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Abstract.- In this work a sensitive micrometric non-contact position sensor based
on the Giant Magnetolmpedance effect (GMI) is analyzed. A nearly zero magnetostrictive
CoFeSiBCr wire was employed as sensor nucleus. The sensing principle is based on the
changes in the high frequency electric impedance, Z, of the soft magnetic element as a
function of the relative position of a permanent magnet generating a non-uniform
magnetic field along the wire’s axis. The sensor sensitivity is analyzed in terms of the
magnetic field gradient and wire’s length. The comparison between the sensing response
of a single wire element and a long wire (12 cm in length) with different voltage contacts
along its axis is performed. Higher micrometric sensitivities are achieved in wires with a
certain critical length. A slight enhancement of the sensor sensitivity is found under the
single wire configuration below the critical wire length. These results are interpreted as
the contribution of the characteristic closure domain structure at the sample ends in these
soft magnetic wires. Finally, the application of the sensor for the detection of the daily
micrometric trunk shrinkage variations in a lemon tree is presented. The results indicate
that this type of magnetic sensors can be easily implemented in the agricultural sector,
providing a low cost and sensitive detection technique regarding water monitoring
purposes.
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1.- Introduction

Magnetic sensors are widely employed in different technological sectors [1-3],
including magnetometers for the determination of the magnetic field and devices
employed to characterize associated physical magnitudes as displacement, electric
current, temperature, or strain/stress. In particular, position detectors represent a sensor
family with broad economic and technological significance. In fact, different market
studies show that the position sensor market is expected to continue increasing in the next
years (i.e. USD 5.98 Billion by 2022 [4]). Such a continuous demand is mainly driven by
the development of smart electronic systems and robotics for different industrial sectors
such as industrial manufacturing or automotive industry. Generally, position sensors can
be classified according to the contact or non-contact operation principle. Although contact
sensors (i.e. resistive potentiometers) display cost advantages, non-contact technology is
usually preferred due to the longer durability and higher accuracy. Regarding magnetic
technology, the simplest non-contact position device is based on the measurement of the
magnetic field generated by a permanent magnet by sensitive magnetometers as a
function of the relative position. Thus, Hall-effect and magnetoresistance (AMR)
magnetic sensors are nowadays widely commercially employed, both under linear and

rotary configurations.

On the other hand, the so-called Giant Magnetoimpedance (GMI) effect has been
shown as an alternative technique in the development of highly sensitive low cost
magnetic sensors [5-7]. This effect consists in the detection of huge changes in the high
frequency electric impedance, Z, under the action of an external applied magnetic field,

H [8]. Within the framework of classical electrodynamics, Z can be expressed as [9]:

7= (L)kM (1)

2moa J1(ka)



with a: wire radius; o : electric conductivity; k = l%ij, o= \/%j L magnetic
permeability; and Ji(ka) the Bessel functions of first kind. Thus, in the high frequency
range Z would mainly be determined by the skin effect and the application of an external
H field would promote measurable variations in Z as a consequence of the changes in s
Since the discovery of the physical phenomenon in the mid-90s [10, 11] different sensor
configurations have been analyzed [12, 13]. In particular, non-contact position GMI
technology has been also proposed in the literature [14-16]. However, practical
implementations and the analysis of the optimum sensing conditions have been scarcely
reported. In this work, a non-contact position sensor is analyzed based on the Giant
Magnetolmpedance effect (GMI) employing a nearly zero magnetostrictive FeCo soft
magnetic wire and a ferrite permanent magnet. The sensitivity optimization is analyzed
in terms of the magnetic field gradient associated to the permanent magnet and the
effective wire length. Micrometric sensitivity is achieved enabling the design of highly
sensitive non-contact position sensors. In particular, the proposed non-contact sensing
technology is applied to monitor the micrometric variations of the mean diameter of the
trunk in plants. Measurement of trunk diameter variations has been proposed as the most
efficient technique for irrigation scheduling in the agricultural sector [17, 18]. During
daylight, the trunk shrinks as a result of water loss due to evaporation while an opposite
evolution (increase in the trunk mean diameter) is found at night as a result of within-
plant water balance. Monitoring this daily trunk evolution provides valuable information
about the water plant status and thus enables efficient irrigation scheduling. The proposed
non-contact magnetic technology displays comparable micrometric sensitivity than a
commercial Linear Variable Differential Transducer (LVDT) for monitoring the trunk
diameter variations in a young lemon tree. This low cost sensing technique could provide
sustainable sensing technology for the agricultural sector, not only regarding
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environmental purposes (protection of water resources) but also in the improvement of

crop productivity and quality.

