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Experimental validation of numeric results for an inductive probe shows that narrow gaps between two
plates can be measured with accuracy suitable for laser beam welding. A two-coil inductive probe for
measurement of the gap was built based on finite element modelling results. The individual coils were
calibrated using a complex response method, and results from the physical coils closely match the
numerical results regarding distance to gap and lift-off above the plate. The measurement of a realistic
gap shows results that can be used in industrial applications for position, plate height and height
alignment.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In precision welding, such as laser beam welding, the work
pieces must be precisely positioned and aligned for the laser beam
to be directed towards the actual gap between two plates in a butt
joint configuration. Position inaccuracy can cause incomplete join-
ing [1]. Commercial seam trackers [2] measure the weld gap using
for example inductive sensors [3,4], structured light triangulating
sensors [5–7] or image processing [8–10]. While optical sensing
methods depend on the surface appearance and lighting condi-
tions, inductive methods induce sensing currents into the material
itself [11] and interpret the complex impedance response. Induc-
tive sensors can respond to even very narrow gaps that interrupt
these currents.

An improved method for inductive gap tracking, that can mea-
sure not only narrow gaps but also gap width and alignment, and
has higher accuracy than other inductive systems, was previously
proposed [3]. This system consists of two coils in a probe configu-
ration, one coil on each side of the gap between two metal plates,
see Fig. 1. This gap is the target for the sensor system. In this work
commercial high sensitivity eddy current instruments are used.
Driven by a high frequency alternating current, each coil changes
impedance in response to both the distance to the gap and the
height above the plate due to the varying inductive coupling
between the coil and the plate. These impedance measurements
are non-linear and affected by gap geometry, that is the width of
the gap and the alignment of the plates’ top surfaces. A calibration
map is made from responses from a nominal zero-width gap for
each coil. The response from each coil is then used with the respec-
tive calibration map to calculate the coil lift-off above the plate and
distance to the gap. Combining the results from both coils gives a
first estimate of the position p, and height h of the probe, but also
of the gap width w and alignment a of the plates, see Fig. 2 for def-
initions. These are used with an additional compensation model
calculated from measurement of gaps with known width and
alignment, to find corrections to improve the first estimate [12].

The instruments can be adapted to different coils, for example
by using a balanced bridged configuration and by adjusting sensi-
tivity [11]. This way the range of the instrument’s amplifier can be
used better. The coil response to a reference signal is split into
reactive and resistive components, for example using phase sensi-
tive demodulators, to interpret the coil response to a certain gap
geometry.

When setting up experiments with inductive gap sensors, the
type of coil and instrumentation must be selected to be sensitive
to the desired geometry. Modern numerical signal processing
makes it easy to linearize signals, but signal quality is still affected
by noise and interference. Linear signals allow better use of the
measurement range of amplifiers and AD-converters. Sensitivity

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2019.06.033&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.measurement.2019.06.033
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:edvard.svenman@gknaerospace.com
https://doi.org/10.1016/j.measurement.2019.06.033
http://www.sciencedirect.com/science/journal/02632241
http://www.elsevier.com/locate/measurement


Li�-off l2

Distance d2

Distance d1

Li�-off l1 Alignment a

Posi�on p

Height h

Gap Width wLi�-off

Distance

Compensation

Di
st

an
ce

Li�-off

Calibration

Fig. 1. Principle of complex inductive gap measurement, indicating coil 1 to the left and coil 2 to the right, their calibration functions and the operations to calculate the
parameters of the gap.
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Fig. 2. Definitions and nomenclature of the two coils and the gap.
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is also directly related to the working range of a sensor, limited by
noise, interference and resolution.

This paper presents a validation of the numerical study in [13],
where the results are used to select a coil configuration for the
probe in the proposed gap measurement method, Fig. 1. It also pre-
sents dual-coil measurement results from a real gap with changes
in gap width and alignment, and discusses sources of uncertainty.
2. Experimental setup

The experiments were set up using previous experience and the
modelling results [3,12,13] to allow comparison of results from the
numerical model, and to verify the behaviour of the physical probe
that was built. The parameters of the probe and of the gap are
given in Fig. 2. Upper case letters are used for reference values that
are derived from for example the traverse system (see Section 2.3),
while lower case letters are used for values measured by the induc-
tive coils and probe under study. Plates and coils are numbered 1
and 2 according to side.

