensor. With shiny 

surfaces, diffuse reflections can be difficult to detect, and direct reflections can 

disturb the measurement. Recent investigations [53] use computer vision meth-

ods with uniform illumination and image processing to detect gaps as narrow as 

0.2 mm, in combination with crossed laser lines to estimate surface orientation. 

Using a shallow focus length and image processing, detection of narrow gaps as 

well as surface orientation has been described [54]. With differences in surface 

properties or illumination on either side of the gap [55], even zero width gaps 

can be detected from grey scale images. Considering also imperfect surfaces, an 

image processing method with stereo reconstruction is tolerant to rust, mill 

scales and scratches [46]. Other vision methods use grey scale images with struc-

tured illumination [51, 56, 57]. From observation of the melt pool, the influence 

of the gap on the temperature distribution can be used to find the position with 

a camera sensitive to infra-red radiation [58, 59]. Most often, vision based meth-

ods do not measure plate alignment and orientation without addition of triangu-

lation methods. 

In laser welding, there is a possibility to use cameras and optical sensors through 

the same optics that is used to focus the welding laser beam. This way, meas-

urements can be added with no physical intrusion. For example [60] describes 

how a camera can be used to both measure the shape of the melt pool, and to 
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find the position of the gap using vision methods based on grey scale image 

values.  

A magneto-optic method, [61], has also been proposed. Here, a sensor reacts to 

the vertical component of the magnetic flux leakage from the gap, to create a 

contrast transition over the width of the gap. The position is then found using 

image processing. This investigation does not consider height or alignment of 

the plates.  

Inductive seam tracking has not received the same interest from researchers. 

Some cases, like a fillet weld in the corner between two plates for example, can 

use inductive proximity sensors, but square butt joints are more complicated. 

There are patents though [62, 63], and some reports in literature about devel-

opment. You et al. present an inductive system [64] using one single coil to both 

generate an alternating field and sense the response measures the gap position 

by weaving across the gap, recording the AC-voltage magnitude. This investiga-

tion mentions the possibility to measure height, but does not discuss gap width 

or alignment. Kim et al. report an inductive system [65] where one coil is used 

to generate the alternating field, while two more coils are used for sensing. The 

probe is placed across the weld gap so that each of the sensing coils reacts to the 

distance to the gap with a change in AC-voltage magnitude. The difference in 

voltage between the two coils is then zero if the probe is centred over the gap, 

and changes proportionally to the offset if the probe is moved to either side. 

The sensitivity is affected by the height of the probe above the plates but, the 

signal remains zero as long as the probe is centred. Plate dimensions and gap 

width are not reported, but increasing height is said to affect the result adversely 

because of reduced sensitivity, while a misalignment in height is said to have no 

effect for this set-up.  

In another investigation by Bae et al. [66], three sensing coils are used, one on 

each side of the gap, and one more centred on the gap. The difference in AC-

voltage magnitude between the two sensing coils is used to centre the probe 

above the gap, and the relation of the voltage between the centre coil and one of 

the sensing coils is used to calculate also the height of the probe above the 

plates, and the width of the gap. A tendency to overestimate the gap width is 

reported. Misalignment in height is not considered.  

Yet another investigation by Henry [67] considers a tracking system intended for 

electron beam welding, where high precision is required. Here, again, a centre 

coil is used to induce the alternating magnetic field, while two sensing coils each 

react to the distance to the gap. In this case however the sensing coils are elec-

trically connected, in opposing sense. A phase sensitive amplifier is then used to 

create a signal where the magnitude is proportional to the probe offset in rela-
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tion to the gap, and the sign is related to the direction of the offset depending 

on the phase of the combined sensing coils in relation to the driving coil. This 

means that the sensing coil complex responses are added with respect to both 

resistive and inductive components. The signal is then rectified with respect to 

the reference signal, which is different from the previously described investiga-

tions. The sensitivity to misalignment in height between plates is investigated 

and found to be considerable in this application, but results are somewhat im-

proved by increasing the height of the probe above the plate surfaces. Gap 

width, height or alignment is not measured. 
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3 Proposed gap measurement system 

With the objective of measuring gaps that are not visible with current methods, 

there are two options. Either the current methods could be improved, or some 

other method must be found. Much research has been directed at improving 

optical methods that are arguably the most popular today. Here, instead the less 

common inductive method is revisited. Inductive sensors have an advantage in 

that they actually sense inside the material to be welded, rather than just on the 

surface. This means that they can be sensitive also to very narrow gaps. Indeed, 

sensors of this type are used to detect thin cracks in non-destructive testing. 

They should also be less sensitive to shallow surface defects, like scratches, that 

may confuse optical sensors. 

 

3.1 Principle of complex inductive gap measure-
ment 

With inductive sensing as a promising candidate for zero-gap sensing, retrieving 

more information from the sensors should allow for better measurements, and 

measurement of more gap parameters. Paper A describes a proposed method to 

use this information.  