2.- Experimental procedure
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Fig. 1: (a) GMI ratio as a function of the exciting frequency, f, (current amplitude, Iy, =
15 mA) and versus Iy, (inset) for a wire 3 cm in length. (b) GMI ratio as a function of the sample
length, L (frequency f = 300 kHz and current amplitude, I, = 15 mA).



The wire was excited with an ac current, I, frequency, f, and peak-to peak
amplitude, Ipp. The output voltage (V = ZI) measured under voltage-divider configuration,
was detected through a Hewlett Packard 34401A multimeter, being the whole system
controlled by LABVIEW 2014. Optimum current conditions were determined through
the maximum magnetoimpedance changes under a dc axial uniform magnetic field, H,

generated by a home-made solenoid. Fig.1a shows the evolution of the GMI ratio defined

Z(H=0)—Z(Hmax))
Z(Hmax)

as % (%) =( )x100 (Hmax = 4.4 kA/m) as a function of the frequency,
f, and current amplitude, lpp, for a wire 3 cm in length. Maximum GMI ratios are obtained
for f = 300 kHz and lpp = 15 mA. Fig. 1b shows the dependence of the GMI ratio as a

function of the wire length under the selected current conditions. A clear increase in
% (%) with L is observed, displaying a slight maximum around 7 cm.

The non-contact position detection is based on the changes of the wires's
impedance as a function of the relative position, X, of a permanent magnet generating a
magnetic field, Hm, along the sensor axis (see fig. 2). Initially, the effect of the magnetic
field gradient on the sensor response was analyzed in a wire 3 cm in length employing
two commercial ferrite permanent magnets: (i) rectangular 2 cm x 1 cm x 0.5 cm and (i)
cylindrical with diameter 5 mm and height 5 mm. The magnetic field gradient (Hm versus
X) was measured through a Lakeshore 425 gaussmeter. Regarding the micrometric
characterization a micrometric screw with 10 um step was employed to suitably control
the position of the rectangular permanent magnet. The sensor output, V(x), was
characterized for wires as a function of the wire length L (1 cm < L < 12 cm). The
achieved micrometric sensitivity is compared with that obtained in a different
configuration denoted multicontact. A single 12 cm length wire was excited with an ac

current between the sample ends (A-C contacts, see fig 2) and the voltage drop across
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different segments of wire (A-B contacts) was measured. Thus, effective segment length,

L., were chosen modifying the A-B distance (see fig. 2).
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Fig. 2: Sensor configuration schedule

In order to demonstrate the applicability of this sensing technology in agronomical
environment, the sensor was attached to a young lemon tree. The rectangular magnet was
glued to the main plant trunk and the sensing wire was attached to the lemon tree’s
employing an invar support to avoid any change in the relative distance between the
magnet and wire (x) due to dilatation effects. A fitotron growth chamber was employed
in the sensor characterization, where the periods of fluorescent illumination and darkness
were periodically changed every 12 hours. The temperature was kept constant within the
temperature chamber control around 21 °C. A commercial LVDT sensor was also
attached to the lemon tree to simultaneously measure the variations in the trunk. These
happen as a result of the water loss due to evaporation occurring during the illumination
period, gives rise to an increase in the effective distance magnet-wire, x. Conversely, the
trunk growth during the darkness period (within-plant water balance) has associated a

decrease in x.



3. Results and discussion

3.1. Sensor characterization: effect of the magnetic field gradient

Fig. 3a shows the sensor response (output voltage, V, versus the relative magnet
position, X) for the two analyzed ferrite permanent magnets (L = 3 cm). It is clearly shown

the dependence of the sensor response (sensor span and sensitivity) on the employed
permanent magnet. In the same figure, the sensitivity, S = Z—Z, as a function of x is

displayed under both analyzed configurations. The linear S(x) behavior of the cylindrical
permanent magnet reflects the non-linear response of V(x) under this configuration.
However, the rectangular magnet gives rise to a linear V(x) response with nearly constant
sensitivity for 2 cm < x < 5.5 cm. Therefore, in spite of the lower maximum sensitivity
under this rectangular magnet configuration, the enlargement of the sensor span
(operational range) keeping constant sensitivity, could be considered as a key factor
regarding sensing optimization and technical applications.