2.1. Coil design and probe construction

In the numerical study, two different coil lengths and three dif-
ferent coil orientations were studied [13]. It was found that longer
coils had a more linear response to lift-off and distance to gap than
shorter. From the three orientations, see Fig. 3, Perp was not found
suitable because of a complicated response to distance D. Here, the
Norm orientation was selected because of its higher linearity and
overall stronger response, both before and after normalization.
The normalised sensitivity results are repeated in Fig. 4 for
convenience.

Based on the results in [10] four coils were constructed by
winding approximately 47 turns of 0.08 mm outer diameter lac-
quered copper wire on 2 mm diameter polypropylene cores, see
Fig. 5(a). The length of the windings was approximately 4 mm.
The protrusion of the core, and therefore the minimum distance
between the winding and the plate, was approximately 0.5 mm.
These four coils were used in pairs on each side of the gap, where
one of the coils provides measurements of the metal plate, and the
other coil is positioned away from the plates and is used to com-
pensate response from temperature changes, see Fig. 5(b). Using
the smallest setting supported by the probe, the two measurement
coils were placed 4.1 mm apart.

To compare the experimental results to the numerical, a model
corresponding to the coils was used to simulate the response in the
same way as in the numerical investigation [13].
2.2. Probe calibration

Two plates of Alloy 718, 6.8 mm thick, were mounted in a butt
joint configuration with two machined surfaces well aligned and in
contact. The probe was mounted on an accurate traverse system
(described in section 2.3) to allow measurement in a working
range of different positions and heights around the gap. The centre



Fig. 3. Coil orientations, (a) Norm, (b) Para and (c) Perp.
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Fig. 4. Normalised sensitivity to distance for long coils (a) Norm, (b) Para (c) Perp. Values are given at lift-off 0 mm and 1.5 mm. The legend in (c) applies to figures (a)–(c).
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Fig. 5. (a) Four coils were manually wound, scale in mm. (b) The probe set-up. The two measurement coils can be seen just above the plate surfaces on each side of the gap,
and the two compensating coils in opposite directions in the top of the picture.
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position of the probe was determined by monitoring the instru-
ments’ output looking for the peak value, and visually by traversing
each coil to the gap centre and monitoring the position.

Two commercial eddy current instruments, one Rohmann Elot-
est B1 (coil 1) and one B300 (coil 2), were used to measure the
respective coil responses. All signals were recorded as voltage sig-
nals synchronised to the traverse movement, and calculations for
calibration and compensation were made after the experiment.
Following the results on cross sensitivity between the two coils
from the numerical investigation [13], a small difference in fre-
quency was used to let the instrument suppress response gener-
ated by the magnetic fields from the neighbouring coil and
induced currents. Coil 1 was operated at 3.1 MHz, and coil 2 at
3.2 MHz.

To assure consistent results, the instruments were zeroed
before each sequence of measurements, with the coils placed in
contact with the plate far from any edge. Instrument readings from
scanning across a nominal zero-width gap were used to construct a
calibration in the form of interpolation maps. A few additional
measurements were then made on gaps adjusted to known width
and alignment to calibrate the model-based compensation. These
procedures are described in detail in a previous publication [12].
2.3. Traverse and plate setup

To verify the method, a number of measurements were made on
two plates, arranged to form a 100 mm long gap to be measured.
The edges forming the gap were machined straight. All recordings
along the gap were made by an accurate traverse system at 5 mm/
s, and at a sample rate of 10 Hz. The plates were roughly aligned
with the traverse system. For reference, the changes in the plate
1 edge position, and in the height of both plates relative the tra-
verse system were measured using a Micro Epsilon model 2810–
25 ScanControl triangulating laser scanner as presented in Figs. 6
and 7. To introduce a decreasing gap width, a wire of known diam-
eter, 0.25 mm, was used as a distance between the two plates at
the start of the measured distance, and at the end the plates were
in contact. The change in gap width was derived from the wire
diameter and the location along the gap. The change in position
of the gap centre was derived from the direction of the plate 1 edge
position. Linear polynomials were used to represent the known
position P and width W, see Fig. 6 which also shows the raw data
and its trend-line. The measurement of the edge shows some of the
problems with noise and systematic deviations in this optical mea-
surement. With outliers deviating more than 0.4 mm excluded, the
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standard error of regression accounts for 0.09 mm uncertainty in
position. This is accepted as a conservative estimate.