Inductive sensing works by applying a high frequency alternating magnetic field 

into a conductive material [68]. According to Lenz’ law, currents will be set up 

in the material to generate an opposing field. This change in the field can be 

measured, conveniently by comparing the response in current and voltage on 

the same coil generating the field. A weld gap between two plates would inter-

rupt the induced current in the material, and therefore change the response. A 

high frequency will induce currents only in the surface of the material, while 

lower frequencies can penetrate deeper, depending on the resistivity. Magnetic 

and non-magnetic materials have different responses, but both the titanium and 

the nickel based alloys considered here are non-magnetic materials. Commercial 

instruments used for inspection of material defects are designed to measure 

both the phase and the amplitude, using for example a phase sensitive amplifier. 

This measurement, at a certain frequency, is also less sensitive to noise and dis-

turbing signals [69]. 
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The concept of the improved gap measurement method borrows from non 

destructive testing with eddy current methods, where the complex response is 

used to better understand flaw signatures  [25]. That is, not only the amplitude 

of the probe signal is used, but the resistive and inductive components of the 

response are separated. When measuring the weld gap, these components would 

be used to measure both the height of the coil above the plate, and the distance 

to the edge of the plate. Doing this with one probe on each side of the gap, the 

measurements can be combined for both position of the gap and gap width, for 

both height above the plates and the difference in height, or alignment, see Fig-

ure 3. Previous methods, by Henry where the coils were connected [67], or 

where only the amplitude was used [65], did not have enough information to 

measure all parameters; only the balance was used to determine position. Using 

one extra coil, Bae [66] estimated also width and height. Further, there was no 

way of telling the difference between a change in alignment and position, which 

is a problem for high accuracy measurement. Henry reported that an increase in 

height above 2 mm reduced sensitivity to misalignment in position measure-

ment, while Kim et al. [65], measuring at 3 mm height did not find a sensitivity 

to misalignment. The previous investigations also used a separate feeding coil to 

generate the alternating field, while the method proposed here uses two separate 

coils, each generating its own magnetic field.  

 

Figure 3 Principle of a probe from combination of coils. Linearization functions and the 

combination of coil measurements into probe results are indicated.  
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Looking to non destructive eddy current testing using commercial instruments, 

the complex result is conveniently presented on a chart with resistive response 

on the horizontal axis, and inductive response on the vertical axis, as in Figure 4. 

Placing a single coil on the plate, far from the gap at the “material point”, and 

lifting it to an “air point” will draw a trace on screen called the liftoff curve. 

Instead approaching the gap will draw another curve [68, 70]. Repeating the 

measurements at different height and distance to the gap, these non-linear re-

sponses will form a calibration and linearization function that captures the be-

haviour of the individual coil, at a certain frequency and with a certain plate 

material and thickness. Usually, the instrument is used to rotate the response for 

convenient reading, like in the right hand part of Figure 4. The output of the 

instrument will then be displayed as Instrument-X and Instrument-Y. 

 

Figure 4 Calibration grid formed by traversing coil, on the complex plane (left) and as 

presented on the instrument (right).  

3.2 Method of investigation 

To understand the behaviour of a combined probe, the behaviour of individual 

coils in response to the gap, that is the resistive and inductive response to dis-

tance to gap and height above plate, must be investigated. Further, not only the 

response to a zero gap width, but to different dimensions should be investigated 

to learn how different working conditions affect the method. The working 

range, that is the extent of the probe distance and height to the gap, must also 

be investigated to understand what changes in measurement performance that 

can be expected. This could be done in several ways. One idea would be to use 

an analytical description of the physical phenomena. Unfortunately, this is not 

straight forward. Often the forward problem of finding the response to a certain 
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geometry, and the inverse problem of describing the geometry matching a 

measured response are treated separately [68, 71]. Some analytical solutions exist 

for simplified geometry such as infinite plates [72], and even for semi-infinite 

plates [73]. These solutions do not come in closed form equations though, and 

not for combinations of plates in different alignments. Instead numerical meth-

ods, for example finite element calculations, are often used to analyze this kind 

of problems [71]. It would be possible to set up the corresponding geometry 

and simulate the response to an ideal coil. Eventually though, these solutions 

would have to be compared to, and calibrated by, real world measurements. 

Therefore, the simulation step was bypassed in favour of an experimental inves-

tigation using recordings of the actual response from a real coil and plates. 

These recordings can then be used as calibrations to interpolate the gap geome-

try corresponding to a coil reading.  