The differences in the sensor response can be analyzed in terms of the effective
magnetic field acting on the sensing element, Hm, and the particular magnetic field
gradient generated by each magnet, |dH,,/dx|. As fig. 3b shows, the cylindrical magnet
displays a higher magnetic field gradient that in a first approximation could be associated
to a higher sensor sensitivity. However, it should be kept in mind the non-linear
characteristics of the magnetoimpedance voltage, that is, the non-linear Z(H) behavior
and the saturation of the GMI effect for large applied magnetic fields where Z ~ Rdc (dc
resistance of the sample). This behavior is clearly reflected in the inset of fig. 3b, where
V. = VIL (output voltage per unit length) is plotted as a function of a uniform magnetic
field H applied by a long solenoid along the wire axis (L = 3 cm). Accordingly, the sharp
decrease of Hy with x in the cylindrical magnet leads to a lower sensor operation range

(sensor span) when compared with the rectangular configuration (as fig. 3a reflects).
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Fig. 3: (a) Sensor output voltage (circles), V, and sensitivity (triangles), S, as a function
of the magnet position, x, under both permanent magnet configuration: (o) rectangular and (®)
cylindrical; (A) rectangular and (A) cylindrical (b) Magnetic field generated by the magnet, Hm,
versus the distance x: (0J) rectangular and (®) cylindrical. Inset: Output voltage per unit length

VL = VIL, as a function of the axial homogenous magnetic field, H.



However, the fact that Hm is not strictly constant along the sample length should
be taken into account in the analysis of the sensor response. In a first approximation, it
can be roughly estimated assuming a homogenous magnetic field Hm(X1) corresponding
to the closest point of the sensor to the permanent magnet, x; = x (see fig. 2) and
considering the magnetoimpedance voltage at H1 = Hm(x1). Fig. 4 shows the estimated
V(x) under this first approximation (n = 1) where V = V, (H;)L, with V. = V/L the output
voltage per unit length. It can be seen that the procedure roughly reproduces the
experimental output voltage. In order to improve this estimation, the sensor length should

be divided in n segments and the voltage accordingly estimated:
L
V(x) = N, Vi (H) = 0
with H; = H,,(x;) and x; = x + i_TlL. Fig. 4 includes the results for n = 2 and 4. As

expected, as n increases the estimation procedure converges to the experimental response.
However, no clear further improvement is obtained for larger values of n. This simple
approximation (i.e. n = 4) properly fits the experimental results for x <5 cm, but it slightly
departures for larger magnet distances. The wire’s axis misalignment and the out of axis
magnetic field components could contribute to the departure from the experimental
response. Anyway, this simple estimation procedure is able to reproduce the basic
features of V(x) irrespectively of the actual magnetic field gradient and could be employed

as a designing tool for non-contact position sensing devices.
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Fig. 4. Sensor output voltage, V, as a function of the magnet position, X, under both
permanent magnet configuration: (o) rectangular and (®) cylindrical (experimental data);
estimated output voltage: (*) n = 1, dashed line n =2, solid line n = 4.

3.2.Micrometric position characterization

Regarding the characterization of the sensor response in the micrometric range,
the rectangular permanent magnet was selected. As previously discussed, this magnet
leads to a larger operational range with nearly constant sensitivity (see fig. 3a). Initially,
the closest sensor end (A) was placed at an initial position xo ~ 3 cm and x was changed
employing the micrometric screw (10 um). Fig. 5 shows the sensor response, V(x), for
the single sensor element (L = 3 cm) and under the multicontact configuration (L =12 cm
and L. = 3 cm, see fig. 2). Both measurement configurations lead to a linear sensor
response in the micrometric range with slight higher sensitivity, S, (slope) for the single
3 cm wire. In fact, similar linear V(x) curves are obtained for different sample lengths
under both configurations. Nevertheless, it is found that S clearly depends on L and L..

Fig. 6 shows the evolution of S versus the effective sample length, Les (Ler = L for the
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single wire and Les = L for the multicontact configuration). The single wire displays

slightly higher S values for L <9 c¢m, achieving maximum sensitivity for L =7 cm.
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Fig. 5: Sensor output voltage, V, versus the magnet position, x, for (0) the single sensor

element (L =3 ¢cm) and (V) under the multicontact configuration (L = 12 cm; L, = 3 cm).

The best sensor performance of the single element in comparison with the
multicontact configuration is also confirmed when S is normalized to the sample length,
SL = S/L (see inset of fig. 6). A monotonous decrease with Les is observed, once more with
higher values for the single wire, in this case for L <7 cm. After that, both configurations
converge to almost the same S value. This behavior should be interpreted as a
consequence of the domain structure and its effect on magnetoimpedance effect. Closure
domain structure appears at the ends of the wire to reduce the magnetostatic energy,
causing a hardening of the magnetic response in this sample end region [20-23]. This
behavior arises as a result of the pinning of the domain walls at this sample ends, giving
rise to an increase and decrease in the local coercivity and magnetic susceptibility,