Third order polynomials were used to represent the known
height H and alignment A, see Fig. 7 which also shows the raw data
from the laser scanner of both plates. These measurements show
standard error of regression contributing less than 0.01 mm to
uncertainty. The figures present the offset from the position mea-
sured at the start of the gap length on plate 1 for position, and on
plate 2 for height.

The inductive probe measurements of the gap were performed
along the gap at several positions (i.e. distance to the gap) and
heights above the plate, see Fig. 8. Positions from �1 to +1 mm
in steps of 0.2 mm, and heights of 0.2 to 1.0 mm in steps of
0.2 mm were traversed. In all 55 measurements were made along
100 mm of the gap. The probe was visually centred over the gap
using the two measurement coil centres as reference before start-
ing the scan along the gap in this pattern.
2.4. Uncertainty

There are several sources of uncertainty in the experiment.
Electrical noise corresponds to a distance D of less than 0.01 mm
in the most sensitive range of the coil, but up to 0.2 mm at a dis-
tance of 4 mm from the gap. The noise contribution to lift-off is
smaller than 0.01 mm in the entire range. The traverse system is
accurate to within 0.04 mm, the laser line measurement of position
within 0.09 mm and of height within 0.01 mm. Manual procedures
such as probe centering is estimated to be accurate within 0.1 mm,
and zero height adjustment within 0.02 mm. Error in lift-off due to
error in probe angle relative the plates is estimated to be smaller
than 0.04 mm. Instrument drift on the order of 20 mV has been
observed after measurement runs, corresponding to a distance
error of 0.05 mm in the most sensitive range, but close to 1 mm
in the least sensitive range of measurement. Errors in gap width,
and in laser scanning of plate height measurement and alignment
were neglected. The combined sources of contribution to uncer-
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tainty, through calibration and measurement, in distance to gap
and lift-off are given in Table 1, together with their proportion of
influence on the result for the case of high influence of drift.
Fig. 9. Normalised response grids for FEM, coil 1 and coil 2. The outlines of the
responses are marked in bold.
3. Results

The complex impedance results can be conveniently visualised
as response grids, where each simulation point, or measurement
value, is connected to neighbours with the same lift-off and with
the same distance, to form a grid of polygons. These grids are
rotated and normalized into (arbitrary unit) transformed-X and
transformed-Y axes, so that the result of lift-off is registered
mainly on the horizontal axis from 0 to �1, and of distance on
the vertical axis. This allows to compare the change in linearity
and sensitivity, especially to distance, within the measurement
range for each coil and orientation. The calibration grids for both
coils, see Section 2.2, can be directly compared to the result from
the FE-analysis in [13] by normalising them in the same way, see
Fig. 9. The densities of the grids are not the same, since there are
more experimental measurement points than numerical calcula-
tions. The normalised sensitivity to distance can also be compared,
see Fig. 10. From the chart it can be seen that the highest sensitiv-
ity at low lift-off is found for distances to the gap between close to
zero and up to approximately 2.2 mm. This would result in a
desired coil separation in the probe of 2.2 mm and a working probe
range of ±1 mm, which is marked in Fig. 10(a). In contrast, the
probe used allowed a minimum coil separation of 4.1 mm with
the corresponding working range marked in Fig. 10(b).

The results of the 100 mm gap measurements are presented as
error maps in Fig. 11. The error is calculated as the difference
between the values measured by the inductive probe and the val-
ues derived from the laser scanner and the known gap width. Each
map shows the maximum of the absolute error in the probe work-
ing range for all measurements along the gap, based on the 55 scan
lines each with about 200 measurements recorded across the
working range. Since the gap is diagonal relative the traverse (as
seen in Fig. 6), some of the scans fall outside the probe working
range, so the range presented is from �0.8 to +0.8 mm in position,
rather than from �1 to +1 mm.
4. Discussion

This section addresses the experimental evaluation related to
some modelling results, and last influence of uncertainty.

