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Magnetic Flux Guides by Material Extrusion

Jorge Cañada, Steven W. Wright, Michail E. Kiziroglou,* Eric M. Yeatman,
and Luis F. Velásquez-García

Additive fabrication of active materials with sub-millimeter resolution can
improve the performance and expand the functionality of sensing, actuation,
and transduction in microsystems. In particular, the integration of soft
magnetic materials of customized 3D geometries that guide and focus
magnetic flux can increase inductive coupling and interaction forces. In this
paper, a magnetic material extrusion method is used to fabricate flux
concentration structures of arbitrary shapes. A magnetic permeability of 42 is
experimentally demonstrated. Ring and H-shape structures are used to
evaluate their performance as inductive, power-line energy harvesters. An
output power density of 6.4 µW g−1 is demonstrated by open-loop coupling to
a 10 A, 500 Hz power line emulating an aircraft use case. The results are
compared with similar ferrite and moulded material devices, which yield 17.3
and 2.4 µW g−1, respectively. In line with a simulation analysis, the
experimental results show that materials with moderate magnetic
permeability can provide competitive transduction performance, while offering
unique customisation, accessibility, and design-to-prototype speed benefits.
The proposed customisable magnetic flux-concentration approach provides a
simple, effective, and accessible method for enhancing the performance of
magnetic and inductive sensing, actuating, and energy transduction devices.

1. Introduction

Several technologies that are paramount to contemporary qual-
ity of life, such as electrical transformers, motors and generators,
medical imaging systems, data storage, and vehicle/industrial au-
tomation systems, rely on induction, flux coupling, andmagnetic
force delivery. However, while these technologies perform well at
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the macroscopic scale, their underlying op-
erating principles are challenging to scale
down. This difficulty arises from the area-
dependent scaling of available flux, lim-
itations in 3D coil structure fabrication
by planar processes, and the incompatibil-
ity of high-performance magnetic materi-
als with standardmicroelectronic, or micro-
electro-mechanical systems (MEMS) fab-
rication processes. These limitations hin-
der the exploitation of electromagnetic phe-
nomena at the microscale for applications
such as on-chip sensing, energy harvest-
ing, and actuation. As a result, other trans-
duction mechanisms, such as piezoelec-
tricity and electrostatic forces, which are
more favorable in the MEMS scale, have
been widely adopted in the state-of-the-
art of micro-motors, micro-generators, and
miniature or chip-integrated sensors and
actuators. Nevertheless, recent progress
in chip-integration of magnetic materials,
mainly based on deposition and sintering,
shows promise for implementing devices of
high performance and extended functional-
ity, such as the piezoelectric AlScN devices
integrated with NdFeB magnets reported
in.[1]

To address the flux limitations in millimeter- and sub-
millimeter-scale devices, the use of soft magnetic materials as
flux guides has gained significant interest in recent years. In this
approach, a soft magnetic structure is used to increase the mag-
netic flux density B at a location, both via magnetization and
through geometrical funnelling: by guiding a given amount of
flux from a larger cross-sectional area to a smaller one, the mag-
netic flux density at the smaller section is increased. A minia-
ture electromagnetic transducer (e.g., a coil, a Hall sensor, a mag-
netic actuator) situated at the position of a small cross-sectional
area benefits from the increased flux density, enhancing its per-
formance. Various geometrical guiding or funnelling structures
have been employed, including planar shields, U-shape guides,[2]

trapezoidal tapers,[3,4] H-structures,[5–7] 3D structures like bent
triangular panels [3] and bow-tie structures,[8] as well as rectan-
gular or circular guides with a step reduction of cross-sectional
area,[9,10] among others. These flux funnelling structures have
been shown to increase B at the transducer location, thereby en-
hancing the sensitivity of resonatormagnetometers,[11] magneto-
resistive sensors [12,13], and current sensors.[3] More recently, soft-
core structures with stepped-down cross-sectional area at the sen-
sor location have been proposed to improve the sensitivity of su-
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perconducting magnetoresistive sensors.[9,10] Similarly, soft-core
rings with tapered cross-sections have been proposed for high-
sensitivity fibre optic current sensors (FOCS).[14] Integratedmag-
netic concentrators are also used to guide in-plane flux to the per-
pendicular orientation in chip-integrated sensors, enabling 3D
field sensing by in-plane fabricated Hall sensors.[15,16]

