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Abstract. Magnetic Flux leakage (MFL) inspection of flat surfaces can be done by
scanning the areas of interest with magnetoresistive or Hall effect sensors. However,
most applications require short measuring times which may not be achieved by
scanning the area of interest with a single sensor. The common solution to this
problem is the use of sensor arrays in the shape of a straight line or a matrix of
elements. However, the local resolution is then limited by the sensor spacing within
the line or matrix. Due to the scattering of sensor properties, accurate procedures for
calibration or compensation are required in order to adjust the array to a
homogeneous sensitivity and offset. This task is of particular importance when longterm changes and temperature dependence of the sensor properties have to be taken
into consideration.
This paper discusses a new approach to MFL testing of flat surfaces which reaches
high speed and high local resolution with a small amount of sensors and implicitly
compensates for different sensor properties during the measurement. Thereby, a
quick inspection of even meter- to kilometer-sized surfaces becomes possible with
local resolutions of 1 cm² and below. As a side-effect, reduced production costs may
be obtained as compared to the costs of a sensor array of same resolution and
accuracy.

Introduction
Magnetic Flux Leakage (MFL) testing is commonly used for the detection of cracks and
gaps in ferromagnetic materials. The method requires the object under test to be magnetized
and involves the detection of an elevated magnetic field strength at the flaw location.
In most cases, very small changes of the magnetic field strength have to be detected. The
commercial availability and low cost of high-sensitivity magnetic field sensors such as lownoise Hall effect sensors, Advanced Magneto-Resistance (AMR) and Giant MagnetoResistance (GMR) sensors enable MFL testing on a variety of geometries. Flaws may be
located by scanning the surface with such sensors and evaluating the magnetic field
strength as a function of the location.
Most applications, however, require short measuring times which may not be achieved by
scanning the area of interest with a single sensor. The common solution to this problem is
the use of sensor arrays which contain a row or matrix of elements. In order to constitute an
equivalent replacement for the single-sensor scan, arrays must exhibit nearly the same
characteristics in all elements. As perfectly homogenous arrays do not exist, smart solutions
for the calibration or compensation of the remaining deviations in sensitivity and offset of
each element are necessary. To achieve a compensation of additional short- or long-term
variations of those parameters, further efforts are required.
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1. Theory

1.1 Generic calibration procedure for sensor arrays
A common calibration procedure requires the array to be exposed to at least two different
magnetic fields of known distribution and strength. We assume a linear correlation between
any variation ΔH of the magnetic field strength H and the resulting variation ΔU in a
sensor’s output voltage U, i.e.:
ΔU = s ⋅ ΔH

(1.1)

U = U0 + s ⋅ H ,

(1.2)

where s is a constant factor of sensitivity, and U0 is the output voltage in case of
H = 0 A/cm. Equation 1.2 is the transfer function of the sensor.
As each sensor may have different parameters U0 and s, the magnetic field strength Hi at
the location of the ith sensor in an array may be obtained as:
Hi =

U i − U 0 ,i

(1.3)

si

Prior to starting a measurement, the values U0,i and si must be determined. The
determination of U0,i can be done by measuring Ui in a zero field strength environment by
shielding the array from earth’s magnetic field. As in most applications the exact absolute
value of Hi is of less importance than the local distribution of H, it is often sufficient to use
any homogenous field H0 of low strength for the determination of U0,i. Therefore, this
measurement may also be performed in earth’s magnetic field at some distance to nearby
electronic equipment.
With use of the now known value of U0,i the computation of si becomes possible.
Exposing the sensor array to a homogenous magnetic field of known strength H1 ≠ H0,
equation 1.3 may be written as
si =

U i − U 0 ,i
H1

,

(1.4)

which leads to the values of si instantly. Note that H1 should be as large as possible within
the working range of the device, in order to reduce the influence of measuring errors.
Additionally, in many cases the value of H1 needs not be known exactly but must remain
constant throughout the calibration process.
While the mathematics behind this calibration procedure remains on a low level,
there are some limitations which make it less suitable under practical conditions:
 Exposing the full array to a homogenous field H1 becomes less feasible with

increasing array size, as the construction of an appropriate magnetization appliance
becomes increasingly expensive. Therefore, one would have to perform the
calibration on a sensor-by-sensor basis or accept possible inhomogeneities.
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 Nonlinear transfer functions are not accounted for. Basically, one would have to

expose each sensor to a multitude of known field strengths and assume a higher order
polynomial transfer function in case of nonlinearity.
 The above procedure assumes long-term stability of the sensor characteristics.

However, most electronic parts exhibit aging and temperature sensitivity of their
properties. In order to achieve measured data of high accuracy, the procedure would
have to be repeated in regular intervals or – even better – prior to each measurement.
In order to avoid those limitations, the following section 1.2 introduces a dynamic sensor
calibration procedure which is the basis for an improved scanning method, described in
section 1.3.