respectively. Thus, the decrease in S for L <7 cm should be ascribed to the dominant role
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of the closure domains leading to a diminution in the magnetoimpedance ratio of the
sample (see fig. 1b). Nevertheless, it can be concluded that sensor 7 cm in length shows
the highest sensitivity because it displays the maximum effective length subjected to a
region where magnetic field gradient exerts a relevant effect in terms of voltage
variations. From 7 cm as length increases, a longer part of the sensor is out of the effect
of the magnetic field gradient, leading to larger regions that do not contribute to the
magnetoimpedance voltage variations. However, when single wire and multicontact
configuration are compared, the highest sensitivity values are achieved in the single wires,
where in principle it should be expected a lower magnetoimpedance response. For short
samples the demagnetizing field becomes larger and more complex closure domain

structures arise that would in principle lead to a decrease in the GMI response.

—v— multicontact

12! \ —e— single wire

Fig. 6: Sensitivity, S, versus the effective length sensor length, Le;, for the (0) single wire
(Ler, = L) and (V) under the multicontact configuration (L = 12 cm; Les, =Lc). Inset: Sensitivity per

unit length, S, vs Let.

To confirm the evolution of the magnetoimpedance response, the changes in the

impedance, Z, at x = 3 cm, as a function of Ler are displayed in fig.7. For comparison, the
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evolution of Z under the multicontact configuration is also plotted, together with Rqc
versus Ler. An almost linear increase in Z with Lef is found with a slightly higher slope for

the single wires. Both linear responses in Z and Rqc can be understood in terms of classical
electrodynamics (Z o« L, eq. 1 and Ry, = ﬁ), respectively. An equivalent GMI ratio

can be defined as:

AZm — Z(Lef)_Rdc(Lef)
Zn (%) = (Heteeteny 100 3)

where Z(Lef) corresponds to the impedance for the magnet position at x = 3 cm and Rac(Lef)

the dc electrical resistance, both quantities evaluated for each Ler. The inset of fig. 7 shows
the dependence of % as a function of Ler under both measuring configurations. The

occurrence of an optimal length (namely, maximum GMI ratio) for single wire
configuration is not observed as shown in fig. 1b and reported in similar
magnetoimpedance elements [24]. It should be kept in mind that Z is determined under a
non-uniform magnetic field acting on the samples and accordingly it could be expected a

different evolution from the usually reported GMI evolution under uniform magnetic
field. Anyway, a clear enhancement in % ratio for the single wire elements is detected

in comparison with the multicontact configuration for Les <5 cm. Comparable results are
obtained under uniform magnetic field in similar non-magnetostrictive amorphous wires.
In fact, a clear improvement in the GMI ratio of a FeCrSiBcuNb wire is reported in single
short elements in comparison with the impedance evolution measured for an equivalent
partial of length on the longer samples [21]. As previously discussed, the particular
domain structure associated to the demagnetizing field contribution plays a dominant role
in the magnetoimpedance response of the wires. Although, its main contribution is to
diminish both GMI ratio and S as the effective length decreases, surprisingly it also

promotes a slight enhancement in the magnetoimpedance response when comparing both
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configurations (single wire and multicontact) for the same Ler. The occurrence of closure
domains structures near the ends of non-magnetostrictive amorphous wires has been
confirmed through the inspection of the magnetic susceptibility profile and magneto-optic
Kerr effect along the samples [25]. For long wires, the susceptibility profile shows two
peaks (closure domains) at both sample ends and a central plateau (domain walls at the
central region of the wire). The reduction of the sample length gives rise to a collapse of
both closure domain structures and a single peak susceptibility profile. Thus, the domain
structure in a short wire and that at the sample end of a long wire with equivalent length
are not strictly comparable. These changes in the domain structure and the expected
modifications in the circular magnetic permeability should be the main origin of the
detected differences in the magnetoimpedance response between both sensor

configurations.
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Fig. 7: Impedance, Z, at x = 3 cm (open symbols) and dc electric resistance, Rqc, (closed

symbols) as a function of the effective length sensor length, Les, for the (0) single wire (Ler, = L)
and (V) under the multicontact configuration (L = 12 cm; Ler, = L¢). Inset: GMI ratio % (%) vs

Lef.
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3.3. Detection of micrometric trunk shrinkage