3.3 Experimental setup 

Two square cut plates were mounted end to end so that one was fixed, and one 

adjustable by two micrometer screws. This allowed the gap between the plates 

to be adjusted from close contact at the same level, to a gap width, W, and 

alignment, A, of up to 0.8 mm, using micrometer screws for accurate adjust-

ment. An eddy current coil was mounted in front of the plates on a traverse 

system, so that it could be adjusted in height above the plates, H, and in position 

relative the gap, P, see Figure 5. The coil used was a ferrite core absolute probe 

intended for nondestructive inspection, with a nominal sensing area of 1.5 mm 

diameter. The instrument used with the coil was a commercial eddy current 

inspection instrument, with voltage output for the resistive and inductive re-

sponse respectively. These outputs are presented as a transformed response as 

explained in Section 3.1. 

In Paper A, two plates of 6.8 mm Alloy718 (a nickel based alloy) were used, and 

the frequency selected, 3.2 MHz, gives a penetration depth of 1.5 mm, which is 

much smaller than the thickness of the plates. At this depth, the current density 

is less than 1% of the density at the surface, while at 0.3 mm, which is the stan-

dard depth of penetration, the influence is 37%. 

In Paper B, plates of 4 mm Hastelloy-X were used instead. This is also a non-

magnetic nickel based alloy, but with different resistivity. The frequency was 

adjusted to 2.9 MHz to give the same penetration depth. The same traverse and 

recording system was used for both Paper A and B. 
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Figure 5 Principle of the experimental setup with fixed (left) and one adjustable plate 

(right), the traversing eddy current coil and corresponding gap dimensions (H, P, W 

and A). 

The coil was traversed several times across the gap at different heights to collect 

sets of data from a reasonable working range. Each set was recorded with dif-

ferent settings of the plates to investigate the influence of different combina-

tions of gap width and alignment, while one set with zero gap and no misalign-

ment was intended for linearization. A computer was used to synchronize the 

recordings of both instrument signals and probe position and height. Further 

details on instrumentation and procedure can be found in Paper A. 

With the reference data recorded for the case of a zero width, zero misalign-

ment gap, each adjustment of liftoff and distance now gives a certain value of 

Instrument-X and Instrument-Y, i.e. each combination of the two instrument 

values can be uniquely associated with a liftoff value, and with a distance value. 

These data can then be organized as two tables where instrument outputs can be 

used to find distance and liftoff from simple interpolation.  

Since the data is recorded in a traverse pattern, it can easily be organized in a 

regular grid, suitable for interpolation see Figure 6. Each corner of a triangle, 

defined by values of Instrument-X and Instrument-Y, has corresponding values 

for distance, D, and liftoff, L. The sizes of the triangles are adapted to the sensi-

tivity in distance, from 0.1 mm steps close to the gap, to 1 mm furthest from the 

gap.  
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Figure 6  Pattern for the interpolation grid for distances from 8.0 to 0.2 mm, and liftoff 

from 0 to1.5 mm. Only the area corresponding to the traverse pattern is ordered 

(solid), triangles outside the traverse area (dashed) produce poor results that are not 

used. 

 

The principle of how the results from each coil can be combined into a gap 

measurement probe can be seen in Figure 3, where index 1 refers to the fixed 

side and index 2 to the adjusted side.  

The position, P, of the combined probe is found from the average difference in dis-

tance between the coils and the plate edges. This can be seen from Figure 7, where 

the measurements add up on both sides of the gap centre so that 
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Figure 7  Illustration of the dimensions of the probe and work piece for determining 

position and gap width.  

The width, W, of the gap is found from the separation distance, S, between the 

coils, and from the measured distance, D, from each coil to the plate edge. The 

alignment, A, with index to indicate side, is found from the difference in liftoff, 

L, between the probes. 

The formulae are then given by,  

   
          

            
            
           

              

( 2 ) 

 

3.4 Results and analysis 

The result of the proposed method is presented in Paper A, and then compared 

to a number of different methods, both previously known and experimental, in 

Paper B. 
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3.4.1 Single coil response 

Having recorded the single coil response to the zero width, zero misalignment 
gap as a nominal calibration, the measurement principle of the combined virtual 
probe can be better understood. In Figure 8, the calibration grid is drawn for the 
working area. Starting with the virtual probe in a nominal position, centered 
above the gap at a height of 0.5 mm, two crosses can be drawn on the grid for 
the left side and the right side, see Figure 8. Moving the probe to the left, the 
left coil indication will move down along the lines reflecting a larger distance to 
the gap, while the right coil indication will move up reflecting a smaller distance, 
see Figure 8 (left). Instead lifting the probe from the nominal position, both coil 
indications will move to the left along the lines of the grid, indicating a larger 
distance to the plates, see Figure 8 (right).  

 

Figure 8  Response grid from zero-width, zero misalignment gap, showing changes in 
coil readings for a change of 0.40 mm in probe position toward the adjusted side (left), 

and an increase of 0.40 mm in height (right). Crosses indicate the reading from a 
nominal probe position, centred at 0.5 mm height, rings indicate the reading after the 
change for the coil over the fixed (blue), and the adjustable (red) side. Note that some 

symbols are overlapping. The inset picture shows the nominal (solid) and changed 
(dotted) position of each coil. 