4.1. Discussion on experimental and modelling results

For the best performance of a measurement system, it is impor-
tant to know the properties of the probe and the system. In a typ-
ical instrument, the range of the input amplifier must be adapted
to the magnitude of the response. For all coils and orientations in
this investigation, this is largely determined by the sensitivity to
lift-off L, which is much greater than to distance D.
Table 1
Sources of uncertainty and their contribution to measurement in the case of high influenc

Source Distance measurement d

Contribution [mm] Proporti

Electric noise 0,28 7
Traverse non-lin. 0,04 0
Electric drift 1,00 92
Probe height 0,00 0
Probe angle 0,00 0
Sum 1,04 100
With the results from the simulation in [13], the Norm coil was
chosen for its higher sensitivity in both absolute and normalised
sense. The physical coils were designed as Norm long coils, wound
on a 2 mm diameter core but somewhat longer than in the numer-
ical model. The experimentally measured sensitivity of these coils
compare well to the numerically calculated results for this coil
design, see Fig. 10. The choice of coil separation can be guided by
the sensitivity charts in Fig. 10, which shows that the highest sen-
sitivity at low lift-off is found at a distance D of 1.1 mm. For higher
lift-off L, the best sensitivity has shifted to D = 1.7 mm. This is clo-
ser to the range used in these experiments. Depending on noise,
drift and other errors, a trade-off can be made between better
accuracy and a larger working range.

It should be noted that the response of the Para coil in [13]
could be made stronger by increasing the length of the coil, but
that could influence the performance on curved gaps and plates.

The experimental results from the measurement of the 100 mm
long gap, shown as error maps in Fig. 11 underline the importance
of sensitivity to distance D. Measurement of position p and, espe-
cially of gap width w, shows greater errors than the measurements
of height h and alignment a. This is also in line with previous
results [12] showing the difficulty of compensating errors in mea-
surement on gaps with both gap width and misalignment
simultaneously.

4.2. Discussion on uncertainty

Some of the sources of uncertainty can have a significant effect
on the results as commented in Section 2.4. The instrument drift is
the dominating source of uncertainty in both distance and lift-off,
and can contribute up to 1 mm in distance measurement. These
large effects would be seen only at the end of measurement runs,
e of drift.

Lift-off measurement l

on [%] Contribution [mm] Proportion [%]

0,06 0
0,04 4
0,20 88
0,02 1
0,06 7
0,22 100



Fig. 10. Normalised sensitivity to distance for the FE-model, and for the coils 1 and 2 at low (L = 0) and high (L = 1.5) lift-off. Figure (a) shows the ±1 mm working range at
highest sensitivity, figure (b) shows the range used in experiments.

Fig. 11. Errors in (a) position p, (b) height h, (c) gap width w, and (d) alignment a measurements for the working range in P and H.
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which corresponds to high lift-off values at the upper end of the
working range presented in Fig. 11; these measurements were
close to 30 min long. The second largest influence in this part of
the working range is the electric noise for distance, and probe
angle for lift-off. At lower heights, with higher sensitivity, contri-
butions from the traverse system should also be considered. Man-
ual procedures such as probe centering may also have contributed
significantly to the error results. When identified though, the dom-
inating source can be reduced by more frequent instrument zero-
ing and more automated procedures. This would normally be the
case in industrial use, with shorter weld runs and robotized probe
handling. Influence of variation in coil temperature was not consid-
ered since compensating coils were used, but differences in coil
resistance matching could still cause small effects. Most impor-
tantly, the probe should be designed to use the most sensitive part
of the coil distance to gap D range. In these experiments, sensitivity
to distance D in the least sensitive part of the working range could
have been higher by using a smaller coil separation. Further, as can
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be seen from Fig. 4(a), the sensitivity to distance to gap D for the
Norm coil is reduced by increasing the lift-off L above the plate.
For the coils used, the overall sensitivity could have been some-
what larger by reducing the protrusion of the coil core. These are
decisions where numerical modelling before starting the design
work can be useful.
5. Conclusion

The practical experiments verify the numerical results of dis-
tance D sensitivity in relation to lift-off L response, confirming that
numerical modelling can be used to design probes. Further inves-
tigation could be directed into for example the influence of
changes in gap width and alignment, the effect of curved weld
paths and plates, as well as different instrument frequencies.

The measurement of a realistic gap shows results that can be
used in industrial applications for position p, plate height h and
height alignment a. Measurement of gap width w needs improve-
ments, such as careful use of the coils’ working ranges and instru-
ment drift minimisation by frequent zeroing. Possible
improvements to the presented system are identified, most impor-
tantly the efficient use of the most sensitive part of the measure-
ment range.
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