Finally, on the basis of the previous analysis, a simple detector for the detection
of the daily micrometric trunk shrinkage variation in plants was designed. As previously
outlined, this type of detectors are of growing interest in the agronomic sector for
irrigation scheduling purposes. Fig. 8a shows a photograph of the employed experimental
device, where the rectangular magnet is fixed to the trunk of a lemon tree. The trunk
shrinkage as a result of the water loss due to evaporation occurring during the illumination
period, gives rise to an increase in x and accordingly an increment in the sensor voltage.
Conversely, the trunk growth during the darkness period has associated a decrease in x
and thus the diminution in the sensor voltage (increase in the effective magnetic field
acting on the wire). According to the previous study, a wire 3 cm in length was selected
as sensor nucleus. Such a wire’s length has associated a relatively high micrometric
sensitivity, and avoids misalignment problems associated to larger sample lengths. In
order to avoid calibration problems due the plant fixing conditions (i.e. magnet axis
misalignment due to irregular surface of the trunk), the sensor response was recalibrated
once fixed in the plant and the sensitivity estimated within the mm range. Previous tests
showed that the value of sensitivity within the millimeter range does not significantly
change with regard the sensitivity measured within the micrometric range (employing the
micrometric screw). Fig. 8b displays the evolution of the sensor response for a three days
cycle. For comparison, the trunk diameter changes measured employing a commercial
LVDT sensor are also displayed. The inset clearly shows the linear relationship between
both sensor signals (slope close to 1) along the analyzed time period. The results clearly
show the possibility to accurately determine the micrometric trunk changes with this

simple and low cost sensor.
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Fig. 8: (a) Non-contact position sensor fixed to the lemon tree; (b) Relative variations of
the trunk diameter measured simultaneously by () the commercial LVDT and (0) the non-contact

position sensor.

4. Conclusions

The analysis of the design of non-contact position technology based on the Giant
Magnetoimpeance (GMI) effect is addressed employing a FeCo soft magnetic amorphous
wire as sensing nucleus. The sensor is based on the changes of the high frequency electric

impedance as a consequence of the effective magnetic field acting on it. In this non-
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contact position configuration a non-uniform magnetic field is generated by a permanent
magnet whose relative position should be determined. The results show that optimum
sensitivity is achieved for wires with a certain critical length, with a slight enhancement
under a single wire configuration in comparison with the sensor response for a long wire
with different voltage contacts along its axis. The complex closure domain structure at
the sample ends is invoked as the main origin of the detected sensitivity enhancement.
Finally, the analyzed position sensor is applied for the detection of the daily micrometric
trunk shrinkage variation in plants for water monitoring purposes. The sensor, attached
to a young lemon tree, is able to monitor the micrometric changes of the trunk diameter
with equivalent sensitivity to a commercial LVDT. The results indicate that this type of
magnetic sensors can be easily implemented in the agricultural sector, providing a low

cost and sensitive detection technique.
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Figure Captions
Fig. 1: (a) GMI ratio as a function of the exciting frequency, f, (current amplitude,

Ipp = 15 mA) and versus Ipp (inset) for a wire 3 cm in length. (b) GMI ratio as a function

of the sample length, L (frequency f = 300 kHz and current amplitude, I, = 15 mA).

Fig. 2: Sensor configuration schedule

Fig. 3: (a) Sensor output voltage (circles), V, and sensitivity (triangles), S, as a
function of the magnet position, x, under both permanent magnet configuration: (0)
rectangular and (®) cylindrical; (/) rectangular and (A) cylindrical (b) Magnetic field
generated by the magnet, Hm, versus the distance x: (1) rectangular and (®) cylindrical.
Inset: Output voltage per unit length V. = V/L, as a function of the axial homogenous
magnetic field, H.

Fig. 4: Sensor output voltage, V, as a function of the magnet position, x, under
both permanent magnet configuration: (o) rectangular and (®) cylindrical (experimental
data); estimated output voltage: (*) n = 1, dashed line n =2, solid line n = 4,

Fig. 5: Sensor output voltage, V, versus the magnet position, x, for (0) the single
sensor element (L = 3 cm) and (V) under the multicontact configuration (L = 12 cm; L
=3cm).

Fig. 6: Sensitivity, S, versus the effective length sensor length, Ler, for the (0)
single wire (Ler, = L) and (V) under the multicontact configuration (L = 12 cm; Ler, = L).
Inset: Sensitivity per unit length, Si, VS Lef.

Fig. 7: Impedance, Z, at x = 3 cm (open symbols) and dc electric resistance, Rqc,
(closed symbols) as a function of the effective length sensor length, Let, for the (0) single

wire (Ler, = L) and (V) under the multicontact configuration (L = 12 cm; Lef, = L¢). Inset:

GMI ratio % (%) Vs Let.
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Fig. 8: (a) Non-contact position sensor fixed to the lemon tree; (b) Relative
variations of the trunk diameter measured simultaneously by (-) the commercial LVDT

and (0) the non-contact position sensor.
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