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A B S T R A C T   

The nonlinear giant magnetoimpedance (GMI) effect was explored as a highly sensitive sensing technology in 3D- 
printed magnetic encoded systems. Magnetic nanoparticles with low (magnetite, Fe3O4) and high (Co ferrite, 
Co0.7Fe2.3O4) magnetic remanence were embedded (10 wt%) in a polymeric matrix of Polylactic Acid (PLA) and 
Poly-ε-caprolactone (PCL) and extruded in magnetic filaments to be 3D printed by the Fused Deposition 
Modelling technique (FDM). Two different geometries were constructed namely, individual magnetic strips and 
fixed barcoded pieces. The stray magnetic fields generated by the magnetic nanoparticles were detected through 
the non-linear (second harmonic) GMI voltage using a soft magnetic CoFeSiB wire as the nucleus sensor. The 
decoding response was analyzed as a function of the magnetization remanence of the nanoparticles, the distance 
between the individual magnetic strips, and the position (height) of the GMI decoding sensor. It has been shown 
that modification of the net magnetization direction of each individual fixed strip within the barcode geometry is 
possible through the application of local external magnetic fields. This possibility improves the versatility of the 
3D binary encoding system by adding an additional state (0 without nanoparticles, 1 or − 1 depending on the 
relative orientation of the net magnetization along the strips) during the codifying procedure.   

1. Introduction 

Magnetic materials display an outstanding role in the development 
and implementation of novel technologies [1, 2]. A clear example is 
their broad applicability in different technological fields such as con-
sumer electronics, information storage, sensing, smart devices, energy 
conversion, etc. [3–7]. This wide range of applications requires the 
parallel development of novel fabrication procedures to satisfy the 
increasingly demanding requirements of new technologies. Further-
more, it becomes relevant the development of adequate manufacturing 
procedures that permit the design of complex geometries [8], precise 
control of structures at micro or nanometric scale [2], or the production 
of multifunctional materials with an optimized combination of me-
chanical and physical properties [9]. In this sense, some of the most 
commonly employed manufacturing processes, namely, injection 
molding [10, 11], casting [12, 13], and compaction [14] exhibit some 
limitations related to the energy consumption, necessity of 
post-manufacturing machining, complex geometries, expensive 

production techniques, or generation of waste materials, [8, 15, 16]. 
Thus, to overcome these constraints, the development of new 
manufacturing strategies to satisfy these demanding requirements is 
critical. 

Additive Manufacturing (AM) has lately gained relevance in the 
design of novel (magnetic) materials due to its versatility [15], which 
relies on the possibility of high flexibility self-custom designs, rapid 
prototyping of complex geometries, and the combination of different 
materials, enabling the obtention of structures with unprecedented 
complexity and functionality [8, 17, 18]. This technology is able to 
produce 3D objects from an initial digital design by the deposition of 
successive printed layers [19]. Thus, AM is currently used in various 
technological sectors such as aerospace, biomedical, automotive, elec-
tronic devices, robotics, energy, etc. [9, 20-24]. Different techniques can 
be found within Additive Manufacturing techniques. Among them, 
Fusion Deposition Modeling (FDM) is one of the most utilized [25]. It 
consists of the injection of a molten polymer-based filament through a 
nozzle, by following a predetermined trajectory and forming 
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layer-by-layer the designed manufactured object geometry [25, 26]. The 
incorporation of active materials to the polymer-based filament, i.e. 
with magnetic properties, enables the manufacturing of complex 
multifunctional devices. 