If instead the gap dimensions are changed, the response is indicated in Figure 9. 
For an increase in gap width, both coils indicate a smaller distance, see Figure 9 
(left), while misalignment moves the indication of the lowered plate to the left, 
see Figure 9 (right). It can be seen that the response deviates a little from the 
ideal, which will affect the measurement. 
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Figure 9  Response grid from zero-width, zero misalignment gap, showing changes in 
coil readings for a change of 0.40 mm in gap width (left),  and in alignment (right). 

Crosses indicate the response from a zero-width, zero misalignment gap, rings indi-
cate the reading after the change for the coil over the fixed (blue), and the adjusted 

(red) side. The inset picture shows the changed position of the adjusted plate. 

 

3.4.2 Dual coil method 

When the experimental results are combined to represent a combined two coil 
probe according to ( 2 ), the behaviour of the proposed method, as described in 
Figure 3 with separate measurements from the two coils, can be investigated. 
The maps in Figure 10 cover the working area and show the error in each meas-
urement, for the worst case gap dimension. The errors are calculated as the dif-
ference between the linearized response from the coils and the true value, which 
is known from the traverse system and the gap adjustment. It can be seen that 
measurement of position is better than 0.1 mm in the whole working area, while 
measurement of alignment and height are not as good. Measurement of gap 
width is the worst and is only within the error limits for a small part of the 
working area. The responses are asymmetric because there is a misalignment; 
the adjusted plate is further away from the probe. These errors will be further 
investigated in Paper C. 
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Figure 10 Error maps [mm] for position (top left), width (top right), alignment (bottom 

left) and height (bottom right) measured with the dual complex response method, for a 

gap width of 0.40 mm, and gap alignment of 0.40 mm. 

 

3.4.3 Comparison to hardwired probe 

Having the measurement from each single coil, it is interesting to combine them 

as if they had been wired together in series and compare the result to the new 

method. This is done in a way similar to the previous method by Henry [67], but 

with the added opportunity of careful adjustment of the phase sensitive detec-

tion. Again, Figure 11 shows worst case results, but this time only for position, 

since this is the only measurement available from the hardwired probe. The 

smaller working area of the previous method can be clearly seen, in Figure 11 

(right) as well as the asymmetry caused by the misalignment of plates. This type 

of probe would normally be servo operated to measure only directly above the 

gap. The probe is calibrated for a nominal working height of 0.5 mm, and Fig-

ure 11 (right) shows that errors increase if the probe is lowered, but is not much 

affected if the probe is lifted higher. At higher liftoff, the influence from the gap 
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is smaller, but the sensitivity also becomes smaller. Under these conditions, it 

can be seen that position results for the hardwired probe can be quite accurate, 

but that the probe is more difficult to operate. 

 

Figure 11 Error maps for position measurement with the dual complex response 

method (left) compared to a hardwired probe method (right) for a gap width of 

0.40 mm, and gap alignment of 0.40 mm. 

 

3.4.4 Comparison with other methods 

To understand more about the alternative ways of gap measurement, a compari-

son between four different methods under the same conditions was performed 

in Paper B. In addition to the inductive method, a laser line sensor, a vision 

based method and a novel thermographic method were examined with a set of 

Hastelloy-X plates, which are also non-magnetic and nickel based. The edges of 

the plates were machined to allow a narrow gap.  

All methods were used for different combinations of gap width and alignment 

to understand their capability. All methods should be able to measure gap width 

and position, but the thermographic and the vision method use just a single 

camera and cannot be expected to measure height information or alignment. 

In Figure 12, the first five samples show the gap width measurement of a zero 

gap with misalignment increasing from zero to 0.2 mm in step of 0.05 mm, the 

next five samples show 0.05 mm gap width with increasing misalignment, and 

so on. The inductive and thermographic method measures the zero gap, while 

the vision and laser line methods need a gap of at least 0.05 mm. In Figure 13, 

both the inductive and the laser line methods show ability to measure alignment 

from 0 mm. So, the line scanner can measure everything but narrow gaps. Vi-
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sion does not handle narrow gaps or height, and width can be difficult. The 

thermographic method detects narrow gaps, but measuring width is difficult and 

alignment or height is not measured. The inductive method measures all pa-

rameters starting at zero gaps, but again the systematic errors can be seen. 

 

Figure 12  Gap width measurement results from four different methods, compared to 

the true value. The alignment is changed with each sample number according to Fig-

ure 13. 
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Figure 13  Alignment measurement results, compared to the true value. The gap 

width is changed with each sample number according to Figure 12.  
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4 Improved gap measurement method 

To further improve on the complex inductive gap measurement method pro-

posed in Section 3, a model based compensation of systematic errors is the sub-

ject of Paper C.  

