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Abstract

A proof-of-concept accelerometer for ultra-low and low-frequency vibration sensing is presented. The device integrates
a high-sensitivity Giant Magnetoimpedance (GMI) sensor with a 3D-printed magnetized resonant structure, based on the
low Young’s modulus of polymers and the geometric versatility of additive manufacturing to explore its potential as an
alternative sensing approach to conventional piezoelectric sensors in the low-frequency regime. The sensing architecture
consists of a serpentine-like PLA resonator combined with a self-manufactured hard magnetic composite of cobalt-doped
ferrite nanoparticles Co,Fe; O, embedded in a polycaprolactone matrix. Finite Element Method (FEM) simulations were
utilized to optimize the geometry, ensuring fundamental resonant modes within the targeted ultra-low-frequency range.
Experimental results demonstrate a primary resonant response between 8 and 11 Hz, maintaining high detection reliability
even at peak-to-peak acceleration levels as low as 0.05 g. Furthermore, the sensing performance is shown to be highly tun-
able by adjusting the magnetic nanoparticle loading or remanent magnetization, while the addition of proof masses allows
for post-fabrication frequency shifting down to 4.3 Hz. This work demonstrates a low-cost, contactless, and reconfigurable
platform for sensing ultra-low and low-frequency vibrations even at low acceleration levels.

Highlights

e A proof-of-concept device for ultra-low frequency vibration sensing is presented.

The device combines additive manufacturing with Giant Magnetoimpedance (GMI) sensing for contactless detection.
Tailored cobalt-doped ferrite nanoparticles enable tunable magnetic response and sensing performance.

Reliable vibration detection was demonstrated down to 0.05 g in the 8-11 Hz range.

Post-fabrication addition of proof masses allows the fundamental resonance to be shifted as low as 4.3 Hz.

Keywords Giant Magnetoimpedance (GMI) - 3D printing - Magnetic nanoparticles - Ultra-low frequency - Vibration
sensors - Magnetic composite materials - Resonant structures.

1 Introduction

Three-dimensional (3D) printing is a manufacturing tech-
54 J.J. Beato-Lopez nique in which digital models are built and fabricated by

juanjesus.beato@unavarra.es automated equipment that deposits material layer by layer
[1, 2], offering significant advantages over conventional
methods, such as waste minimization and the efficient
creation of complex structures [3, 4]. Particularly, Fused
Deposition Modeling, FDM, enables the fabrication of
smart materials by extruding heated thermoplastics through
computer-controlled nozzles, allowing for precise spatial
control over material composition [5, 6]. By strategically
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facilitates the fabrication of complex architectures with
programmable gradients for sensing, remote actuation, and
controlled release [7-9] among other responses. An exam-
ple is the design of smart magnetic 3D-printed composites
obtained by embedding magnetic nanoparticles (MNPs)
into polymer matrices [10, 11], leading to tailored multi-
functional behavior that can be programmed within a single
printed part [12—14].

Within this framework, hard MNPs, i.e., those with rema-
nent magnetization, enable the development of 3D-printed
magnetized composites that sustain their magnetization in
the absence of an external field. This feature opens the way
for multipurpose applications, among them, vibration char-
acterization in the low ( < 100 Hz) [15, 16] and ultra-low
(< 10 Hz) frequency range [15, 17] through their strategic
integration in polymeric resonant structures. This capabil-
ity represents a technologically relevant application, since
ultra-low and low-frequency vibrations are ubiquitous and
originate from multiple sources, including civil infrastruc-
tures, industrial machinery, and human motion [15, 18, 19].
Such characterization is particularly relevant for applica-
tions like Structural Health Monitoring (SHM) [20], where
these vibrations are commonly accompanied by low accel-
eration levels [21, 22].

Characterization of mechanical vibrations mainly consists
of the determination of oscillation motion amplitude (accel-
eration) and frequency [23, 24]. This task is fundamentally
performed by fiber optic sensors and accelerometers [19,
25-28]. While, fiber optic sensors enable continuous, high-
resolution monitoring and offer advantages such as high
sensitivity, reliability, stability, compact size, and immunity
to electromagnetic interference [29, 30], their widespread
adoption remains limited due to factors such as high cost,
mechanical fragility, installation complexity, and opera-
tional challenges for end users [29, 30]. On the other hand,
piezoelectric accelerometers can be considered among the
most common sensors in vibration characterization [31-33]
since they provide compactness, a wide operational range
and cost-efficiency [19, 28, 34]. However, their application,
especially in the ultra-low frequency regime, is restricted
by their limited response in this frequency range [32]. This
performance decay arises from inherent properties of active
piezoelectric materials, mainly, charge leakage [32, 35] and
high noise rate [31, 36] (particularly in piezoelectric Micro-
electromechanical systems, MEMS), making these sensors
unable to measure static or quasi-static vibrations [32].
Moreover, the high intrinsic resonance frequency of active
materials complicates their matching to the natural frequen-
cies of ultra-low and low-frequency vibration sources [18,
37-39]. Thus, the adaptation of piezoelectric technology to
ultra-low-frequency sensing requires sophisticated material
optimization and complex signal compensation [31, 32].
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A great variety of lower detection thresholds can be found
depending on the active material and associated electron-
ics, for instance, in [40], a signal degradation has been
reported starting at 5 Hz in a commercial sensor. Currently,
Integrated Electronics Piezo-Electric (IEPE) and polymeric
sensors (such as Polyvinylidene Fluoride, PVDF) represent
the primary commercial and research standards in this regi-
men. IEPE sensors, while offering low-noise performance,
rely on Lead Zirconate Titanate (PZT) with the presence
of toxic lead (Pb) [41]. Additionally, these devices exhibit
amplitude and phase deviations at low frequencies [42],
which requires the implementation of demanding and spe-
cific signal conditioning and calibration procedures [31, 42]
that hinder their practical use below 1 Hz [31, 42]. Despite
this, IEPE devices reaching sub-Hertz limits (0.008—1 Hz)
are available, displaying large proof masses (100—-1000
g) and high costs, while more compact models (0.5-10
g) that approach 0.5-1 Hz still carry substantial associ-
ated costs. Alternatively, polymeric piezoelectrics, such as
polyvinylidene fluoride (PVDF), have emerged as flexible,
additive-manufacturing-compatible alternatives [43, 44].
Nevertheless, they require complex activation processes
during or after fabrication/impression [45, 46] yielding a
lower piezoelectric response and increased noise density
than PZT-based devices [43]. These limitations reveal that
accurate, low-frequency measurements remain technically
and economically challenging [31, 36], stating the need for
lighter, simpler, and cheaper choices [47] capable of operat-
ing in the 0.1-10 Hz range while maintaining a lightweight
profile and a low-cost architecture.