In a previous work, a proof of concept was demonstrated for the 
encoding-decoding of 3D printed information using the FDM technique. 
[27]. This procedure is based on the detection of the stray magnetic 
fields generated by the embedded magnetic nanoparticles (MNPs) 
employing the Giant Magnetoimpedance (GMI) effect [28]. However, 
further studies are required to comprehend and optimize the 
encoding-decoding procedure. Thus, in this work, the optimization of 
the device is approached from a double perspective. First, through the 
improvement of the detection sensitivity utilizing the non-linear (second 
harmonic, V2f) components of the GMI voltage [29] in an optimized 
CoFeSiB amorphous wire. Secondly, through the appropriate selection 
of the embedded MNPs (magnetite or Co ferrite) and the configuration of 
the magnetic bands. Besides, the control of the net magnetization of each 
individual magnetic strip by local magnetic fields enlarges the binary 
coding capacity of the system. In this scenario, the proposed coded 
system can be integrated into the manufacturing process of the piece 
from the initial design stage, resulting in a one-step method. The 
embedded code hinders unauthorized replicas of the product, at the time 
that its decoding would enable, under a contactless procedure and 
without compromising their appearance, the 3D object identification 
(serial number, manufacturer…), recognition (owner data), location, 
and the provision of permissions to let or deny the execution of further 
specific actions (logistic, parcel delivery, etc), among others. Finally, the 
code can be incorporated in a wide range of 3D objects even with curved 
surfaces [30]. 

2. Materials and methods 

2.1. MNPs: synthesis, structural and magnetic characterization 

Commercial magnetite, Fe3O4, (50–100 nm Sigma Aldrich, 637106), 
and Co Ferrite (Co0.7Fe2.3O4) nanoparticles synthesized by thermal 
decomposition of metal-organic precursors [31], were employed. Both 
samples display the characteristic X-ray diffractograms of a spinel 
structure (Bruker D8 ADVANCE diffractometer Fd-3 m, JPCDS nº 
89–0691) with no trace of secondary phases. The crystallite sizes of the 
synthesized Co ferrite MNPs were estimated at around 21 ± 1 nm from 
the 400 diffraction peak (see Fig. S1) by means of Scherreŕs equation. 
The magnetic response of both MNPs was characterized by a homemade 
Vibrating-sample magnetometer (VSM) under a maximum applied field 
of 1.5 T at room temperature. As expected, from its high magneto-
crystalline anisotropy, Co ferrite nanoparticles display higher magneti-
zation at the remanent state (∼26 emu/g) compared to commercial 
magnetite particles (∼5 emu/g). Besides, the hard magnetic nature of 
the Co ferrite is also reflected in the high coercive field values (see 
Fig. S2). 

2.2. Fabrication of 3D printable filaments and pieces printing 

Two different types of 3D printable magnetic filaments were pro-
duced employing both Fe3O4 and Co ferrite MNPs. To manufacture these 
filaments, the solution casting method was used [26]. Specifically, a 
concentration of 10 wt% of MNPs was embedded into a polymeric ma-
trix composed of 90% Poly-ε-caprolactone (PCL) and 10% of Polylactic 
Acid (PLA). As a result, a precursor composite with a foam texture was 
obtained. The final 3D magnetic filaments were obtained by the extru-
sion (FelFil Evo extruder) of the precursor foams at a temperature of 80 
ºC. A more detailed explanation of the whole process can be found in 
[27]. Prepared filaments were analogously magnetically characterized 
through the VSM. Table 1 summarizes the characteristic magnetic pa-
rameters for both initial MNPs and the 3D printable magnetic filaments 
(see Fig. S2 and Fig. S3). A decrease in the net magnetization of the 

filaments was found with respect to the initial MNPs due to the dimi-
nution of the magnetic fraction. The ratio between the saturation 
magnetization in both analyzed cases (MS

MNPs/MS
filament) is close to the 

nominal MNPs concentration (10 wt%). Negligible changes in the co-
ercive field values, HC, were detected in the extruded filaments indi-
cating the absence of remarkable changes in the interparticle magnetic 
interactions after extrusion. Once again, higher remanence was found in 
the Co ferrite-based filament compared to the pure magnetite-based 
filament. 