In such sensing applications, the sensitivity improvement is
proportional to the B increase achieved by the flux funnelling
structure. Similarly, in conventional power devices such as trans-
formers, actuators, generators, and motors, operating at higher
B offers benefits including reduced device mass and volume, in-
creased actuation force, stronger coupling, and lower coil resis-
tance. The latter results in reduced losses and higher operating
efficiency—for example, in inductive generators. Moreover, for
applications where power maximisation is a key priority, such as
energy harvesting or fast charging of portable electronics, the in-
creased B provides a direct benefit on performance, as operating
power scales with the square of B.[5,17] Therefore, flux funnelling
is of particular importance for such applications. Indeed, a wide
range of flux guides has been employed in energy harvesting
devices. For example, H-shaped,[6] bow tie,[8] and U-shape flux
flanking [2] structures have been employed in power line induc-
tive energy harvesting, demonstrating performance increases of
at least an order of magnitude. Notably, a prototype inductive en-
ergy harvester featuring a stepped cross-sectional core, designed
to harness structural currents running along railway tracks, de-
livered 40 mW at a 250 mm distance from a 200 A, 50 Hz em-
ulated distributed structural current.[18] Additionally, radial flux-
concentration bridges have been employed in pipeline infrastruc-
turemonitoring applications to increase the performance ofmag-
netohydrodynamic energy harvesting.[19]

These advancements show great promise for the development
of scalable, high-performance magnetic and inductive sensors,
actuators, and power transducers.However, their industrial adop-
tion is subject to the availability of manufacturing technologies
capable of producing custom-shaped, 3D flux-funnelling struc-
tures from materials with suitable magnetic properties. Notably,
the need to adapt the core shapes to complex funnelling ge-
ometries and, potentially, to physically constrained environments
(e.g., implantable biomedical devices), limits the practicality of
using traditional magnetic materials such as ferrites, which are
difficult to shape into nonstandard geometries.[20] This limitation
hasmotivated the exploration of alternativematerials and fabrica-
tion techniques. In particular, additivemanufacturing (AM) tech-
nologies, which stand out for their accessibility and suitability for
small-batch, customized production, have been used to fabricate
arbitrary-shape soft magnetic cores.[21] Recently, a method capa-
ble of seamlessly fabricating custommagnetic structures ofmod-
erate relative permeability 𝜇r, in the 30 range, was reported.

[22,23]

In parallel, it has been demonstrated that flux-funnelling struc-
tures within the same permeability range can significantly en-
hance the performance of inductive energy harvesting devices.[24]

In this paper, the fabrication method introduced in [22,23] is
employed to fabricate magnetic flux concentrators of custom
shapes designed for flux funnelling. The structures are inte-
grated into inductive coil transducers, and their magnetic prop-
erties are characterised. The performance of the devices as power
line energy harvesters is evaluated. For this purpose, an ex-
perimental setup corresponding to an aircraft sensing use case

is employed.[25] The results are compared against the perfor-
mance of corresponding commercial moulded and ferrite ma-
terial devices, also developed as part of this work. The poten-
tial of the proposed flux funnelling method for implementing
high-performancemagnetic and inductive transducers is demon-
strated and discussed. The objective is to demonstrate that ma-
terials with moderate permeability can provide inductive trans-
duction performance comparable with the current state-of-the-
art, using flux guiding structures.
The flux funnelling concept is discussed in Section 2, includ-

ing a simulation analysis of the effect of geometry and perme-
ability on B concentration. The experimental method, including
fabrication, assembly, and evaluation details, is presented in Sec-
tion 3. The results are presented and discussed in Section 4, in-
cluding magnetic and energy harvesting performance character-
isation. Conclusions are drawn in Section 5.