In this scenario, magnetic-based sensing has attracted
significant attention due to its capability to detect small
displacements without requiring direct mechanical contact.
Among magnetic phenomena, the Giant Magnetoimped-
ance (GMI) effect stands out due to its high sensitivity
[48]. This effect involves significant changes in the high-
frequency electrical impedance of a soft magnetic conduc-
tor upon exposure to an external magnetic field [48], such
as those generated by embedded MNPs. Beyond its demon-
strated capacity in the static contactless detection of MNPs
[49-51] and development of bulk-magnet linear accelerom-
eters [23], the GMI effect emerges as a promising principle
for vibration monitoring through the dynamic detection
of the MNPs’ remanent magnetization during oscillatory
motion. In addition to this, the development of appropri-
ate resonant structures in the ultra-low and low-frequency
range represents a significant design challenge, often requir-
ing complex, time-consuming, and costly procedures [18,
37, 39]. To address this, our approach exploits the inher-
ently low Young modulus [37] of polymers and the geomet-
ric versatility of additive manufacturing [52], enabling the
efficient fabrication of resonant polymeric structures within
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the targeted frequency range through a simple and low-cost
process that simultaneously facilitates the localized integra-
tion of magnetized composites supporting magnetic-based
vibration characterization.

Building on the above, a proof-of-concept accelerom-
eter for ultra-low and low-frequency vibration sensing
is presented. The system combines a GMI sensor with a
3D-printed magnetized resonant structure fabricated from
two different materials: commercial polylactic acid (PLA)
filament and a self-manufactured hard magnetic compos-
ite combining polycaprolactone (PCL) polymer embed-
ded with cobalt-doped ferrite MNPs. The proposed device
operates on a hybrid magneto-mechanical principle, where
3D-printed polymeric architectures serve as both a mechan-
ical amplifier and a magnetic signal generator. In this con-
figuration, the polymeric resonator is tailored to match
target vibration frequencies, inducing a resonant mechani-
cal response that amplifies the oscillation amplitude of the
integrated magnetic composite. This displacement causes a
periodic variation in the relative distance between the mag-
netized composite and the GMI sensor. Consequently, the
dynamic displacement is transduced into a measurable elec-
trical impedance modulation, enabling contactless vibration
monitoring through the coupling of elastic deformation and
magnetic field intensity variations. According to this, dif-
ferent sensor devices containing different MNP composi-
tions and filling factors were fabricated and submitted to
vibrational tests. The optimal system exhibited a resonant
behavior in the range of 8-11 Hz, even at low peak-to-peak
acceleration levels (0.05 g = 0.49 m/s?). Furthermore, the
addition of proof masses reduced the fundamental resonance
to 4.3 Hz, enabling vibration characterization within the
ultra-low-frequency range < 10 Hz [16, 18]. The proposed
approach demonstrates the feasibility of combining additive
manufacturing with GMI sensing to develop low-cost, easy
assembly and replacement and tunable sensor devices for
ultra-low and low-frequency vibration characterization.

2 Materials and methods
2.1 Materials

Cobalt (II) chloride (CoCl,, > 99%), iron(IlI) acetylaceto-
nate (Fe(acac)3, 99.99%), oleic acid (OA, 90%), oleylamine
(ONH,, 70%), benzyl ether (Bz,0, 98%) and dichloro-
methane (DCM, 98%) were purchased from Merck KGaA
(Sigma-Aldrich). Ethanol was obtained from Panreac S.A.
The solvents were used as received without further purifi-
cation. Polylactic acid (PLA, Mw, = 20.000) and polycap-
rolactone (PCL, Mw, = 50.000) polymers were purchased
from RSpro and Polymorph, respectively.

2.2 Cobalt-doped ferrite MNPs synthesis and
characterization

20 nm cuboctahedral cobalt-doped ferrite nanoparticles
were synthesized through thermal decomposition of organo-
metallic compounds in high-boiling solvent containing OA
and ONH, as stabilizing surfactants [53]. In a typical syn-
thesis, 12 mmol of metal precursors (Fe(acac); and CoCl,)
were dissolved in a solution containing 1.8 mmol of OA, 2.4
mmol of ONH,, and 20 mL of Bz,0 in a 100 mL three-neck
round-bottomed flask. Initially, the mixture was degassed
by bubbling N, at 100 °C for 20 min, and then it was heated
up to the desired decomposition temperature (270 °C), set-
ting heating rate (1 °C/min), nucleation step, and digestion
time (15 min) to control the final particle size. During the
heating and digestion processes, the mixture was exposed
to an N, flow. Finally, the flask was removed from the heat-
ing mantle and allowed to cool under an inert atmosphere.
All nanoparticles were washed by several cycles of coagu-
lation with ethanol, centrifugation at 5000 rpm, disposal of
supernatant solution, and redispersion in chloroform. Three
different samples were synthesized by varying the Co/Fe
precursor ratios to 0.4, 0.6, and 1.3, corresponding to the x
=0.32,0.58, and 0.78 stoichiometries, respectively, where x
refers to Co,Fe; ,O,.