Then, using the FDM technique, both filaments were employed to 
design 3D-printed pieces. In particular, two different geometries were 
fabricated, on the one hand, individual magnetic strips (3D printer 
Sidewinder x1) consisting of independently printed rectangular bars 
10 mm long, 1.5 mm wide, and 1 mm thick (Fig. 1a). This configuration 
allowed the modification of the distance, d, between the magnetic 
bands, from 1 to 9 mm. On the other hand, fixed barcodes (3D Raise 3D 
E2 printer with two print heads) made up of 6 strips with an alternating 
pattern of polymeric (state “0”, 10 ×3×1 mm) and magnetic bands (“ 1” 
or state “− 1′′, 10 ×2×1 mm). The width of the polymeric strips co-
incides with the fixed spacing distance (d = 3 mm) between magnetic 
bars (Fig. 1b). An example of each type of piece using the Co ferrite- 
based and magnetite-based filaments is shown in Fig. 1a and Fig. 1b, 
respectively. Analogous individual strips and barcoded pieces were also 
printed using the counterpart filament. 

The Co ferrite printed pieces were initially pre-magnetized using an 
external magnetic field of 0.5 T (electromagnet Applied Magnetics 
Laboratory, 4H2 – 45) along the strip axis. The hard magnetic response 
of the embedded MNPs led to a constant remanence value with no time 
evolution. In contrast, the relaxation effects observed in pure magnetite 
MNPs allowed the analysis in two different situations, as-printed state 
and immediately after the application of a pre-magnetizing field of 
0.1 T. Anyway, all scans were performed in the absence of any external 
magnetic field. 

2.3. Comparison of first and second harmonic GMI voltages response 

The decoding process is based on the detection of the stray magnetic 

Table 1 
Characteristic magnetic parameters for both initial MNPs and fabricated 3D 
printable magnetic filaments. Concretely, the coercive field HC, saturation 
magnetization, MS, and magnetization at the remanent state, Mr, are shown.    

HC (Oe) Ms (emu/g) Mr (emu/g) MS
MNPs/ 

MS
filament 

Fe3O4 MNPs 125 78.5 5.0 0.08 
Filament 125 6.5 0.45  

Co ferrite MNPs 610 80.5 26.0 0.13 
Filament 610 10.5 4.1   

Fig. 1. 3D printed pieces: a) Co ferrite MNPs individual strips and b) magnetite 
6 strips barcoded piece. Analogous pieces to those shown in a) and b) were 
printed for magnetite and Co ferrite MNPs respectively. 
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fields associated with the MNP embedded in the printed strips. A soft 
magnetic amorphous wire (Co0.94Fe0.06)72.5Si12.5B15 obtained by the “in- 
rotating-water-quenching” [32] technique was used as a nucleus sensor. 
Similarly to [27], a 5 cm in-length piece was submitted to a 
thermal-torsional treatment (t = 5 min, j = 19.5 A/mm2 and torsional 
strain ξ= 10π rad/m) to improve its response in the low magnetic field 
region and enhance the non-linear terms (second harmonic), by 
inducing a helical anisotropy on the sample [33]. A piece of 10 mm was 
cut and fixed to a squared glass cover (side 15 mm and 0.2 mm in 
thickness) to ease its handling. As shown in [27], the optimal exciting 
conditions were found at a frequency of f= 100 kHz and peak-to-peak 
current intensity, Ipp= 20 mA. These conditions remained unaltered 
throughout the whole study. 