1.2 Dynamic sensor calibration procedure
The downsides of the simple calibration procedure described in 1.1 may be avoided where
equal transfer characteristics of all sensors are desired while absolute accuracy in H is not a
point.
The proposed dynamic calibration procedure uses one sensor within the array for
reference and computes compensation functions for the transfer characteristics of all
remaining sensors. After compensating the output voltages of these sensors by use of the
computed functions, all sensors of the array show the same sensitivity and offset as the
reference sensor. Ideal parameters (no offset, typical sensitivity according to datasheet) are
assumed for the reference sensor. This procedure is called ‘dynamic’ because the
calibration is done dynamically during the measurement, not in advance.
In order to perform the calibration, the scan must be paused in regular intervals,
where the sensor array has to be shifted by one sensor pitch towards the reference sensor’s
side in each unit coordinate direction covered by the array. Thus, in case of a onedimensional array (i.e. a single row), only one shifting operation is required for each
acquisition of calibration data, as shown in fig. 1. In the shifted position, sensor i+1 is
exposed to the same magnetic field as sensor i was before. This circumstance is the key
element of the dynamic calibration procedure: The output voltages of sensor i and sensor
i+1 at the point (x,y) are stored as couples (Ui(x,y); Ui+1(x,y)) and added to a database of
calibration data for the running measurement. After each acquisition of calibration data, the
array is shifted back, and the scan is continued.
row of 10 sensors
scanning in y direction,
currently located at y = y0

y

U1(x1,y0)

U2(x2,y0)

…

U10(x10,y0)

Ref.

y0

x
shifting operation:
scanning paused at y = y0
row shifted to the left by 1
element

U2(x1,y0)

y
y0

U3(x2,y0) …

Ref.

x

Figure 1. Shifting operation for one acquisition of calibration data in case of a 10-element sensor row; the
leftmost sensor is used for reference; couples of measured voltages (Ui(x,y); Ui+1(x,y)) are gathered in this
procedure; Ui(x,y) is the output voltage of the ith sensor at the position (x,y)

In case of a two-dimensional array, two couples (Uij(x,y); U(i+1)j(x,y)) and (Uij(x,y);
Ui(j+1)(x,y)) would have to be stored to the database, so two shifting operations would be
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required. In this case, the data acquisition and storage procedure would be basically the
same as in case of a one-dimensional array, so this part is not discussed any further here.
Based on the initial assumption that the reference sensor shows typical performance
(according to the datasheet), the calibration of all remaining sensors may be performed in a
stepwise manner as follows:
Following eqn. 1.2 and using the numbering as in fig. 1, part of the calibration data
allows for the solution of the following equation system (shown for a total n repetitions of
calibration data acquisitions):
U01 + s1·H(x1,y0) = U1(x1,y0)
U01 + s1·H(x1,y1) = U1(x1,y1)
U01 + s1·H(x1,y2) = U1(x1,y2)
…
U01 + s1·H(x1,yn-1) = U1(x1,yn-1)

(1.5)

We assumed typical performance for sensor no. 1, the reference sensor – this means
U01 = 0 and s1 = as specified in the datasheet. This means, H(x1,yk) may be determined
from eqn. 1.5 for each k ∈ [0, n-1]. Now, we may start to use the couples of calibration data
in order to express the next equation system, as we know that H(x1,yk) was measured by
both sensor no. 1 and sensor no. 2.
U02 + s2·H(x1,y0) = U2(x1,y0)
U02 + s2·H(x1,y1) = U2(x1,y1)
U02 + s2·H(x1,y2) = U2(x1,y2)
…
U02 + s2·H(x1,yn-1) = U2(x1,yn-1)

(1.6)

As U02 and s2 are the only unknown quantities in this equation system and we may assume
n >> 2, approximate values of the coefficients U02 and s2 may be determined by means of
the least squares method.
Obviously, this procedure may be continued for all sensors, so in the end, all U0i and
si may be determined, and the correction functions for all sensors may be set up. When
exposed to the same field strength, the corrected output of all sensors will then indicate
approximately the same value of H.
The accuracy of this calibration increases with increasing n and with increasing
span of H in all locations where the calibration data were acquired.
As compared to the generic calibration procedure described in 1.1, the dynamic calibration
procedure shows the following advantages:
 There is no need for special calibration sources and lab equipment, the calibration
takes place ‘on-the-fly’ during the measurement.
 Nonlinear transfer functions may be assumed as well.
 When performed properly, the calibrated array delivers scanned data with high
accuracy and homogeneity because the long-term performance of components is not a
problem any more.
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However, there also exist some drawbacks:
 As each acquisition of calibration data requires an interruption of the scan, one tends
to minimize the number of interruptions and thus minimizes the data base. This may
lead to a reduced accuracy of the calibration.
 The total span of different H values present in the calibration data is not known in
advance, i. e. there exists a worst case scenario where all acquisitions of calibration
data were performed under the influence of nearly identical H distributions. Low
accuracy of the calibration would be the result.
 The error of each single calibration is propagated from sensor to sensor, because the
calibration of sensor i is always based on the calibration of sensor i-1.
In the following section, we propose a smart scanning method which allows for collecting
the couples of Ui to be used with the dynamic calibration procedure.