2.3 Magnetic composite fabrication

The different self-manufactured magnetic composites were
fabricated following a slightly modified solid casting pro-
cess [11]. First, PCL was dissolved in 10 mL of DCM under
mechanical stirring at room temperature. Once the poly-
mer was fully dissolved and the resulting colorless solution
became noticeably more viscous, the corresponding amount
of MNPs (filling factors 5 and 20%wt) was incorporated.
The mixture was continuously stirred until complete solvent
evaporation was achieved.

2.4 Structural and morphological characterization
of MNPs and magnetic composite

The structural characterization of the MNPs was performed
by X-ray powder diffraction (XRD) using a Bruker D8
ADVANCE ECO diffractometer equipped with Cu Ko radi-
ation, operating at 40 kV and 25 mA. Diffraction patterns
were collected in a two-theta range from 20° to 70°, with
a step size of 0.02° and scan speed of 0.2 s per step. The
obtained patterns were analyzed by the Rietveld refinement
using the MAUD program [54].

The relative concentrations of cobalt and iron were mea-
sured by inductively coupled plasma atomic emission spec-
troscopy (ICP) using an Agilent Vista-MPX instrument.
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Approximately 1.5 mg of each MNPs sample was dissolved
in 0.6 mL of freshly prepared aqua regia (1:3 nitric acid to
hydrochloric acid ratio). The resulting solution was diluted
to 25 mL with Milli-Q water and subsequently used for ICP
analysis.

The morphologies of the MNPs and their distribution
into the magnetic composite were investigated by scanning
electron microscopy (SEM, Zeiss EVO), high-resolution
SEM (HR-SEM, Zeiss CrossBeam 350), and energy disper-
sive X-ray spectroscopy (EDX).

Three-dimensional characterization was performed via
FIB-SEM tomography using a Thermo Fisher Scientific
Scios 2 DualBeam system, featuring an electron beam reso-
lution of 1.4 nm at 1 keV and an accelerating voltage range
of 200 V=30 kV. Signal detection was managed by a Trinity
detector system, incorporating both segmented lower and
upper in-lens detectors alongside in-column sensors. For
material removal, the ion beam was operated at an acceler-
ating voltage of 30 kV, utilizing a sequential milling process
to remove layers. High-resolution SEM micrographs were
acquired following each milling step to capture the newly
exposed surfaces with optimized contrast. Alignment of the
acquired image stack was performed in Avizo software via
a sum of squared differences algorithm, excluding rotation
correction.

The magnetic properties of the MNPs and magnetic com-
posites were measured on tightly packed powder samples
and 0.2 x 0.2 cm pieces of the composite using a lab-made
vibrating sample magnetometer (VSM) [55] with a maxi-
mum applied field of 1.5 T.

2.5 Magnetized resonant structure 3D-printing

The complete magnetized resonant structures were fabri-
cated by 3D printing using a BIO V1 bioprinter (REGE-
MAT 3D, Spain) equipped with interchangeable extrusion
modules that allow the processing of both polymer fila-
ments and composite materials. This configuration enabled
the successive printing of the resonant structure and the
magnetic composite within a single integrated manufactur-
ing workflow. First, the resonant structure body was printed
using commercial PLA filament. Subsequently, the magnetic
component was printed directly onto the resonator using the
previously prepared PCL-based magnetic composite. For
this purpose, the composite was dried, cut into small gran-
ules (0.5—5 mm in diameter), and fed into the extrusion head
in pellet form. Printing parameters were controlled through
the REGEMAT3D Designer software, with a layer height
of 0.25 mm, a nozzle temperature of 200 °C, and 20% infill
density, ensuring adequate adhesion between layers and
mechanical integrity of the printed parts.

@ Springer

2.6 FEM-based design of the resonant structure

Numerical simulations based on the Finite Element Method
(FEM) [56] were carried out to define the geometry of a
3D-printed PLA polymeric resonator to operate within the
ultra-low and low-frequency range. The resonant frequen-
cies were estimated by solving the following linear elastic-
ity partial differential equation (PDE):
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where wj are the components of the displacement vector,
C7 i 4k, 1s the unsymmetrized stress tensor, p is the struc-
ture mass density and w is the oscillation angular frequency
of the vibration source. Here, the displacement vector uy, is
assumed to be zero at the surfaces in contact with the vibra-
tion source (Dirichlet boundary condition).

To solve the above-stated equation, Eq. (1) was trans-
formed to the following eigenvalue and eigenvector equa-
tion [57]:
Kr,su?gn =" r,s u;n (2)
where K, ;and M,  are the stiffness and mass FEM matri-
ces, u” is the m-th eigenvector at s-th node and A ™ is the
m-th eigenvalue. From the eigenvalues A ™ in Eq. (2), the
resonant frequencies of the m-th vibration mode, f™, were
calculated as:

L
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From the u}" eigenvectors in Eq. 2, the displacements cor-
responding to the m-th vibration modes at the s-th node
were obtained. The assembly of the mass and stiffness
matrices [58], as well as the solution of the eigenvalue prob-
lem, were performed using an Octave-based script (https://
octave.org/).

The geometry of the resonant structure was designed
using FreeCAD (https://www.freecad.org/index.php). In
order to generate the mesh required for the FEM analysis,
the open-source software Gmsh (https://gmsh.info/) was
used, loading the FreeCAD geometry as a STEP (Standard
for the Exchange of Product model data) formatted file.

Regarding the resonator material properties, isotropic
linear elasticity was considered. Then, the unsymmetrized
stress tensor in Eq. (1) becomes:

E E
= P I R A Y S B
Clijri i) k,]+(1+‘/)(172’/)( k051 +0010K) @)


https://octave.org/
https://octave.org/
https://www.freecad.org/index.php
https://gmsh.info/

Advanced Composites and Hybrid Materials (2026) 9:278

Page50f16 278

where F is the Young’s modulus and v is the Poisson’s
ratio of the resonant structure material. Concretely, the bulk
material properties considered for PLA were: density of
p = 1200 kg - m~3, Young’s modulus of E = 3 GPa and
Poisson’s ratio of v=0.38 [59].

