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Abstract
The main objective of this work was the demonstration of a proof of concept for the determination of
the biometry of a dog, in which a magnetoresistive sensor capable of measuring the signal produced by the
deflection of a magnetic hair was developed.
Two types of sensors (Spin Valve and Magnetic Tunnel Junction) with different typologies (isolated,
in series and in Wheatstone bridge) were produced and characterized, and the sensor used in the final
measurement was the MTJ sensor with 32 pillars in series which presented a zero field sensitivity of 11.1
%/mT and a minimum resistance value of 87.9 kΩ.
Also, the cilia produced was intended to simulate the dog’s hair and a mechanical and magnetic characterization was done for the cilia with and without the NdFeCoB magnetic particles. The addition of the magnetic
particles resulted in a loss of elasticity of the cilia, requiring more force to produce a certain amount of cilia
deflection.
Finally, the magnetic signal produced by the deflection of a human hair with a surface distribution of
magnetic particles was measured. A 10 kΩ resistance variation was obtained for a field variation of ≈ 10Oe.

I.

Introduction

duced by the cilia and sensed by the sensor
changes according to the cilia deflection modifying the sensor resistance, Figure 2.

For a long time that Mankind, through
Search&Rescue operations have been trying to
respond to the need to find and save lives that
are at risk due to disaster situations. In this
scenario, search and rescue dogs were introduced in this type of operations, first recorded
as early as the 1700s [1], because they can take
considerably less time to find the person than
men. But in case the dog’s partner does not understand their reactions and attempts at communication, the success of the mission may fail
[2]. In this way, developing a mechanism that
allows the identification and understanding of
dog biometrics can be crucial, Figure 1.
In this work, the focus was on the fabrication/development of a magnetoresistive sensor
to be integrated with ciliary structures composed of polydimethylsiloxane (PDMS) polymer and NdFeCoB magnetic particles [3] to
mimic the dog’s hair. The magnetic field pro-

Regarding the sensor, the required characteristics are a good sensitivity (to be able to detect
the magnetic signal produced by the cilia structure) and a null-voltage output in the absence
of an external magnetic field (to amplify the
signal without saturating it). For this reason,
an annealing free AlOx MTJ in a Wheatstone
bridge (WB) configuration and integrated into
a single chip (monolithic integration) was develop [9]. Several methods are reported in the
literature for WB sensor fabrication [5], [6], [7],
[8].
With reference to the cilia, it is intended
to produce structures with different aspect ratios (by producing moulds with different thicknesses), elasticity (by changing the polymer
weight ratio concentration) and magnetic particles concentration (including cilia structures
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Figure 1: Description of the problem. (Photo: Reprodução / Veja / Claudia Daut / Reuters)

II.

without magnetic particles). The goal is to
study the influence of these parameters in the
mechanical and magnetic cilia properties.

i.

The use of composite magnets into a soft and
flexible carrier matrix has been introduced in
recent works, namely for tactile sensing. By
merging NdFeB magnetic powder [4] or magnetic nanowires [10] with PDMS, a material
that can be permanently magnetized is generated offering both the advantages of hard
magnetic materials as well as the compliance,
flexibility and minimal weight of a polymer for
a wide of applications.

Device fabrication

Sensors microfabrication

The AlOx MTJ sensor was fabricated in a
cleanroom environment, at INESC-MN [11],
[12].
The final AutoCAD mask used for the microfabrication process included three different
topologies: isolated, series and Wheatstone
bridge MTJ configuration, Figure 3.
To achieve a Wheatstone bridge configuration, two MTJ stack depositions were performed with opposite magnetizations, Figure
4.
For each deposition, a lithography process
was done to define the areas to be deposit
with the same magnetization. The stack
composed of Ta 50Å/Ru 200Å/Ta 50Å/Ru
200Å/Ta 50Å/Ni79 Fe21 60Å/(Co70 Fe30 )80 B20
30Å/Al 7Å/Ox /Al 7Å/Ox /(Co70 Fe30 )80 B20
30Å/Ru 6Å/Ni79 Fe21 30Å/MnIr 180Å/Ru
150Å/Ta 50Åwas deposited using an Ion Beam
Sputtering system (Nordiko3000) with a base
pressure of 6.6 ∗ 10−8 Torr. The Al2 O3 barrier
was formed by depositing a layer of metallic
Al then oxidizing it in a plasma with Ar and
O2 .
Then, after a lithography step, a first etch
was performed to the sample through an Ion
Beam Milling process (Nordiko3000) to define
the active structures and a second etch was
performed to define the pillars with the desired
dimensions (2µmx40µm). During the second