2. Geometrical Magnetic Field Amplification
Concept

The electric field near a charged object can be significantly in-
tensified at certain locations by employing sharp tip geometries,
where high surface charge density results in strong electric field
concentration. This phenomenon is commonly exploited in field
emission devices such as electron beam sources. Analogously,
sharp tips on permanent magnets or electromagnets lead to
higher magnetic field concentrations and are used to achieve
higher field strengths and field gradients in applications like
magnetic force microscopy (MFM) and microscale magnetic res-
onance imaging (MRI).[26] A simple way to illustrate the geomet-
rical amplification of a magnetic field is through the concept of
magnetic flux: a taperedmagnetic material can guide a given flux
through a smaller cross-section, thereby increasing B. This phe-
nomenon is illustrated in Figure 1 for a closed-loop core case,
and in Figure 2 for the open-loop core case. For the finite ele-
ment simulations presented in these figures, an overall air box
of 0.7 m × 0.4 m × 0.4 m was defined, with magnetic insulation
boundary conditions for the magnetic field. A Ø 10 mm cylindri-
cal conductor along the 0.7m direction of the air box was defined,
with a 1 A root-mean-square (RMS), 500 Hz current source and
sink at the boundaries.
Figure 1 presents the case of a closed-loop soft magnetic core

wrapped around a conducting line. If the cylindrical core struc-
ture is cut as shown by the arrow in Figure 1, top, the additional
flux gathered by the longer semi-cylinder (length L) is guided
through the shorter semi-cylinder (length D), leading to an in-
crease of B in the short semi-cylinder. The colour scale of B in-
tensity and the B vector field direction (red arrows) shown in the
Figure quantify this phenomenon for the case of a core with 𝜇r
= 200 wrapped around a Ø 10 mm conducting line that carries
a 1 A RMS, 500 Hz current. The simulation results manifest flux
guiding, as B clearly intensifies in the short semi-cylindrical sec-
tion of the core. Figure 1, bottom, shows the simulated total flux
and average B through the short semi-cylinder cross-section as a
function of the L/D ratio. The data show that, for 𝜇r = 200 and
L/D = 5, B only increases by a factor of 1.40—significantly less
than the geometrical ratio. This effect can be explained as follows.
The flux lines flowing through the lateral semi-cylindrical parts of
the soft core close around the current line through longer paths,
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Figure 1. Geometrical magnetic flux-guiding concept (top) and indicative finite element simulation (bottom) for a closed-loop core. In the simulations,
L was fixed to 50mm, and D was varied between D= L and D= L/5. The conducting line is 10mm in diameter and carries a 1 A RMS, 500 Hz current. The
simulations were carried out using COMSOL Multiphysics. Note that the B displayed in the 3D rendering (top) corresponds to surface values, whereas
the averages shown in the simulation graph (bottom) are higher as they include values from inside the material.

as they must deviate such that they pass through the short length
bridge. Such longer paths impose higher reluctance, which trans-
lates to lower flux and, in turn, weaker magnetization of the lat-
eral semi-cylindrical sections. Hence, the contribution of the lat-
eral core sections to the B across the bridge drops as distance to
the bridge increases. In summary, in closed-loop magnetic cores,
the core is already stronglymagnetised at the bridge location, and
the lateral flux-funnelling material provides only a small addi-
tional flux, ≈40% for 𝜇r = 200 and 32% for 𝜇r = 40 for a geo-
metrical ratio of 5. Although modest, this increase may still be
significant for sensing and, especially, for energy harvesting ap-
plications, in which power output scales with B2.
The case of an open-loop magnetic core situated next to a con-

ducting line is illustrated in Figure 2. In this scenario, the core
magnetisation is a fraction of that corresponding to its nominal
permeability 𝜇r due to the presence of air in the closed flux path,