4.1 Systematic errors 

Figure 14 shows how the response grids are deformed with change in gap width, 

and in alignment. The deformation of the calibration grid shows systematic 

errors in response to variation in gap dimension; ideally, the grid shape should 

stay the same even when the gap dimensions change. The deformation of the 

grid from a change in gap width is symmetric with respect to the centre of the 

gap, while the deformation from a change in alignment tends to tilt the grid in 

different ways. A change in alignment also displaces the adjusted side grid to 

higher liftoff values as can be expected. It can be seen that most of the identi-

fied measurement problems are systematic. That means that they are repeatable, 

and if they are understood, they can be solved or compensated.  

Systematic errors will contribute in different ways depending on how each result 

is calculated. For position, according to equation ( 2 ), the result is effectively 

half the difference of two values. Therefore, if the errors in the measurement are 

about the same size and same sign, as in Figure 14(top left) and (top right), they 

will tend to cancel. For gap width, on the other hand, errors of the same sign 

will add up. For height, the error will be the same as that of the closest coil, 

(bottom left) in Figure 14 (usually, unless the differences are small or for some 

gap dimensions with larger errors). For alignment, errors of the same sign will 

tend to cancel, compare Figure 14 (bottom left) and (bottom right) where errors 

tend to different signs. 
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Figure 14  Result of a change in gap width for coils over either side (top left and right), 
and of misalignment from a coil over the fixed side (bottom left), and from the coil over 

the adjusted side (bottom right). The inset pictures show the plate and coil arrange-
ment. 

It is clear that the inductive principle does not produce a linear response to ei-
ther distance or liftoff. The calibration handles that, but only for the same zero 
gap conditions. Looking at the results after applying the calibration, the errors 
introduced by changes in gap dimensions are not necessarily linear. Further, 
there is a cross influence, where a change in distance will influence the error in 
alignment, and the other way around. 

To improve the results, these systematic errors need to be compensated. That 
means that a way to estimate the size of the error must be found, for various 
conditions. Several different approaches could be attempted to do that. To de-
scribe the error, a model is needed. For example, the non-linear full calibrations 
could be taken for different gap dimensions, or otherwise the error could be 
described by a set of equations, to be derived empirically or analytically. To then 
find the actual size of the error, the ideal way would be to measure the distur-



IMPROVED GAP MEASUREMENT METHOD 

 

29 

 

bance and compensate for it using the model. Unfortunately, that is not possible 

here, since the sensors available for measuring disturbances are the same that are 

to be compensated. What would be needed then is a way to solve for the best 

compensation, analytically or numerically, using the model and available sensor 

output.  

For a transducer that is close enough to having linear and independent re-

sponses, such as a well designed load cell, this is a straight forward operation of 

constructing the response matrix of cross sensitivities from calibration, and then 

inverse it for individual contributions. But for an inductive transducer, in a setup 

that is not expected to be linear nor independent, it is not necessarily straight-

forward. Another option would be to train a neural network with data from 

several different dimensions. 

Analytical and numerical based compensations are ruled out for the same reason 

as they could not be used for the original method, namely that there are no such 

solutions for these geometries in closed form. Neural networks could be useful, 

but requires training data from more gap dimensions. If other parameters were 

changed, such as plate thickness or probe frequency, it would need complete re-

training. It can also be difficult to guarantee the behaviour of a neural networks 

according to [74].  

4.2 Model based compensation 

For an industrial solution, a simple method is preferred, with low demands on 

calibration effort and simple calculations that can be implemented in a real time 

instrument. Therefore a model based compensation is proposed, where a set of 

simple equations are determined from a systematic investigation of the com-

bined probe. These equations are then adjusted with actual values from a small 

number of calibration measurements. 

A pragmatic approach to modelling is taken, where model equations are 

sketched from empirical data, and then fitted to specific values for a few points 

in the working range and a few sample gap dimensions. The equations used are 

not necessarily based in physical behaviour, nor are they the best possible de-

scription of the error. Rather, the ambition is to find a description that is good 

enough to reduce errors to a reasonable level. 

The model is constructed to describe errors as a function of the recorded values, 

which is what will be available when the system is in use. The true values, as 

found from the traverse system in calibration, are of course not available. 



 

30 

 

A number of data sets with systematic variation of gap dimensions, covering the 

working range, were recorded. The corresponding error is plotted as surfaces in 

Figure 15.  

 

Figure 15 Error surfaces for distance (top) and liftoff (bottom), for fixed side (left) and 

adjusted side (right), for different gap dimensions. 

They show that the behaviour in distance error is somewhat complicated, with 

random error components making identification more difficult. Though there is 

some curvature in the surfaces, linear planes are considered to be good enough 

as a modelling function. For error in liftoff, surfaces are smoother and less dis-

turbed by noise, and a behaviour that matches a smooth transition between the 

two plates can be seen. This behaviour is modelled as a Gauss function for gap 

width variation, which is symmetrical in distance to gap, and as a logistic sig-

moid function for alignment error, which is expected to change sign across the 

gap mid. See Figure 16 and Figure 17 for the resemblance between the recorded 
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response and the model functions. The measured curves in Figure 16 have no 

data in the middle part since the calibration is not valid there. 