2.7 GMIl sensor characterization

The GMI position sensor core was an amorphous wire with
nominal composition (Cog g4 Feg g6)72 5591, 5B 5 and a mean
diameter of 140 pm obtained by the “in-rotating-water-
quenching” technique [60]. To enhance its sensitivity to low
magnetic fields, a 5 cm wire was submitted to a thermal-
torsional treatment similar to that described in [50]. A 3 cm
subsection of the treated wire was employed as the GMI
sensing element of the vibration sensor. The operating con-
ditions that maximize the GMI effect on the wire, namely
the driving frequency, fgar, and peak-to-peak current,
Ip,,, were determined using a standard optimization pro-
cedure [50]. The resulting optimal parameters were fgasr
=300 kHz and I,, = 20 mA. These excitation conditions
remained constant in all experiments. To optimize device
response, the GMI wire longitudinal axis was aligned with
that of the magnetic composite.

2.8 Ultra-low and low-frequency vibration tests

The performance of the printed accelerometers (magnetized
resonant structure and GMI sensor) was evaluated by fix-
ing them onto an electrodynamic shaker (LDS V201) driven
by a low-frequency AC signal generated with a function
generator (AFG 310, Sony Tektronix) and an AC linear
power amplifier (LDS, LPA100 Briiel and Kjaer). Then,
each accelerometer was subjected to sinusoidal ultra-low
and low-frequency vibrations under both controlled exci-
tation frequency, f = 5= (with w as angular frequency)
and peak-to-peak acceleration, a, adjusted by a commer-
cial accelerometer (PCD, 352C33) with negligible mass
loading effects (1 g = 9.8 m%? corresponding to 100 mV
peak-to-peak). Concretely, the excitation frequency was
swept within the range of 4 to 35 Hz, while peak-to-peak
acceleration was fixed at 0.05, 0.1, 0.2, and 0.3 g in each
test. An initial relative distance, x,.; = 5 mm, between the
GMI and the magnetized resonant structure was selected.
In parallel, the peak-to-peak voltage signals of both the
commercial and 3D printed accelerometers, V,,:, were
simultaneously acquired with an oscilloscope (Picoscope
3403D), together with the vibration frequency of the mag-
netized composite. The accelerometers’ related signals were
acquired by means of a homemade analog electronic inter-
face [23] based on a double passive envelope detector (posi-
tive and negative) followed by differential amplification. To

examine the statistical robustness and reproducibility of the
proposed devices, three identical magnetized resonant units
(n = 3) were fabricated and characterized, enabling a com-
prehensive study of both frequency and voltage (sensitivity)
variability in relevant resonant regions. Finally, preliminary
1-day continuous working tests (20% wt) were conducted at
9 Hz and 0.5 g (exceeding the standard experimental range)
to assess the device’s stability, where both frequency and
voltage were monitored.

2.9 GMI sensor response characterization

To characterize the intrinsic voltage response of the GMI
sensor to vibrations of the magnetic composite, a calibration
procedure was carried out using magnetic composites with
two different MNPs concentrations, 5 and 20 wt%. For this
purpose, each magnetic composite was sequentially placed
directly on the shaker platform, while the polymeric resona-
tor was mechanically isolated and did not participate in the
motion. The GMI sensor was positioned at a fixed distance
ZTres = 5 mm from the top part of the magnetic composite
and remained fixed at rest out of the shaker platform (not
submitted to vibration). The system was excited at a fixed
frequency of 9 Hz, and the output voltage V,,,; of the GMI
sensor was recorded while the applied peak-to-peak accel-
eration was varied between 0.05 and 3 g. Under these condi-
tions, the magnetic composite element follows the imposed
sinusoidal motion of the shaker, providing a direct evalu-
ation of the GMI response to the oscillatory motion of the
magnetic element, without the influence of mechanical reso-
nance effects. Since both the excitation frequency w and the
acceleration amplitude, a, applied to the shaker were exper-
imentally controlled, the peak-to-peak oscillation amplitude
of the magnetic composite can be calculated as Zy = ﬁ,
enabling a direct quantitative correlation between the mea-
sured V,,; and the displacement amplitude Zj.

3 Results and discussion

To establish a direct link between the magnetic properties
of the magnetic composite and the macroscopic response
of the sensing device, the results are presented following
a bottom-up approach (Fig. 1). The study progresses from
the synthesis and magnetic characterization of cobalt-doped
ferrite MNPs, through their incorporation into polymer
composites, to the simulation-assisted design of the reso-
nant structure, its fabrication (magnetized resonant struc-
ture) by 3D printing, and the subsequent evaluation of the
complete accelerometer performance.

As the first step of this bottom-up approach, the influ-
ence of magnetic remanence was addressed at the material

@ Springer
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Fig.1 Up: schematic overview of the design, fabrication, and operation
of the multiresonant ultra-low-frequency sensing device. The figure
illustrates the complete workflow followed in this work, from materi-
als preparation to the final accelerometer system. First, cobalt-doped
ferrite MNPs are synthesized and incorporated into a polymer matrix
to produce a magnetic composite with tunable remanent magnetiza-
tion. This composite is processed into a printable form and serves as
the active magnetic material of the device. In parallel, the geometry of
a flexible polymeric resonator is designed and optimized by FEM sim-
ulations to ensure that its fundamental vibration modes fall within the

targeted ultra-low and low-frequency range. Based on the simulation
results, the resonator is fabricated by 3D printing using a pure polymer
filament, while the magnetic composite is subsequently printed to form
a localized magnetized element integrated into the resonant structure.
The resulting magnetized resonant structure is then combined with
a GMI position sensor and dedicated signal-conditioning electronics
to form the complete sensing device. Finally a detailed zoom of the
magnetic based sensing scheme is provided showing multiresonant
frequency behavior. Below: overview of the experimental assembly
and testing rig

Table 1 Compositional and structural parameters of the as-synthesized MNPs and their corresponding composites, where a denotes the cell param-
eter, d the crystallite size, M1.5T the magnetization at 1.5 T, pOHC the coercive field, and MR the remanent magnetization. The filling factor was
calculated from the ratio between the M1.5T of the bare MNPs and that of the magnetic composite