which presents a high reluctance to the flux flow. If the core is
cut to an H-shape, as shown by the arrow in Figure 2, top, with
flange length L and bridge lengthD, the flux flowing through the
flanges is guided to the shorter length bridge, leading again to
an increased B at the bridge. In this case, however, the gain is
much larger than in the closed-loop scenario. Since the total re-
luctance of the flux path around the conducting line is dominated
by the high reluctance of air, the relative reluctance increase in-
troduced by the longer path along the flanges is very small. Thus,
theB increase is not limited by the longer paths needed to be trav-
elled to pass through the bridge, leading to a substantially larger
B gain. As before, the effect is quantitatively studied by simula-
tion for a 1 A RMS, 500 Hz current. The total flux and average
B through the bridge is plotted as a function of L/D in Figure 2,
bottom. A B increase by a factor of 3.9 is demonstrated for 𝜇r =
200, at L/D = 5. For 𝜇r = 2000 and 𝜇r = 40, the correspond-
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Figure 2. Geometrical magnetic flux-guiding concept (top) and indicative finite element simulation (bottom) for an open geometry. In the simulations,
L was fixed to 50 mm, and D was varied between D = L and D = L/5. The conducting line is 10 mm in diameter and carries a 1 A RMS, 500 Hz current.
The simulations were carried out using COMSOLMultiphysics. As in Figure 1, the 3D B plots (top) illustrate surface values, whereas the averages in the
simulation graph (bottom) include values from inside the material, resulting in higher values.

ing gains are 4.7 and 2.4 respectively. The results demonstrate
that, for high permeability materials, the flux funnelling ratio can
indeed approach the geometrical cross-section scaling ratio, in
open-loop fields. In addition, even for moderate and low perme-
abilities, flux funnelling can provide a very high B enhancement.
It is worth noting that materials of very high permeability, such
as high-performance ferrites, are difficult tomachine into custom
shapes. Therefore, the benefit of their use is limited in practice
to the contribution of 𝜇r alone. Meanwhile, materials of moder-
ate permeability can benefit from the flux enhancement effects of
both their permeability and geometrical guiding. The simulation
results presented in Figure 2 reveal that the benefit of increas-
ing 𝜇r alone, without geometrical flux guidance, is negligible.
For example, increasing the permeability from 𝜇r = 40 to 𝜇r =
2000 at L/D = 1 only increases flux density from 0.104 to 0.115
mT. Meanwhile, geometrical flux guiding through smaller cross
sections, even for materials of moderate permeability, leads to a
large B increase, indicatively 390% at 𝜇r = 200 and 240% at 𝜇r =

40, for a geometrical ratio L/D = 5. These observations suggest
that, while increasing 𝜇r is beneficial, performance is primarily
determined by geometrical funnelling rather that material per-
meability and, therefore, materials of moderate 𝜇r of customis-
able shapes may be preferable over materials of high 𝜇r that are
difficult to process (e.g., ferrites), for increasing magnetic cou-
pling for small scale sensing, actuating, and power transduction
devices. This observation is experimentally studied and discussed
in the rest of this paper.

3. Experimental Section

3.1. Fabrication of Freeform Soft Magnetic Cores

The simulations reveal that the ability of magnetic cores to con-
centrate magnetic flux in the vicinity of a power line is deter-
mined by theirmagnetic permeability and their geometry, with 𝜇r
being the dominant factor in the case of closed-loop cores, while
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Figure 3. Magnetic guides fabricated via material extrusion.

geometry dominates the performance of open-loop cores. This
finding motivates the choice of a manufacturing technology that
enables the fabrication of high-permeability cores with arbitrary
shapes. Moreover, in many power line energy harvesting applica-
tions, the morphology of the harvesting device needs to fit an al-
ready existing infrastructure, imposing constraints on the shape
of themagnetic core, and highlighting the need for amanufactur-
ing technology capable of producing cores with custom, intricate
shapes.
While traditional manufacturing technologies are effective for

the high-volume production of cores with standardized geome-
tries, they are not suited formanufacturing custom-shaped cores.
Ferrite core fabrication in particular incurs elevated tooling and
setup charges (in the order of several $1000), and development
times of many weeks, when considering the production of a new
geometry. Meanwhile, AM technologies, characterized by their
ability to produce design-accurate, custom-shaped parts, are well-
suited for the fabrication of cores of arbitrary shapes. Addition-
ally, AM technologies are typically low-waste and cost-efficient.
In this work, soft magnetic cores with various geometries were
3D-printed via material extrusion (Figure 3) and characterized to
evaluate their performance in power line energy harvesting ap-
plications.
Material extrusion is an AM technology that creates parts by

pushing feedstock through a nozzle and depositing it layer by
layer. It is one of the most widely accessible AM technologies,
and it is suitable for the fabrication of magnetic components.[21]