Then, the detection capacities of the first, V1f , and second harmonic 
GMI voltage, V2f , were compared under the same experimental condi-
tions. Both voltage variations, Vif ; i = 1, 2, were registered along 
successive scans performed over the piece shown in Fig. 1a containing 
Co ferrite MNPs with higher remanence (data available in the supple-
mentary section, Fig. S4). The sensor was located over a height 
z = 0.3 mm of the top piece surface to avoid physical contact between 
both elements and aligned in parallel to the individual magnetic strips 
axis along the x – direction. The scans along the y – direction were 
controlled through an adapted commercial 3D printer motor (Artillery 
Sidewinder x1) and LabView 2014 was employed both for the piece 
scanning and the acquisition of the harmonic voltage values, Vif , 
through the commercial lock-in amplifier (Stanford Research Systems 
SR 844) under a voltage divider configuration. To compare both GMI 
voltage signals, their experimented relative variations were calculated 
by the expression ΔVif =

Vif (y)− Vifmin
Vifmin

x100 where Vif(y) is the voltage 
value at each y position and Vifmin represents the lowest voltage value 
registered in each scan. Fig. 2 shows the evolution of ΔVif as a function 
of the scanning distance, y, where the location and dimensions of the 
magnetic strips were drawn in grey. As previously reported [34], an 
enhanced response of V2f was found (higher voltage variations under the 
effect of the magnetic field generated by the MNPs in the strips). 

In view of the previous results, homemade electronics for the signal 
conditioning of V2f was implemented in the final decoder system. The 
designed sensor interface is based on a “double phase lock-in amplifier” 
scheme, with an equivalent architecture to that described in [34]. The 
principle of operation relies on the employment of a two-phase fre-
quency divider to generate two 200 kHz square signals with 90◦ of phase 
difference. One of the signals was used as a reference signal by the 
“implemented lock-in amplifier”. The other signal was again 
frequency-divided an integrated to generate a triangular signal under 

GMI optimal conditions. This signal excited the sensor, which was sit-
uated in the feedback loop of a transimpedance amplifier to assure an 
intermediate output voltage signal linear with the sensor impedance 
variations. Finally, the implemented “two-phase lock-in amplifier” 
provides two output DC voltages which were proportional to the phase 
and quadrature components of the second harmonic voltage respec-
tively, whose root mean square permitted to obtain the final output 
signal V2fout. 

A characterization under controlled conditions was first addressed to 
calibrate the decoder system. So, the DC output signal, V2fout, was 
evaluated (multimeter HP34401A) as a function of the magnetic field 
generated by the Helmholtz coils. As the inset of Fig. 3a shows, the 
largest sensitivity (slope of the curve) was found between − 260 and 
260 A/m, although, a reduction of the sensor sensitivity was noticed 
around the zero magnetic field region. So, a bias magnetic field close to 
150 A/m (V2fout ∼2.8 V) was applied to set the sensor operation point 
beyond that region (see the arrow in Fig. 3). It must be pointed out that 
the bias magnetic field was not strong enough to cause any change in the 
MNPs magnetization during the detection (scans) procedure (see Fig. S2 
and S3). More interestingly, a linear behavior of the output signal 
characterizes the interval 140–170 A/m (2.7–3.1 V, see red line in 
Fig. 3) enabling the estimation of the device sensitivity in this range, i.e. 
0.75 V/Am− 1 (or 55 V/Oe). It must be remarked that a noticeable 
increment in sensitivity was achieved for V2f compared with the value 
2 × 10− 3 V/Am− 1 (or 0.16 V/Oe) found in [27] employing V1f . The 
increase in sensitivity (two orders of magnitude) facilitated the detec-
tion of lower amounts of embedded MNPs, allowing a reduction in the 
dimensions of the codified pieces. Moreover, the selected operation 
point enabled to discriminate the direction of the stray magnetic field to 
be sensed since magnetic fields along the direction of the bias field 
resulted in V2fout increment and vice versa. 