 

Figure 16 Individual coil liftoff response to 0.40 mm gap width (left) and 0.40 mm 

alignment (right). 

 

Figure 17  Gauss function (left) and logistic function (right) used to model liftoff error. 

These model functions are then adapted to a few calibration points, selected at 

nominal values, to give a good representation across the working range. Two 

points are taken in the mid of the liftoff working range but at the ends of the 

position working range, and two more points are taken in the middle of the 

position working range but at different liftoff values. These calibration values 

are measured both for a width only gap, and for an alignment only gap. 
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The principle for the complete signal processing, with the compensation of 

systematic error in place, can be seen in Figure 18. The values from the original 

linearization function are used to calculate first estimates of gap dimensions,   

and  . These are then used in the error model to calculate a compensation in 

liftoff and distance,    and   , that, when applied to the original coil values   and 

 , allows a more precise estimate of the gap dimensions  ,   ,   and  . 

 

Figure 18  Signal processing scheme for the error compensation. Coil measurements 

are linearized and combined into first estimates of gap dimensions. The model is then 

used to estimate a compensation to the coil measurements, which are combined into 

the final probe results. 

4.3 Compensated results 

Results from the compensated method can be compared to the original in Fig-

ure 19 for three cases with different dimensions; error for the gap width result, 

which is the most difficult measurement, is shown. In Table 1 and Table 2, the 

results for all cases can be compared. The working field coverage figure corre-

sponds to the coloured area in the error maps.  
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Figure 19 Error maps for gap width, for uncorrected results (left), and model corrected 

results (right).  The gap dimensions shown are only gap width 0.40 mm (top), gap 

width 0.40 mm and alignment 0.40 mm (middle), and only alignment 0.40 mm (bot-

tom).  
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Table 1 Working field coverage, C, of error within 0.1 mm, for uncorrected and cor-

rected results. 

Gap 

[mm] 

No correction Model correction 

CP 
[%] 

CW 
[%] 

CA 
[%] 

CH 
[%] 

CP 
[%] 

CW 
[%] 

CA 
[%] 

CH 
[%] 

W=0.40 

A=0.00 
100 56 100 100 100 94 100 100 

W=0.40 

A=0.40 
100 37 77 80 80 42 100 100 

W=0.00 

A=0.40 
99 23 45 100 100 99 100 100 

 

Table 2 Maximum absolute error, ε, within working range, for uncorrected and cor-

rected results. 

Gap 

[mm] 

No correction Model correction 

εP 
[mm] 

εW 
[mm] 

εA 
[mm] 

εH 
[mm] 

εP 
[mm] 

εW 
[mm] 

εA 
[mm] 

εH 
[mm] 

W=0.40 

A=0.00 
0.04 0.21 0.09 0.05 0.04 0.16 0.08 0.02 

W=0.40 

A=0.40 
0.09 0.23 0.20 0.20 0.18 0.37 0.07 0.07 

W=0.00 

A=0.40 
0.10 0.26 0.16 0.10 0.04 0.10 0.09 0.02 

 

It can be seen that the compensated results are improved to within the 0.1 mm 

limit for both height and alignment, for the whole working range. For gap 

width, results are improved to within the limit for nearly the whole working 

range, but only for cases with just gap width, or just misalignment. For the 

mixed case, that is the case with both gap width and misalignment, the working 

range is not improved, and the maximum error is actually worse. The results for 

position are also worse for the mixed case, and are not substantially improved 

for the other cases. 
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5 Discussion 

To fulfil the objectives set out for a practical method capable of accurate zero 

gap measurement, a number of factors must be considered. 

5.1 Practical issues 

As discussed in Paper A, using the method for gap position requires one com-

plete set of calibration data for the specific material, plate thickness and probe 

used. This set is recorded at nominal zero gap with no misalignment. Paper C 

discusses how to improve results for gap width, alignment and height, with four 

additional calibration positions needed for each of two different gap adjust-

ments. This calibration effort is reasonable, but not negligible, as it must be 

repeated for new plate materials and different thicknesses. The computational 

demand of the method is moderate, since it is interpolation based, while the 

model for compensation of systematic errors uses simple formulas. 

While the inductive method performs well within the working range of 2 mm, it 

should be noted that the field of view of laser stripe sensors are usually consid-

erably larger, often 10 mm or more. While the larger working range of laser 

stripe sensors is associated with lower resolution and ability to detect narrow 

gaps, it does afford more flexibility in a robotic application. This is an advantage 

when tracking curved gaps, especially for in process applications. With another 

choice of coil dimensions and working frequency, the probe could be adapted to 

have a larger working range, but that would also affect the influence of path 

radius. More advanced robot control strategies could also reduce the need for a 

large working range. 