Figure 2: The magnetic field that is produced by the cilium with the magnetic particles changes depending on its deflection being
detected by the magnetoresistive sensor positioned next to the hair through the variation of
its resistance. Copyright [4] c [2017] IEEE.
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Figure 3: Layout of the AutoCAD mask used for the MTJ sensor fabrication.
etch, the stack was etched in two steps with
two different incident angles, Figure 5.
Finally, the metallization process was performed by DC magnetron sputtering in a
Nordiko7000 machine to deposit 3000Åof
Al98.5 Si1.0 Cu0.5 followed by 150Åof TiW for oxidation protection.

ii.

agent was poured into the same cup, stirred
for ≈ 6 minutes and loaded to a desiccator
connected to a vacuum line to remove as many
bubbles as possible. Finally, the PDMS was
drained in the PMMA mould and loaded to an
oven at 70◦ to cure.
To create the PMMA mould, it was used a
milling machine available at INESC-MN, Figure 6.

Ciia production

The magnetized cilia were fabricated by mixing NdFeB magnetic beads (MAGNEQUENCH
MQFP -B+) with 5µm average diameter with
polydimethylsiloxane (PDMS).
First, Sylgard 184 silicone elastomer base was
placed in a cup to determine how many grams
were needed of curing agent. Then, the curing

iii.

Ciia characterization

After its production, one single cilium was
cut with an x-act from the cilia structure and

Figure 5: Schematic of the pillar etch. In the
first etch step, all the stack included in the black
line is etched at 70◦ to ensure a vertical profile
of the barrier and free layer. In the second etch
step, the area defined by the red line is etched
at 40◦ to avoid material redeposition.

Figure 4: 1st and 2nd level of the AutoCAD
mask correponding to opposite magnetizations.
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iii.1

Angle measurement - First method

In the first method, the ImageJ program was
used to measure directly the angle for a cilium
with 2 mm of diameter and 6 mm of height,
Figure 8 a). A schematic of the way how the
angle was measured is shown in Figure 8 b).
iii.2

Angle measurement - Second method

In the second method, the Inkscape program
was used to draw the cilium contour with the
same dimensions, Figure 9 a). By developing
a MatLab code, this contour was converted in
a set of data points for each image, Figure 9
b), and the best circumference was fit to these
data, Figure 9 c).
Afterwards, the semi-angle α was automatically measured for each image by the same
code and subtracted to 90◦ .

Figure 6: Milling machine used for the PMMA
mould fabrication.

iv.

Cilia - magnetic characterization

After the mechanical characterization, it was
produced cilia with different weight ratios concentration of magnetic particles to study their
influence on the magnetic field generated by it.
To measure the Hx and Hz magnetic field
component the setup illustrated in Figure 10
was used.
In this setup, the motor moves the cilium
which is approaching (or moving away) from
the Hall probe. The magnetic field component is measured in the vertical direction to the
Gaussmeter probe. The values were recorded
along with the cilium distance from the probe.

Figure 7: Setup used for the mechanical study
of the PDMS cilium without magnetic particles. The motor controls the vertical motion
of the platform (and consequently the cilium)
against the PJ PRECISA junior 60A scale with
0.001g precision which measure the applied
force through the mass of the cilium.

glued as vertical as possible on a vertically
moveable platform to be done a mechanic
study. The procedure was as follows: a step
motor with 1 µm precision and connected to
an Arduino controlled by a PC through the
LabView program, was controlling the vertical
motion of the platform and cilium against a PJ
PRECISA junior 60A scale with 0.001g precision which was measuring the applied force,
while a fixedly positioned camera was taking a
photo for each increment of the motor, Figure
7. From these images, the angle of the cilium
was measured using two different methods.