After calibration, all printed pieces were scanned to study the in-
fluence in the decoding process of three main parameters, in order: i) the 
effect of decreasing the distance d, between individual magnetic strips, 
ii) the effect of increasing the height z (in both cases using the individual 
magnetic strip configuration); and iii) the feasibility of local and indi-
vidual manipulation of the strips’ magnetization direction (barcoded 
pieces) by the effect of a permanent magnet. In this last case, cylindrical 
ferrite magnet (0.1 T, 5 mm long, and 5 mm in diameter) for magnetite 
and NdFeB (0.4 T, 10 mm long, and 6 mm in diameter) for Co ferrite 
MNPs were used. Their magnetic field strengths were measured close to 
their surface. Although a decay in their strength occurred along the strip 
length, the magnetic field was strong enough to saturate the MNPs in the 
whole strip. All scans were performed as previously described, but 
incorporating the electronic interface for the excitation and signal 
conditioning of the sensor. It must be remarked that all pre-magnetizing 
fields were applied before the scanning of the pieces, being the scans 
performed in absence of a magnetic field (except the low-strength bias 
magnetic field for setting the sensor in the appropriate operation range). 

3. Results and discussion 

3.1. Effect of varying distance between individual magnetic strips 

Fig. 4 shows the variation in the decoder output signal, V2fout, as a 
function of the sensor position, y, under the two strips geometry (Fig. 1a) 
for both MNPs. Whereas for magnetite MNPs it is not necessary to pre- 
magnetize the coding strips, allowing their analysis in the as-printed 
state, Co ferrite particles required a previous pre-magnetization. 
Firstly, the largest distance between individual magnetic strips was 
analyzed, d = 7 mm and 9 mm for the as-printed Fe3O4 and Co ferrite, 
respectively (two grey bars in Fig. 4). Clear peaks centered at the strip 
positions were detected with an equivalent decrease of V2fout at both 
sides of the maxima. This fact indicates a symmetric distribution of the 
stray magnetic field around the strips, revealing that the embedded 
MNPs would not magnetically interact due to the large distance between 

Fig. 2. Relative variation of the first, V1f, and second V2f, harmonic voltage 
versus sensor position, y. The scanned piece was formed by two magnetic strips 
embedded with Co ferrite MNPs separated d = 3 mm. 
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the analyzed strips. The shown distances (7 and 9 mm) are the lowest 
that respectively fulfill this characteristic. 

Then, successive scans were performed by sequentially approaching 
the second magnetic strip towards the initial fixed one. As d was 
reduced, the difference between the first voltage peak maximum and the 
minimum between magnetic strips, ΔV, decreased (see Fig. 4), reflecting 
the presence of an increasing magnetic field between the magnetic el-
ements [27]. This process was repeated until the lowest distance where 
both strips could be independently detected through a voltage minimum 
at the middle distance between the strips. This situation is represented 
by the pale bar in Fig. 4 and corresponded to d = 1 mm for the as-printed 
magnetite-based and d = 2 mm for Co ferrite-based MNPs. It must be 
mentioned that all examined cases showed higher V2fout variations in the 
Co ferrite based piece as a consequence of the strongest magnetic field 
generated by these nanoparticles. 

The trend of ΔV is summarized in Fig. 5. A general decay was 
observed as the strips got closer (decreasing d) in such a way that the 
higher the magnetization in the strips the faster the decay. This trend 
may be the consequence of i) just the overlapping of the two detection 
peaks (algebraic sum of the magnetic field generated by each strip) 
when d was diminished or ii) its combined effect with magnetic 

Fig. 3. (a) Variation of the electronic sensor interface output signal, V2fout, versus the applied magnetic field H generated by Helmholtz coils in the operation region 
of the device. Inset. Complete calibration curve of the decoder system. (b) Schematics of the designed homemade electronics for the GMI sensor signal condition-
ing [27]. 

Fig. 4. Variation of the decoder output signal, V2fout, versus sensor position, y, 
for extremal distances between individual magnetic strips in (a) as-printed 
magnetite and (b) Co ferrite-based pieces. The clearer bar represents the posi-
tions of the second magnetic bar for the lowest distance. In the dashed line the 
sum peak results from the addition between the initial detection peak and the 
second one (measured at extremal distances) after being mathematically 
translated to the lowest experimental analyzed distance. 