One of the benefits of laser line sensors is that the standoff distance, that is the 

height between the work piece and the sensor, is comfortably large. This means 

that it is reasonably easy to integrate on a welding head as it does not need to 

compete for space close to the gap. Still, an integrated sensor and laser line gen-

erator can be an obstacle to manoeuvring the weld head in confined spaces. 

Using a camera mounted co-axially and using the same optics as the welding 

laser beam can save on the demand for space. In comparison, an inductive sen-

sor needs to be mounted very close to surface of the work piece, but can be 

quite small. The integration with other equipment, especially metallic conductive 

parts, needs to be investigated. 
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5.2 Performance 

Gap width results show improvement from the model compensation presented 

in Paper C, and are nearly within limits unless there is both gap width and mis-

alignment at the same time. Results related to liftoff are good for all cases when 

compensation is applied. Results for position did not improve from error com-

pensation, but since these were within the limit of 0.1 mm already with the 

method presented in Paper A, no compensation is really necessary. Overall then, 

the method has been shown to have useful results within the working range, and 

should prove useful for its intended application. 

The poor accuracy with mixed dimension gaps still needs addressing. There is 

room for improvement in the model used to describe influence of dimensions 

and, in particular, handling of covariance between gap width and alignment. 

The comparison of different methods done in Paper B also show that visual 

methods, particularly triangulating line scan, works as well or better as long as 

there is a visible gap, but gaps that are both narrow and well aligned go unde-

tected. The thermographic method could be used to measure the position of 

zero width gaps, but cannot measure the other parameters as well.  

To get the best of both worlds, a combination of methods could prove useful. 

Indeed, this is a common strategy with visual detection methods. Although this 

is a more complicated solution that needs more equipment on the robot, calibra-

tion, and data processing, it does allow complementing methods to cover a 

wider range of working conditions, as well as to offer increased redundancy. Of 

the alternatives studied here, one option then could be to go for laser line scan, 

which is a proven method for non-zero gaps, combined with an inductive probe 

for zero gaps. The thermographic method also handles zero gap, and could be 

an option for further development. 
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6 Conclusions and contributions 

Automation of laser welding benefits from sensors providing feedback on proc-

ess results. Accurate gap measurement, for finding the gap before welding or as 

part of a seam tracking system used during welding, improves efficiency and 

quality. 

In Paper A, an inductive method with capability to measure the position of both 

zero and non-zero gaps with or without misalignment is presented. A working 

range of 1 mm to each side and 1 mm in height is an improvement over existing 

methods with zero width capability that depend on servo control to be centred 

above the gap. 

In paper B, the capability is compared to a selection of different gap measure-

ment methods, highlighting the capability of each. The inductive method is 

found to have zero gap capability, as do the thermographic method, but the 

thermographic method does not measure height or alignment. The laser line 

sensor performs best, but does not have zero-gap capability as the inductive 

method has. 

In Paper C, systematic errors are modelled to provide improved measurement 

of gap width and alignment, with some limitation to the width measurement 

capability in cases of combined gap width and misalignment. In cases with only 

gap width or only alignment, remaining errors are smaller than 0.1 mm for 

nearly the full working range, and remaining errors for height and alignment 

measurement are within 0.1 mm for the full working range. 

 

Returning again to the research question in Section 1.4: 

 “How to detect and measure position and dimensions of even a very narrow and well 
aligned gap in laser beam square butt welding of titanium and nickel based alloys in 
order to weld correctly and in the right place?” 

 

The investigation shows that the proposed concept of dual inductive coils with 

phase sensitive detection and a calibrated compensation model can be useful in 

applications with high demands on gap measurement for both narrow and ordi-
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nary gaps. The method has capability to measure gap dimensions that allows to 

direct the laser beam correctly, to adapt welding parameters to gap width and 

alignment, and to adjust laser focus, with an accuracy that is believed sufficient 

for many practical laser welding applications. To summarise; the contributions 

of the work are some steps towards a solution for automation of laser beam 

welding 
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7 Future work 

All investigations so far have been performed with a single coil, combining read-

ings into a, virtual, probe to understand the properties. Though these results are 

based on actual measurements, it is still important to verify the method with an 

actual two coil probe to find any unwanted interactions between coils. For ex-

ample, it may be necessary to use two different frequencies, or to measure at 

alternating time intervals to avoid cross influence. 

The calibration procedures, while not unreasonably complicated, could prefera-

bly be simplified. Ideally, the method would have only one calibration grid de-

rived for a reference setup with nominal plate material, thickness and coil re-

sponse, Then, separate calibration for individual coils, along with compensations 

for resistivity and dimensions, would replace the case specific calibration neces-

sary in the proposed method. It is not yet clear how much simpler the calibra-

tion could become. 