NPs Composite

Stoichiometry a d M, 51 woHe My M, 51 woHc My Filling factor
(nm) (nm) (Am*/kg) (mT) (Am*/kg) (Am*/kg) (T) (Am*/kg) (%)

Cog 3Fe; 304 0.8404 24 60 41 12 11 39 3 18

Coy ssFe; 4,0, 0.8411 24 76 76 23 12 80 4 16

Co, s5Fe; 5,0, 0.8408 30 80 95 42 13 91 6 16

level through the synthesis of three batches of cobalt-doped
ferrite nanoparticles, Co,Fe; ,O,, obtained by varying the
Co/Fe precursor ratio (Table 1). The actual compositions,
determined by inductively coupled plasma atomic emission

@ Springer

spectroscopy (ICP-AES), were x = 0.32, 0.58, and 0.78.
X-ray diffraction (XRD) confirmed the formation of the
expected cubic spinel structure without detectable second-
ary phases (Fig. 2a). All samples exhibited very similar cell
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Fig.2 a XRD and b magnetic hysteresis loops of the cobalt-doped fer-
rite MNPs with compositions x=0.32, 0.58 and 0.78 (Co,Fe;_,0,). ¢
Magnetic hysteresis loops of the corresponding magnetic composites.
d High-resolution SEM image of the x=0.58 MNPs (scale bar 300 nm).
e Low-magnification SEM image of the magnetic composite prepared

parameters consistent with the reported values for cobalt-
doped ferrites [61-63], and crystallite sizes between 25 and
23 nm (Table 1). Given these sizes, all samples are expected
to be single-domain particles [53, 64]. Additionally, scan-
ning electron microscopy (SEM) performed on a represen-
tative sample (x = 0.58) revealed a homogeneous particle
size distribution and a morphology ranging from cubic to
cuboctahedral, as typically observed for these dimensions
(Fig. 2d) [64, 65]. The magnetic response recorded at room
temperature confirmed ferrimagnetic behavior in all sam-
ples, as evidenced by open hysteresis loops, indicating that
the nanoparticles are well below the superparamagnetic
limit. While all the MNPs exhibited similar high-field mag-
netization values, M; 57, systematic increases in coercive
field, H., and remanent magnetization, Mg, were observed
as the cobalt content rose (Fig. 2b; Table 1).

The obtained MNPs were incorporated into a PCL matrix
through a modified solid casting process to produce mag-
netic composite pellets with a fixed loading of 20 wt% for
their subsequent use in fused deposition fabrication. The
effective filling factor of the composites was evaluated by
magnetometry, confirming that the hysteresis loops were
essentially identical to those of the isolated MNPs, while
the high-field magnetization was reduced to approximately
20% of the initial value (Fig. 2c¢; Table 1). This result

Applied field, pH (T)

Applied field, j1,H (T)

from x=0.58 MNPs together with the corresponding EDX elemental
maps, where Fe is shown in red and Co in blue, for the marked region
(scale bar 100 um). f FIB-SEM three-dimensional reconstruction of a
selected volume of the x=0.58 magnetic composite, where the blue
regions highlight MNP agglomerates

indicates that the actual filling factor in the printed com-
posites is consistent with the nominal composition, i.e.,
16 to 18% (Table 1). Microstructural analysis performed
by SEM combined with energy-dispersive X-ray spectros-
copy (EDX) revealed a compact polymer structure with low
porosity. The EDX analysis also confirmed the nanoparticle
stoichiometry obtained by ICP. Regarding the morphol-
ogy, a reasonably homogeneous distribution of the MNPs
was observed, although a certain degree of agglomeration
was present (Fig. 2e). This aggregation was more clearly
evidenced by high-resolution SEM and three-dimensional
focused ion beam (FIB)-SEM reconstruction, which showed
clusters with characteristic sizes in the micrometer range
(Fig. 2f and Supporting Information Video 1). However,
this microstructural feature does not appear to significantly
influence the magnetic response of the composites, since
the characteristic parameters of the hysteresis loops remain
practically identical to those of the original MNPs (Fig. 2b-
c; Table 1).

To design a polymeric resonator capable of operating in
the ultra-low and low-frequency range, first, FEM simula-
tions were carried out to predict the mechanical response of
the resonator element by estimating the resonance frequen-
cies prior to fabrication. Initially, geometries involving can-
tilevers were considered and analyzed. However, in order to
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Fig. 3 a Schematic representation and dimensions of the FEM simu-
lated resonator geometry. b—d Simulated displacement maps of the
first, second and third vibration modes, respectively. The color scale

Table 2 Numerically, FEM, estimated (f’m).and experimental (fm)
resonance frequencies

Resonance f1™(Hz) FEM fr™MHz) FEM  f"™(Hz)
frequencies p=1200 kg'm™ p=840 kg'm> experi-
mental
1 7.5 9.0 93+0.6
12.0 14.4 13.84+0.9
3 21.8 26.2 27.0£1.1

reduce both the resonant frequencies and the overall size of
the resonator, serpentine structures were conceived and iter-
atively optimized to ensure that the fundamental vibration
modes fell within the targeted ultra-low-frequency region
(<10 Hz). The resulting optimized design adopted a ser-
pentine-like architecture formed by several interconnected
laminar segments. Each lamina measured 4 cm in length,
5 mm in width and 1 mm in thickness, resulting in a total
height of 4.5 cm (Figs. 1 and 3a). Simulations revealed three
well-defined resonant modes in the low-frequency range (up
to 35 Hz) (Fig. 3b—d; Table 2). The first and third modes,
appearing at 7.5 Hz and 21.8 Hz, are characterized by a ver-
tical displacement (along the OZ direction in Fig. 3), indi-
cating the suitability of the resonator for matching natural
frequencies typically found in ultra-low and low-frequency
vibration environments, respectively. The second mode, at
12.0 Hz, is mainly governed by longitudinal displacement,
showing a weak vertical component.