Recent studies have reported the use of material extrusion-
compatible, soft magnetic feedstock in the form of filaments
[27–33], pastes[31–33] and pellets [22,23] (Figure 4). Thermoplastic-

based filaments are the standard feedstock formaterial extrusion,
as they enable tight control of material flow, and they can be em-
bedded with particles of functional materials to impart proper-
ties such as electrical conductivity andmagnetism.However, pro-
ducing 3D printing-compatible filaments with high filler content
is challenging, limiting the functional performance of filament-
printed parts.[34] Consequently, the relative magnetic permeabil-
ity of the filament-based soft magnetic cores reported in the liter-
ature is low (below 10). Meanwhile, soft magnetic devices printed
from pastes have been shown to reachmagnetic permeabilities of
several hundred. However, pastes require sintering at 950 °C or
higher temperatures after printing, and their rheology introduces
challenges for achieving dimensional accuracy. In contrast, pel-
letized feedstock can reportedly attainmoderate permeabilities of
≈30 while not requiring post-processing treatments. Therefore,
soft magnetic pellets enable a compromise between magnetic
permeability and manufacturability that aligns with the goal of
this study—to demonstrate the ability ofmaterials withmoderate
magnetic permeability to enhance the performance of induction
transducers via custom-shape flux guiding structures.
In this work, pellets of nylon 12 doped with FeSiAl particles

at 86% in weight (MATE Co., Okayama, Japan)—the same mate-
rial explored in [22,23]—were used to fabricate soft magnetic cores
via pellet extrusion. To do so, a Mahor v4 Pellet Extruder (Ma-
hor.xyz, Spain) was mounted on a customized E3D Motion Sys-
tem and ToolChanger 3D printer (E3D-Online, Chalgrove, Ox-
fordshire, United Kingdom) (Figure 5). The E3D ToolChanger
system can accommodate up to four independent tools, which
can be automatically picked up and used sequentially during a
print job, enabling the monolithic fabrication of multi-material
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Figure 4. Comparison of relative magnetic permeabilities of 3D-printed soft magnetic components reported in the literature. Devices that do not require
heat postprocessing were assigned a treatment temperature of 25 °C (i.e., ambient temperature).

Figure 5. Customized Mahor v4 pellet extruder (left) and E3D ToolChanger 3D printer featuring three filament extruders and one pellet extruder (right).

devices. Furthermore, the open-source nature of the system and
its customization-friendly design enable the integration of per-
sonalized tools, such as the pellet extruder used in this work. The
3D printing system, including the pellet extruder, has a total cost
under $4000, and it can fabricate a wide range of geometries—

with a minimum feature size of ∼0.8 mm and a maximum build
volume of 300 mm × 200 mm × 250 mm—without requiring
setup changes. For core fabrication, only two out of the four tool-
heads were used: one to extrude the soft magnetic material and
another to print support structures in polylactic acid (PLA), which

Adv. Sci. 2026, 13, e17310 e17310 (6 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. Rendering of H-shaped core and bridge support structure in the
slicer software Simplify3D (Simplify3D, Cincinnati, OH, USA).

Table 1. Key 3D printing parameters used to fabricate the soft magnetic
cores, as defined in the slicer software Simplify3D.