Fig. 5. Variation of the amplitude ΔV in the low distance, d, region for 
magnetite and Co ferrite MNPs based pieces. Inset: ΔV evolution in the whole 
range of analyzed distances. 
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interactions between strips. To elucidate this point, the second detection 
peak (maximum scanned distance), was fitted to a Gaussian function 
(although not physically realistic, this simple function was used as a 
rough approximation and only for illustration). The fitted peak was 
(mathematically) shifted towards the first strip peak (see dash peak in 
Fig. 4a and b) to simulate the lowest experimental distance measured 
situation. As can be deduced from Fig. 4, for the low remanence case, 
mutual interactions can be disregarded and the experimental sensor 
response is equivalent to the peak voltage sum. However, for the MNPs 
with higher remanence, the magnetostatic interactions modify the peak 
profile, leading to the occurrence of two peaks centered at the strip lo-
cations, instead of the single peak of the overlapping sum peak. Hence, 
the interaction between magnetic strips (actually the embedded Co 
ferrite MNPs) cannot be excluded. 

As previously indicated, unlike Co ferrite MNPs, magnetite as- 
printed strips were detected without the necessity of applying a pre- 
magnetization field. Even in this situation, narrower detection peaks 
were found enabling a more localized strip detection. The magnetization 
(0.1 T) of the magnetite strips gave rise to a better definition of the 
signal peaks and a decrease in the peak widths. In fact, as Fig. 5 shows, 
ΔV displayed a remarkable increase after magnetizing the magnetic 
strips. 

3.2. Effect of height on decoding stage 

3D printing makes it possible to hide encoded information on a de-
vice by using a polymer top layer (thickness z) to cover the active ma-
terial. Then, non-contact decoding processes using GMI magnetic 
sensors require the analysis of the detection efficiency as a function of 
the distance z between the active material and the sensor core. The study 
was performed in the most restrictive conditions, (d = 1 mm and d =
2 mm for as-printed magnetite and Co ferrite particles, respectively, 
Fig. 1a). As an example, Fig. 6a displays the output voltage at different z 
in the case of Co ferrite particles. As z increases a progressive decrease of 
ΔV was found. It is interesting to note that for large z, the sensor’s lack of 
resolution led to a flat region, ΔV = 0, between magnetic strips. A 
similar behaviour was observed for as-printed magnetite particles (see 
Fig. S6) ) but larger ΔV values were observed in Co ferrites MNPs at 
equivalent heights (Fig. 6b). This result should be linked to the higher 
remanence of Co ferrite MNPs (higher stray magnetic fields). Specif-
ically, magnetite strips were detected up to z = 0.6 mm, while Co ferrite 
strips were detected until z = 1.1 mm. The larger interval available in 
the high remanence Co ferrite MNPs makes them more suitable for sit-
uations where considerable distances are required between the sensing 
element and the magnetic code. 

3.3. Effect of magnetization reversal in barcoded pieces 

Finally, the fixed barcoded pieces (geometry displayed in Fig. 1b) 
were employed to analyze the feasibility of manipulation of the net 
strips’ magnetization direction and thus the possibility to increase the 
coding capability. Among other aspects, the possibility of the local and 
individual reversing process of the magnetization direction in each strip 
was addressed through the application of external magnetic fields 
generated by permanent magnets, concretely, a ferrite (0.1 T, 5 mm in 
length and 5 mm in diameter) and NdFeB magnet (0.4 T, 10 mm in 
length and 6 mm in diameter) for Fe3O4 and Co ferrite barcoded pieces, 
respectively. In both cases, the magnet was located at the beginning of 
each magnetic strip (x ≈ 0, see Fig. 1b) generating the magnetic field 
along the x- direction. 