Afterwards, the complete magnetized resonant structure,
comprising the polymeric resonant structure and the mag-
netic composite element, was fabricated using a sequential
3D-printing process (Fig. 1). The resonator was printed
in PLA following the dimensions established by the FEM
simulations. Subsequently, a cylindrical magnetic com-
posite element (7 mm in height, 3 mm in width, 4 mm in
thickness) was printed on top of the polymeric resonator
using the PCL-based magnetic composite (Fig. 4a). This
resulted in three different magnetized resonant structures
corresponding to composites containing MNPs with cobalt

@ Springer
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corresponds to the vertical displacement along the OZ direction,
expressed in arbitrary units

doping levels of x = 0.32, 0.58 and 0.78. A similar weight
of 6.6 g was found for all manufactured structures. Each
structure was then magnetized along the OZ direction by
applying an external DC magnetic field generated by a rect-
angular NdFeB (dimensions 2 x 0.5 x 0.5 mm) permanent
magnet with a magnetic field at its surface of 0.4 T at its
pole. To ensure a correct magnetization in the OZ direction,
the structures were placed in direct contact with the mag-
net’s pole for a duration of 10 s and sequentially integrated
with the GMI sensor to form the complete sensing devices,
hereafter referred to as A32, A58 and A78 according to the
cobalt doping level of the magnetic composite. This integra-
tion involved positioning the GMI wire directly above the
magnetic composite and aligning both along the OZ axis to
maximize magnetic field coupling (Figure S2). This vertical
configuration allows the GMI sensor to detect variations in
the vertical component of the magnetic field produced by
the oscillatory motion of the magnetized resonant structure,
thereby enabling vibration detection along the OZ direction
(Fig. 4a). It must be noted that the GMI sensor vibrated in
phase with the shaker platform and hence, resonance condi-
tions are required to induce variations in .., the distance
between the GMI sensor and the resonant structure. Under
these conditions, the oscillatory motion led to cyclic varia-
tions in the magnetic field at the GMI sensor position. These
variations modulate its electrical impedance, resulting in an
amplitude-modulation (AM) of the current flowing through
the sensor. This AM signal (Figure S3) is demodulated by
a homemade analog electronic interface [23], which uses
a dual passive envelope detector to extract the positive
and negative envelopes. Both signals are then subtracted
using a differential amplifier, leading to the output voltage
signal, V,,,;, shown in Fig. 4b, whose amplitude and fre-
quency correspond to the sensor impedance variations [23].
To assign a physical meaning to the measured V,,; signal
in terms of mechanical displacement, a calibration of the
GMI sensor response was performed under non-resonant
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conditions. Under these calibration conditions, a direct cor-
relation between the measured output voltage V,,, and the
peak-to-peak oscillation amplitude of the magnetic compos-
ite element, Zj, can be established (see methods, Sect. 2.9).
From the linear fit obtained in Fig. 4b for the 20 wt% mag-
netic composite, described by V,,: (V) = 0.219 Zp (mm)
—0.03, Zj can be directly extracted from the sensor signal.
Once Zj is known, the oscillation amplitude of the vibra-
tional source, Y{, can be estimated through the mechanical
response of the resonant structure, allowing the vibration
amplitude of the monitored system to be quantitatively
determined through the expression found in [23, 66].

To evaluate the dynamic performance of the final sensing
device under controlled vibration conditions, the system was
mounted on an electrodynamic shaker and subjected to ver-
tical excitations while sweeping the excitation frequency in
the 4-35 Hz range, at a constant peak-to-peak acceleration
0f 0.3 g. A clear multiresonant response was observed for all
devices, with three well-defined peaks consistently located
around mean values of 9.3, 13.8, and 27.0 Hz (Fig. 4c;
Table 2). It should be noted that the resonance frequencies
remained practically constant for each resonant structure
regardless of the MNP loading or excitation acceleration.
When comparing different units, maximum standard devia-
tions of 0.6 and 1.1 Hz for the first and third modes were
found, respectively, in the most unfavorable cases, repre-
senting a relative error<7%. Moreover, these values are in
good agreement with the FEM-predicted vibration modes
of the resonator, although slightly shifted toward higher val-
ues (Table 2). This shift is attributed to the reduced effec-
tive density of the 3D-printed structure compared with the
bulk material, a common consequence of interlayer porosity
and infill settings (20% in this case) in fused-deposition-
printed polymers. When a lower effective density of p =
840 kg-m™ is considered, roughly 30% below the bulk den-
sity, the model successfully achieves a precise reproduction
of the experimental results (see Table 2). This reduction is
consistent with the combined effect of the unfiled interior
regions, controlled by the printing infill parameters, and the
additional voids and microgaps that form at the edges of
printed structures. Furthermore, the relative voltage peak
intensities match the vibration mode shapes (displace-
ment fields): the first and third modes, which involve larger
vertical motion of the resonant structure, yield the high-
est responses, whereas the second mode produces a much
weaker signal due to its predominantly lateral displacement
(Fig. 2¢). Despite this, the GMI sensor successfully detects
the weak vertical displacement associated with the second
mode, demonstrating its high sensitivity. The multiresonant
response of the device defines two frequency ranges of prac-
tical interest for vibration sensing, centered around the first
and third resonant modes. The first operational window lies

in the 8—11 Hz region, while the third mode defines a second
detection band that initially spans approximately 20-30 Hz.
Interestingly, this higher-frequency window shifts and
broadens when the remanence of the magnetic composite
element increases. In particular, for the A78 device, the
third-mode window extends up to 35 Hz. In addition to shift-
ing the operational frequency windows, the magnetic rema-
nence also determines the strength of the detected signal. As
shown in Fig. 4c, the V,,,; peak intensity increases system-
atically with the remanence of the embedded nanoparticles,
with the A78 device exhibiting the highest response. This
behavior is consistent with the larger stray magnetic fields
generated by higher-remanence MNPs, which lead to more
pronounced magnetic field variations at the GMI sensor.