When investigating the principle of the method, the conditions were controlled 

and the properties of plates and of the environment were well known. It is im-

portant, however, to also investigate the influence of disturbances and other 

conditions that can be predicted. These can be for example irregular shapes of 

plate edges, varying radius of the weld and curved surfaces. Tolerance to 

scratches and different surface conditions should be verified, as well as behav-

iour with zero width gap subjected to pressure from fixturing and tack welds.  

It is also important to verify the method under realistic conditions rather than 

idealized laboratory conditions. The probe needs to be mounted on an actual 

welding robot, and used during welding. For a practical method, calibration 

procedures adapted to industrial conditions are necessary and practical solutions 

to varying dimensions must be found. 

If the method proves useful in additional testing and deployment as indicated 

above, some future possibilities could be worth investigating. For example, 

lower frequencies might give the opportunity to measure deeper into the plates. 

This might give the chance to track beneath shallow tack welds, and possibly to 

get an indication of plate thickness, or the shape and direction of the plate ends 

forming the gap. Thus, research into pulsed and spectral eddy current methods 

could be rewarding. 



 

40 

 

One natural extension of the method would be to use an array of sensors that 

would allow a wider measurement range, and make it possible to estimate the 

orientation of the work pieces. 

While the current setup of coils and instruments are proven useful, it may be 

possible to find better choices to improve sensitivity for certain conditions or 

materials. 
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9 Summaries of appended papers 

9.1 Paper A. A complex response inductive 
method for improved gap measurement in la-
ser welding 

Laser welding needs precise measurement of weld gap position to avoid weld 

defects. Most often, optical measurement methods are used, but well-aligned 

narrow gaps can be difficult to detect. An improved inductive method capable 

of detecting zero gaps in square butt joints is proposed. The new method uses 

two eddy current coils, one on each side of the gap, and measures the complex 

response of the individual coils, i.e. both the inductive and resistive response. By 

combining the coil responses, both the position and the dimensions of the weld 

gap can be estimated. The method was experimentally investigated by traversing 

a single coil over an adjustable gap between two plates and combining the 

measured coil responses into a simulated two-coil probe. The gap was adjusted 

in both alignment and gap width up to 0.40 mm. Comparing the results to 

known settings and positions shows that gap position is measured to within 0.1 

mm, if the probe is within a working area of 1 mm from the gap in both posi-

tion and height. Results from the new method were compared to simulations, 

from the same experimental data, of a previously reported method where the 

coils were electrically combined by wiring them together. The previous method 

can give accurate results but has a much smaller working area and depends on 

servo actuation to position the probe above the gap. The improved method 

gives better tolerance to varying misalignment and gap width, which is an advan-

tage over previous inductive methods. 

The author planned and performed the experiments, planned and performed 

data processing and led the writing. 

9.2 Paper B. Evaluation of non-contact methods 
for joint tracking in a laser beam welding ap-
plication 

The use of automated laser welding is a key enabler for resource efficient manu-

facturing in several industrial sectors. One disadvantage with laser welding is the 

narrow tolerance requirements in the joint fit-up. This is the main reason for the 

importance of joint tracking systems. This paper describes an evaluation of four 
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non-contact measurement methods to measure the position, gap width and 

alignment between super alloy plates. The evaluation was carried out for in-

creased knowledge about the possibilities and limitations with the different 

methods. The methods are vision-, laser-line-, thermography- and inductive 

probe systems, which are compared in an experimental setup representing a 

relevant industrial application. Vision is based on a CMOS camera, where the 

image information is used directly for the measurements. Laser-line is based on 

triangulation between a camera and a projected laser line. Thermography detects 

the heat increase in the gap width due to external heat excitation. Inductive 

probe uses two eddy current coils, and by a complex response method possibili-

ties to narrow gap measurement is achieved. The results, evaluated by compar-

ing the data from the different systems, clearly highlights possibilities and limita-

tions with respective method and serves as a guide in the development of laser 

beam welding. 

The author participated in planning of experiments and writing, performed ex-

periments and data processing for the inductive method and wrote correspond-

ing sections of the paper. 

9.3 Paper C. Model based compensation of sys-
tematic errors in an inductive gap measure-
ment method 

A previously reported inductive method for measurement of weld gap in high 

precision applications, such as laser beam welding of square butt joints, demon-

strated improved results for gap position, width and alignment over previous 

inductive methods. To further improve that method by reducing systematic 

errors that affected results, a compensation scheme based on a model of the 

error behaviour is proposed in this paper. The model is designed from observa-

tion of experimental data, and adjusted from a small set of typical calibration 

measurements. The combined information about gap properties from the two 

coils in the probe is used to estimate a correction for each of the coils, and a 

more accurate result can then be calculated. Comparing the compensated results 

to the uncompensated, most parameters are improved to within 0.1 mm in the 

working range. Gap width measurement still suffers from combined gap width 

and misalignment. 

The author planned the paper, performed the data processing and led the writ-

ing. 
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