3.3.1. Fe3O4 MNPs 
Fig. 7a shows the scanned voltage V2fout for the magnetite piece in the 

as-printed state and after being pre-magnetized. The presence of two 
minima and maximum peaks in the position of the magnetic strips de-
notes a random direction of the net strip magnetization in the as-printed 

state. The subsequently controlled pre-magnetization (applied field in 
the same direction) caused the appearance of three minima (Fig. 7a). 
These results corroborate the capacity to reverse the net magnetization 
of the magnetic strips through the application of an external magnetic 
field. Furthermore, as previously found in the former configuration, the 
pre-magnetization induces an increase in ΔV (see Fig. 7a) respecting the 
as-printed state. However, due to the superparamagnetic nature of a 
fraction of Fe3O4 MNPs, the occurrence of relaxation effects cannot be 
disregarded. In fact, once the pre-magnetization field was eliminated (t 
= 0), ΔV described a clear temporal evolution (Fig. 7b) observing a 
decay for t ≤ 10 min, followed by a stabilization at longer times. Notice 
that the measurements in the printed strips are taken immediately after 
removing the pre-magnetizing field (t ≈ 0). These relaxation effects can 
be considered detrimental for encoding and/or detection but the final 
stabilized state (t > > 10 min, i.e. Fe3O4 MNPs in remanence) permitted 
the strip detection in similar conditions than in the as-printed state (see 
Fig. 7a and Fig. S7). 

In our previous work [27], the printed bands were employed as a 
binary encoding system, that is, "1" and "0" states where the direction of 
magnetization within the strip was disregarded. However, the possibil-
ity to separately pre-magnetize each strip would allow the incorporation 
into the encoding process of the "− 1" state associated with a specific 
direction of magnetization along the printed magnetic band. Hence, the 
initial encoding state displayed in Fig. 8 (three maxima) was locally 
changed by reverting the magnetization direction of the central mag-
netic strip. The presence of a single minimum at this strip position 
(Fig. 8) confirms the successful incorporation of the “− 1′′ state. This 
outcome allows increasing the volume of information that can be stored 
in a given geometry, at the time that confers to the barcode the capacity 

Fig. 6. Evolution of amplitude ΔV with the height, z, for the magnetite and Co 
ferrite piece. 
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of becoming programmable and reusable. Local reversal of the direction 
of magnetization of the end strips is equally feasible (Fig. S8). 

3.3.2. Co0.7Fe2.3O4 MNPs 
In a parallel way, the same analysis was carried out with the high- 

remanence Co ferrite MNPs. The higher coercivity of Co ferrite MNPs 
(see Table 1) requires the application of stronger magnetic fields to 
manipulate the direction of magnetization (NdFeB cylindrical magnet). 
As Fig. 9 shows, the controlled reversal of the magnetization direction of 
the strips was also demonstrated. As an example, the change in 
magnetization of the central magnetic strip is shown, although all other 
combinations were also tested (Fig. S 9). 

Although both systems allow versatile ad-hoc modifiable coding 
which can be read in absence of an externally applied magnetic field, 
some relevant differences can be highlighted. In particular, the piece 
based on Co ferrite did not show any time evolution and experienced 
higher amplitudes after magnetization reversal, although at the expense 
of a noticeable broadening of the detection peaks with respect to the 
starting configuration. This points towards a more complex inversion 
process (use of rare-earth-based magnets) than in the case of magnetite 
particles, resulting in a more delocalized detection of the strip position, 
requiring larger distances between adjacent strips for their independent 
detection. 