To further evaluate the sensing capability of the device,
the dynamic response of the A78 system was examined at
progressively lower excitation levels, ranging from 0.05 to
0.3 g (peak-to-peak). These frequency and acceleration con-
ditions are compatible with those found in Structural Health
Monitoring (SHM) scenarios [67—72], testing the acceler-
ometer’s potential applicability for real-use applications. As
shown in Fig. 4d, the device preserved its characteristic mul-
tiresonant response across all tested excitation levels, and,
as expected, the amplitude of V,,,; decreased as the accel-
eration was reduced, reflecting the lower mechanical energy
transmitted to the resonator and the consequently smaller
magnetic field variations at the GMI sensor. Remarkably,
even at the lowest tested acceleration of 0.05 g, the device
maintained a clear resonance signature, demonstrating its
ability to detect weak vibrations in the ultra-low and low-
frequency range. It should be noted that measurements at
accelerations below 0.05 g could not be reliably performed
due to experimental setup limitations, which limit the vibra-
tion characterization at very small amplitudes.

To contextualize the device’s operational response, the
measured V,,; values extracted at the maxima of the first
and third resonant peaks were analyzed as a function of
the input shaker acceleration. As illustrated in Fig. 4e, the
resultant response became nonlinear and tended to saturate
at higher accelerations, a. This behavior contrasts with the
calibration results (Fig. 4b), where the same magnetized
composite (20% wt without resonator) displayed a linear
response across a wider acceleration range up to 3 g (note
that for constant w , the relation Zp = 7 implies the same
trend for amplitude and acceleration). This divergence is
consistent with a reduced transmission efficiency of the
polymeric resonator, indicating that the structure attenuates
the vibration delivered by the source at larger excitation
amplitudes. Finally, the performed 1-day stress test con-
firmed the device’s stability, showing, after an initial sta-
bilization period, a voltage stable signal with fluctuations
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{ Fig.4 a Schematic representation of the complete multiresonant ultra-
low-frequency sensing device. b Calibration curves relating the sensor
output voltage Vou:¢ to the peak-to-peak oscillation amplitude of each
magnetic composite element, Z,,, for magnetic composites with 5 and
20 wt% MNP concentrations. Solid lines represent the corresponding
linear fits for each data set. ¢ Multiresonant response of devices A32,
A58 and A78 measured at a peak-to-peak acceleration of 0.3 g, with
the shaded regions indicating the two main operational frequency win-
dows of the system. d, f Multiresonant response of the A78 device
with 20 wt% and 5 wt% magnetic nanoparticle loading, respectively,
as a function of the applied acceleration. e, g) Output voltage Vou¢
corresponding to the first and third resonant modes of the A78 device
with 20 wt% and 5 wt% loading, respectively, as a function of the input
shaker acceleration. Dashed lines are included as guides to the eye.
Error bars corresponding to the standard deviation among the three
analyzed resonators are included

below 2.5% and an invariant resonance frequency along the
entire cycling period (see Figure S4).

An additional advantage of the proposed accelerometer
architecture lies in the tunability of the magnetic compos-
ite element. Since the stray magnetic field that drives the
GMI response depends directly on the remanent magnetiza-
tion of the embedded MNPs, the sensing performance can
be intentionally adjusted by modifying the MNP loading in
the polymer matrix. This offers a practical balance between
performance and cost, as MNPs are one of the main con-
tributors to the overall material expense. For applications
requiring highly sensitive vibration detection, higher load-
ings can be used to enhance the stray field and therefore
increase the device response. Conversely, for large-scale
or cost-constrained deployments, lower loadings may be
employed while still preserving detectable resonance signa-
tures. To illustrate this tunability, an additional device was
fabricated using the same cobalt-doped ferrite with x=0.78
but with a lower filling factor of 5 wt%. This device exhibits
a reduced magnetic remanence (1.5 Am’*kg ') compared to
the reference 20 wt% device. As observed, the resonance
pattern remained essentially unchanged upon modifying the
filling factor, with the two main characteristic peaks appear-
ing at the same frequencies (Fig. 4f), although a reduction or
even suppression of the second resonant peak was noticed.
As expected, the intensity of the V,,,; peaks decreases with
reduced MNP content, reflecting the lower stray magnetic
field variations at the GMI sensor during oscillation. This
reduction stems from the interplay between the magnetic
filling and the GMI response. The MNP concentration
determines the static bias magnetic field at the sensor’s rest
position, defining its specific operating point, and hence
its sensitivity, %, due to the non-linear voltage-versus-
magnetic field curve (V' vs. H, see Figure S5). Moreover,
the lower remanence of reduced loading results in smaller
magnetic field variations around the operating point for the
same oscillation amplitudes. This behavior is evidenced in
the 5 wt% calibration curve, which maintains a linear trend

described by Vour (V)=0.127 Zp (mm)+0.011 (Fig. 4b),
thus enabling Z; quantification at lower loadings. Despite
this, when analyzing the response of the 5 wt% device as a
function of excitation acceleration under vibration tests, a
behavior similar to that observed for the 20 wt% composite
was obtained. In particular, a decreasing trend of V,,,; with
decreasing acceleration was found. Besides, the dependence
of V. at the first and third resonant peaks shows a com-
parable tendency toward nonlinearity at higher acceleration
excitation levels (Fig. 4g). This similarity further indicates
that the observed attenuation and nonlinear response at larger
accelerations originate from the mechanical response of the
polymeric resonator rather than from the magnetic compos-
ite itself. Consequently, the tuning of the nanoparticle load-
ing in the magnetic composite provides a straightforward
strategy to balance material cost and sensing performance,
enabling either low-cost large-area deployment or high-sen-
sitivity operation depending on application requirements.