III.
i.

Sensor results and cilia
characterization

MTJ final sensor

After the magnetotransport characterization
of the three different sensor topologies (isolated, series and Wheatstone bridge), the sensor chosen to be used in the final device was
the 32 MTJ in series whose magnetotransport
curve is presented in Figure 11.
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(a)

(b)

Figure 8: First method used to measure the angle deflection of the cilium: a) By using the
ImageJ program, a direct angle measurement was done for each photo took by the camera and b)
Schematic of the way the angle is measured by using a horizontal reference line from the top of
the cilium and drawing a line joining the top and bottom midpoint of the cilium.

(a)

(b)

(c)

Figure 9: Second method used to measure the angle deflection of the cilium: a) By using the
Inkscape program, the cilium contour was drawn and b) this contour image was converted to a
set of data points (by developing a MatLab code) and c) the best circumference that fit the data
points was drawn.

ii. Cilia without embedded NdFeCoB
magnetic particles- Mechanical characterization

ii.1

Angle measurement - First method

The results for the angle versus the applied
force, using the first method, are shown in Figure 12. It is seen that for small forces (until ≈
10 mN), the cilium presents a linear deformation. For intermediate forces, until ≈ 30 mN,
the deformation continues to be linear increasing the sensitivity. From this force upwards,
the cilium starts to saturate its deformation.
Still, with the increase of the applied force, af-

Using the setup and the procedure described
previously, a mechanical study was performed
for a cilium with 2 mm of diameter, 6 mm of
height and without magnetic particles.
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Figure 10: Setup used for the magnetic cilia
characterization. The cilium which is glued
to a horizontal moveable PMMA piece is approaching (or moving away) from the Hall
probe which measures the vertical component
of the magnetic field generated by the cilium.
The magnetic field value is obtained through
the Gaussmeter display.

Figure 12: Experimental results for the cilium angle deflection (measured using the first
method) versus the applied force for a cilium
with 2mmx6mm and without magnetic particles.
therefore, this was the chosen method for future calculations.

iii. Cilia with embedded NdFeCoB
magnetic particles - mechanical characterization
The next step was to add the magnetic particles with 10% weight ratio. The setup used was
the same and the angle was measured using
the ImageJ program. The results obtained are

Figure 11: Magnetotransport curve measured
for the 32 MTJ’s in series sensor.
ter saturation, the cilium structure does not
break.
ii.2

Angle measurement - Second method

Considering the second method, the results
obtained for the angle versus the applied force
are presented in Figure 13.
Comparing the two methods, the most reliable results are given by the first method,

Figure 13: Experimental results for the cilium
angle deflection (measured using the second
method) versus the applied force for a cilium
with 2mmx6mm and without magnetic particles.
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shown in Figure 14.
The addition of magnetic particles to the
PDMS cilia makes them lose its elastic behaviour and more force is required to produce
a deformation comparing to the cilia structure
without magnetic particles.

and 20%) is similar, changing only the absolute value of the field at each point. For 10%
of magnetic particles concentration, the maximum field achieved is in the order of 1Oe for
Hx component and 3Oe for Hz component. In
the case of 20% concentration, the values increase up to 2Oe for Hx and 6Oe in the case
of Hz . As would be expected by increasing
the magnetic particle concentration the value
of the field produced by them also increases
proportionally.
According to the results obtained for the
MR sensors, these values are expected to be
high enough to be detected by the MR sensors.
However, it was only possible to perform one
test in which a human hair, instead of the cilia,
was used.

iv. Cilia with 10 % of magnetic particles weight ratio - magnetic characterization
Afterwards, it was performed a magnetic
study for a cilium with 1.5 mm of diameter and
4 mm of height, using the setup and the procedure described before. A first measurement
was done for a cilium with 10% of magnetic
particle weight ratio, Figure 15.