In summary, it can be concluded that magnetite-based strips show a 
better encode-decode response due to: i) the state can be detected even 
in the absence of pre-magnetization (ready-to-use), ii) narrower detec-
tion peaks were observed facilitating spatially localized detection, and 
iii) a simpler manipulation of the magnetization direction, not requiring 
rare earth magnets. Successful control of the magnetization direction is 
compulsory to improve the coded-decoded system through the incor-
poration of the “− 1′′ state. Specifically, the amount of combinations 
that can be implemented in the three-state coded element is increased in 
a factor (3/2)N (where N is the number of pieces of the barcode) 
compared to a two-state or binary codification system [35]. In these 
terms, the output state will be determined by dividing the total voltage 
swing of the sensor into three different regions, in turn, separated by two 
threshold voltages. Hence, the upper region will be defined around the 
voltage maxima (V1), corresponding to “1′′. Similarly, the lower region 
around the voltage minima (V− 1) will be associated with “− 1′′, and 
finally the middle region centered at the intermediate voltage, V0, will 
be assigned to “0”. To start the decoding process an initial “1′′ state is 
considered. From its center, the GMI sensor is displaced until the central 
region of the next strip, where the output voltage signal is measured and 
compared with the threshold values to determine the bar state. This 
process is repeated until the total scanning of the embedded code. To 
minimize decoding errors, both threshold voltages must be properly set 
to define optimal confidence intervals, which may depend on the 
different strip features (dimensions, concentration and type of MNPs, 

Fig. 7. (a) Variation of the decoder output signal, V2fout, versus sensor position, 
y, for the as-printed magnetite piece and just after being magnetized ( 0.1 T). 
(b) Temporal dependence of ΔV. 

Fig. 8. Evolution of V2fout versus sensor position, y, for a commom magneti-
zation direction on all magnetite constituent magnetic strips and after locally 
reversing the magnetization direction of the central magnetic strip upon the 
application of the magnetic field 0.1 T. In both cases, the magnetic field was 
generated by a ferrite magnet. 

Fig. 9. Evolution of V2fout versus sensor position, y, for commom magnetizatin 
direction on all Co ferrite constituent magnetic strips and after locally reversing 
the magnetization direction of the central magnetic strip upon the application 
of the magnetic field 0.4 T. In both cases, the magnetic field was generated by a 
NdFeB magnet. Note the different scales utilized in this figure. 
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etc). Additionally, the manipulation of the magnetization direction also 
provides tunability and reusability since the code can be magnetically 
reprogrammed, hindering the information reading by an unauthorized 
receiver, although still no possible modification of the state “0” can be 
performed. Finally, the availability of commercial magnetite particles 
makes them more suitable for additive manufacturing (3D printing) at 
the industrial level. 

4. Conclusions 

The nonlinear GMI effect has been explored for the detection and 
decoding of encoded magnetic information in 3D-printed polymeric 
barcodes. Two different geometries were printed from 3D filaments with 
low (magnetite) and high (co-ferrite) magnetic remanence nano-
particles. In both cases, the manipulability of the encoding through 
external magnetic fields was analyzed. 

The best detection capability of the second harmonic has been 
demonstrated by direct comparison with the fundamental under the 
same experimental conditions (simple voltage divider configuration). 
The better performance is reflected in the fact that pieces with a lower 
amount of MNP can be used. 

Magnetite nanoparticles can be detected without pre-magnetization. 
In addition, they show sharper detection peaks that allow individualized 
detection of strips at lower separation distances. The incorporation of 
the "− 1" state required a simpler manipulation of the direction of 
magnetization process and with narrower detection peaks allowing to 
increase the amount of information stored and its reprogrammability. 

On the contrary, Co ferrite MNPs require a pre-magnetization stage, 
although their higher remanence favors their detection at greater dis-
tances, which could be of interest in certain specific applications where 
the sensor-bar code distance cannot be properly reduced. 

These properties, together with the possibility of magnetic 
programmability of the barcode, result in a versatile, reusable, and 
tunable encoding-decoding process. 
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[33] C. Gómez-Polo, M. Vázquez, and M. Knobel, Rotational giant magnetoimpedance 
in soft magnetic wires: Modelization through Fourier harmonic contribution, Appl. 
Phys. Lett., vol. 78, no. 2, Art. no. 2, Jan. 2001, doi: 10.1063/1.1336814. 
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