Finally, beyond the tunability provided by the mag-
netic filling factor, the sensing device also allows post-
fabrication adjustment of its frequency response through
the controlled addition of proof masses to the resonator
section (Fig. 5a-b). This strategy was evaluated for the
A78 device (20 wt% filling factor), demonstrating that
increasing the mass attached to the magnetized resonant
structure enables systematic modification of the resonant
frequencies without altering the sensing mechanism. As a
first example, adding a proof mass of 0.74 g (correspond-
ing to an increase of ~11% in the total mass) resulted in a
resonant response characterized by two dominant peaks,
corresponding to the fundamental and third vibrational
modes, shifted to lower frequencies, approximately 7
and 21 Hz (Fig. 5c), while the second mode was again
reduced. When the mass was further increased to 2.00 g
and an additional one of 1.50 g was attached to the oppo-
site end of the resonator (corresponding to a total mass
increase of ~ 53%), the resonator recovered the three
characteristic vibrational modes observed in the origi-
nal device, but all of them shifted significantly toward
lower frequencies. Notably, the fundamental resonance
decreased by nearly 50%, reaching values close to 4 Hz
(Fig. 5d). Importantly, these shifted resonances remained
clearly measurable even under low acceleration excitation
(Fig. Se-f). Resonator-related vibration attenuation was
also observed despite mass addition. This confirms that
the sensing mechanism remains unchanged when adding
proof mass: only the resonance frequencies are modified,
enabling the device to be readily reconfigured to operate
in lower-frequency regimes without compromising detec-
tion capability. This post-fabrication frequency adjust-
ability reinforces the versatility of the proposed design,
enabling adaptation to different vibration environments
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{ Fig. 5 Schematic representation of the multiresonant ultra-low-
frequency sensing device with added proof masses of a 0.74 g and
b 2.00+1.50 g. ¢, d Corresponding multiresonant responses of the
devices with 0.74 g and 2.00+1.50 g proof masses, respectively. e,
f Output voltage Vou¢ associated with the first and third resonant
modes as a function of the input shaker acceleration for the devices
with 0.74 g and 2.00+1.50 g proof masses, respectively. Dashed lines
are included as guides to the eye. The resonant modes measured when
proof masses are added are in good agreement with those theoretically
predicted by FEM simulations. Error bars corresponding to the stan-
dard deviation among the three analyzed resonators are included. The
resonant modes measured when proof masses are added are in good
agreement with those theoretically predicted by FEM simulations

and expanding its applicability to structural health moni-
toring scenarios where low-frequency vibrational signa-
tures are critical.

To evaluate the performance of the proposed magneto-
mechanical vibration sensor, a quantitative compari-
son with current commercial and research standards is
presented in Table S1 and Figure S6. Currently, IEPE
accelerometers are the most widely employed commer-
cial solutions. However, the lower the minimum mea-
surable frequency, the higher the mass and cost of the
device. Models with detection capacity well below 1 Hz
necessitate either bulky proof masses and/or significant
financial investment. More compact devices, exhibiting
a cut-off frequency between 0.5 and 1 Hz, comparable
although lower than our magneto-mechanical proposal,
still involve a high cost (around hundreds of euros).
Alternatively, polymeric PVDF sensors are extensively
reported in the literature, primarily targeting flexible and
wearable applications. Commercial sensors can operate
close to 1 Hz, although they require high input imped-
ance conditioning whose design is challenging in terms
of sensitivity and signal-to-noise ratio (SNR). Further-
more, both IEPE and PVDF sensors must be physically
attached to the vibrating system, leading to mechanical
wear and fatigue over time.

In contrast, the proposed magneto-mechanical vibra-
tion sensor introduces a distinct scenario that does not
face the theoretical detection limits of piezoelectric-
based systems, showing a 4.3 Hz limit comparable to sev-
eral industrial standards through a cost-efficient design.
Despite this, certain challenges remain to achieve indus-
trial maturity, including device miniaturization, spectral
range expansion, and long-term fatigue characterization
of the polymeric structure. Nevertheless, the combination
of post-fabrication tunability, contactless transduction,
and cost-effectiveness positions this platform as a poten-
tial alternative solution for ultra-low and low-frequency
vibration characterization.

4 Conclusions

The feasibility of fabricating functional composite materi-
als for the integrated manufacturing of resonant polymer-
based magnetic accelerometers has been demonstrated. The
proposed devices combine additive manufacturing with
Giant Magnetoimpedance sensing, enabling the develop-
ment of fully 3D-printed, contactless vibration sensors. A
series of prototypes embedding cobalt-doped ferrite mag-
netic nanoparticles with tailored remanent magnetization
and filling factors were fabricated, achieving reliable vibra-
tion detection down to 0.05 g within the ultra-low and low-
frequency range.

These operational requirements were addressed by utiliz-
ing the low Young modulus of the polymeric matrices and
the geometric versatility of 3D printing to overcome the
design constraints of conventional resonant systems in the
ultra-low-frequency regime. This approach was supported
by a simulation-assisted design based on the Finite Element
Method, which enabled the precise tuning of the funda-
mental resonance modes before fabrication in the required
frequency range. Close agreement between numerical simu-
lations and experimental measurements confirms the effec-
tiveness of the proposed design strategy.

Beyond structural design, the sensing performance was
effectively tuned through the magnetic properties of the
embedded element. Increasing the intrinsic remanent mag-
netization of the cobalt-doped ferrite nanoparticles enhances
the detected signal without modifying the mechanical
response, while variations in the magnetic filling factor pro-
vide a direct means to balance sensitivity and material cost.
Importantly, the multiresonant response is preserved across
different magnetic loadings, demonstrating the decoupling
between magnetic tuning and mechanical functionality. This
functional versatility was further extended through post-
fabrication reconfigurability, where the controlled addi-
tion of proof masses allowed the fundamental resonance
to be shifted to frequencies as low as 4.3 Hz, adapting the
device to diverse vibration environments without requiring
re-fabrication.

Overall, the proposed 3D-printed GMI-based accelerom-
eter provides a low-cost and adaptable platform for vibra-
tion characterization at ultra-low and low frequencies. Its
multiresonant operation, reliable response at low accelera-
tion levels, magnetic tunability, and post-fabrication recon-
figurability enable flexible adaptation to different vibration
scenarios, positioning this approach as a potential solution
for applications requiring scalable sensing architectures and
sensitivity to ultra-low and low-frequency vibrations.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s42114-0
26-01831-6.
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