1.3 Improved scanning method for dynamic sensor calibration
As a variant of the dynamic calibration procedure described above, some scanning methods
allow for the collection of calibration data from the scanned data. The idea is to force some
overlapping between the paths scanned by all sensors in the array, in order to create a high
number of couples (Ui(x,y), Uj(x,y)), where i and j are the indices of any two sensors within
the array.
If the paths scanned by all sensors overlap, this may be interpreted as reduced
efficiency, as it disagrees with the concept of a sensor array. However, when scanning a
with rotating sensor array heads, overlapping is inevitable and still, high speed is given.
Flat surfaces may be scanned with rotating sensor heads which contain sensors on the top
side, as shown in fig. 2.

Figure 2. Top view of rotating sensor head (orange) with two sensor elements (red) on top; approximate
representation of scanned paths (black) under linear translation across a flat surface

The scanned area consists of a full rectangular area plus a half-circle shaped area on each
side. The local resolution depends on the sampling rate of the data acquisition system and
on both angular and linear speed of the head. An increased number of sensor elements leads
to an increased local resolution and higher admissible linear speed.
Fig. 2 clearly demonstrates that the scanned paths of both sensor elements overlap
in many points, where couples of measured data (U1(x,y), U2(x,y)) may be extracted. The
calibration then follows the same procedure as given in section 1.2. Note that this procedure
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may be used with an unlimited number of sensors, as the number of overlapping points
increases proportionally when the number of sensors is increased.
The described scanning method avoids the drawbacks mentioned in the end of
section 1.2 whilst preserving the advantages of a dynamic sensor calibration based on the
scanned data.

2. Experiments and Results

2.1 Large-scale rotating head scanner for flat surfaces
At the Institute for Civil Engineering of the Technical University of Berlin, research efforts
aim at fracture detection in steel tendons of prestressed concrete. The research team had
demonstrated that this is possible by means of magnetic flux leakage testing with a single
Hall effect sensor, measuring the surface-normal component of the magnetic field strength
after magnetization of the tendon material [1-7]. For scans on large surfaces, a high-speed
scanning method was required.
The Fraunhofer Institute for Nondestructive Testing, Saarbrücken, therefore was
assigned with the development of a magnetic field scanner which should offer a local
resolution of 1 cm², maximum noise of 5 µT (rms) and should be able to scan a flat surface
3.35 m wide and of arbitrary length at a speed of 20 cm/s.
An array of 335 Hall effect sensors in a straight line of 3.35 m would be the most
obvious solution to this task, but the effort for calibration would be high and possible aging
of sensor components constituted a risk with regard to the demanded maximum noise level.
Due to these circumstances, a large rotating head scanner was considered a more
suitable solution to the given task and was built according to the principle described in 1.3.
A long aluminium tube was equipped with two linear 5-element Hall effect sensor arrays on
each end and used as rotating head. Driven by a brushless AC motor and controlled by a
frequency inverter, it was designed to operate at a speed of up to 120 min-1, allowing for
continuous scanning at 20 cm/s. The signal and power lines between head and chassis were
connected through a slipring transducer. The whole unit was carried by a chassis frame of
high-stiffness aluminium profiles supported on three heavy-load wheels. Fig. 3 shows a
photograph of the unit.

Figure 3. Photograph of rotating head scanner under test at IZFP (left) and included in the combined
magnetization and tractor appliance at TU Berlin (right).
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A software solution was developed for the reconstruction of magnetic field images in
Cartesian coordinates, based on the measured signals and clock pulses from wheels and
rotor. This software also included the calibration algorithm according to section 1.2.

2.2 Measurements and results
As a first test, the magnetic field distribution was recorded at a height of several
centimetres above magnetized steel rods as test objects, which were placed on the concrete
floor at IZFP. Based on the measured data, the working principle as well as the desired
noise of less than 5 µT (rms) was verified. Fig. 4 shows the corresponding reconstructed
image.

steel cover plates

3.3 m

reinforcement
inside concrete

object #1

object #2
steel cover plates

3.3 m
Figure 4. Reconstructed magnetic field image of concrete floor at IZFP with three test objects, recorded by
use of rotating head magnetic field scanner

While, as expected, a high magnetic field strength was measured in the proximity of the test
objects, even the remanent magnetism of steel cover plates on the floor and reinforcement
material inside the concrete were visible in the resulting image.
Unfortunately, no further test was possible to the date of this paper, as the scanner was still
being integrated in the magnetization appliance at TU Berlin. However, it is highly
probable that measurements will be performed before September 2006 and can be presented
at the ECNDT conference.

3. Conclusion
A magnetic field scanner using a rotating head was built and tested successfully. Together
with specialized image reconstruction and calibration software, this scanner acquires the
surface-normal component of the magnetic field distribution across an area 3.35 m wide
and of arbitrary length. A dynamic sensor calibration algorithm was proposed and tested as
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part of the scanner software which reconstructs images of the magnetic field distribution in
the Cartesian coordinate system. Measurements have shown that low noise levels of 5 µT
(rms) and a local resolution of 1 cm² were achieved as demanded. Further tests will be
performed at TU Berlin, where the scanner is being integrated in a testing appliance for
fracture detection in steel tendons of prestressed concrete.
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