IV.

v. Cilia with 20 % of magnetic particles weight ratio - magnetic characterization

i.

Final Device

MTJ sensor and magnetized hair

At last, the final device composed by the
MR sensor and a magnetized human hair was
mounted in a chip carrier, Figure 17. The hair
along with the magnetic particles were magnetized in a magnet with 0.8T and glued over the
sensor.
After the assembly of the final device, the
setup presented in Figure 18 was used to measure the resistance signal versus the hair deformation angle.
The procedure performed previously was
repeated in this measurement. For each step
of the motor, an image of the hair was taken,
Figure 19. The hair deformation angle was
measured using the ImageJ program. The resistance value of the sensor obtained with a
multimeter was registered.
The results are presented in Figure 20 (right).
It is observed that starting from the hair in
the vertical position (90◦ ) and approaching the
hair to the sensor (decreasing the angle), the
resistance value of the sensor decreases until an angle of approximately 45◦ is achieved.
From this angle down, the resistance value
starts increasing again and observing the sensor transfer curve, Figure 20 (left), it is possible

The measurements were repeated for 20% of
magnetic particle weight ratio, Figure 16.
As can be seen from the results obtained, the
behaviour of the curves for both cases (10%

Figure 14: Experimental results for the cilium angle deflection (measured using the first
method) versus the applied force for a cilium
with 2mmx6mm and 10% of magnetic particles
weight concentration.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 15: Magnetic field components produced by a cilium with 1,5mmx4mm and 10% of
magnetic particles weight ratio: a) Hx (x), b) Hx (y), c) Hx (z), d) Hz (x), e) Hz (y) and f) Hz (z).

Figure 16: Magnetic field components produced by a cilium with 1.5mmx4mm and 20% of
magnetic particles weight ratio: a) Hx (x), b) Hx (y), c) Hx (z), d) Hz (x), e) Hz (y) and f) Hz (z).

8

(a)

(b)

Figure 17: a) Chip carrier with the 32 MTJ
series sensor and the magnetized human hair
and b) Microscope image of the sensor with
the hair.

Figure 20: Transfer curve of the 32 MTJ series
sensor used as the final sensor to detect the
hair deflection (left) and experimental results
for the sensor resistance signal versus the hair
deformation angle (right). The minimum resistance value occurs for α = 45◦ .
Considering the magnetic dipole model,
Equation 1, a numerical analysis was performed to observe the influence of the angle
magnetization in the magnetic field produced
in the sensor, Figure 21.
The results presented in Figure 4.22 show
that for a given distance its magnetic field
presents a maximum value for a certain angle α which is according to the angle obtained
for the minimum resistance of the sensor.

Figure 18: Setup used for the final device characterization. The motor controls the horizontal PMMA piece movement against the hair
deflecting it. A smaller magnet was used to
prevent the hair from wilting. The resistance
value was obtained using a multimeter.

V.

Conclusions

The goal of this work was to develop a sensor
capable of detecting hair deflections to study
the biometrics of dogs for search and rescue
operations.
An MTJ sensor with three distinct topologies
was produced and characterized being the 32
MTJ’s in series used for the final device since
the bridge presented a high offset voltage and
the 32 MTJ’s in series presented a greater sensitivity.
After the cilia fabrication, it was done a mechanical study (with and without magnetic
particles incorporated). The results showed
that the addition of magnetic particles make
the cilia lose some of their elastic behaviours
being the cilia more likely to break with the
force increased. Furthermore, for the magnetic
characterization it was shown that the field produced by the cilia was linearly dependent of
the magnetic particles concentration.

Figure 19: The horizontal PMMA piece movement produces an angle deformation in the
hair changing the magnetic field produced by
the magnetic particles and sensed by the sensor.
The resistance values are obtained through a
multimeter and the angle deformation is measured using the ImageJ program.
to note that this corresponds to an inversion
in the magnetic field. This means that the sensitive magnetic component has at this angle a
maximum/minimum value.
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