Core Support

Nozzle diameter (mm) 0.8 0.4

Extrusion multiplier (-) 1.00 1.00

Extrusion width (mm) 0.75 0.48

Layer height (mm) 0.2 0.2

Extrusion temperature (°C) 270 200

Bed temperature (°C) 90 90

Speed (mm/min) 1000 1000

held the bridges of the H-shaped cores during printing, and were
later removed (Figure 6). Table 1 summarizes the key printing
parameters used in the fabrication process. The dimensional ac-
curacy of the pellet extrusion process was sensitive to the ma-
terial and printing parameters used. In this work, the extrusion
width parameter was set to a value smaller than the diameter of
the nozzle, resulting in overlapping nozzle sweeps and overex-
trusion. This choice of printing settings facilitates the produc-
tion of fully dense parts, but can also result in oversized dimen-
sions in the plane parallel to the printing substrate—the horizon-
tal plane—due to horizontal overflow of excess material. In this
work, the effect of overextrusion was countered by shrinking the
horizontal dimensions of the part designs by 1mm—determined
experimentally—to make the final dimensions of the 3D-printed
components match the nominal dimensions. The soft magnetic
material used contains metal flake powder of up to 150 μm in
length. Such a large particle size resulted in rough lateral sur-
faces, but it was not found to significantly affect the rheology of
the material or the dimensions of the printed parts. No signifi-
cant dimensional variation across samples was detected.
Employing this method, rings with 13 mm inner diameter,

21 mm outer diameter, and 6.35 mm length were fabricated
(bottom-left of Figure 3). The dimensions were selected to match
commercial ferrite rings that were purchased for comparison. In
addition, H-shaped flux funnelling devices of various sizes were
fabricated. For the experiments of this paper, the H-shaped de-
vices with square bridge cross-sections were used (bottom and
top left in Figure 3). Each device was fabricated in under one hour,
and had a cost of under $1 in materials.

3.2. Transducer Fabrication

Inductive toroidal transducers were fabricated using the 3D-
printed soft core rings. Additionally, for comparison, equiva-
lent transducers were constructed using commercial ferrites
and custom-moulded rings of identical geometry. The custom
moulded material was provided by Max Baermann GmbH. A
100-turn coil was wound around each ring using enamelled Ø
= 0.2 mm Cu wire (Figure 7 left). The ring transducers were
used in this work primarily to characterise the magnetic prop-
erties of the materials. While their output voltage is analysed in
Section 4.2 and their potential as energy harvesting devices is
discussed, they do not provide geometrical guidance, and there-
fore, an evaluation of their output power was beyond the scope of
this paper. Closed-loop flux-guide energy harvesting implemen-
tations (scenario depicted in Figure 1) have been proposed and
analysed in.[25,35]

Similarly, inductive H-shaped transducers were prepared us-
ing H-shaped cores to evaluate the flux funnelling performance
of thematerials in open-loop configurations (scenario depicted in
Figure 2. H-shape cores with length L = 30 mm, a 5mm× 5mm
rectangular bridge cross-section, 20 mm total height, and 10 mm
width were used. A 100-turn coil was wound around the bridge
section of each H-shaped core, using the same Ø 0.2 mm enam-
elled Cu wire (Figure 7 right). The H-shaped transducers were
evaluated as open-loop inductive energy harvesters for power
lines using the experimental setup described in the following sec-
tion.

3.3. Power Line Energy Harvesting Evaluation Setup

The experimental setup used for material and device character-
ization (Figure 8) emulates a power line with cable diameter Ø
≈10 mm, carrying currents of up to 20 A RMS, in the 50 Hz–
1 kHz frequency range. It was based on a commercial audio am-
plifier coupled with a custom, 1:20 current transformer with fer-
rite core rings, used to obtain the required current and frequency
range on the power line cable. The input of the amplifier was
driven by a TTi TG1010 programmable function generator. The
secondary coil of the current transformer was the power line ca-
ble, connected in a single loop. The maximum line current was
limited by the resistance of the cable loop. Higher current val-
ues can be obtained by using a cable of higher conductive cross-
section and a low-resistance contact method between the cable
ends, such as high contact area clamps. The power line current
was monitored using a Fluke 787B process meter and a Keysight
U1583 clamp probe. A 4-channel Keysight DSOX 2024A oscil-
loscope was used to monitor the audio amplifier waveform and
the output of the transducers under test in open-circuit condi-
tions, as well as in connection with resistive loads consisting of
a resistance box. This apparatus can be used for characterizing
the magnetic properties of soft-core materials using ring induc-
tive transducers, such as those described in the previous section,
as well as for evaluating inductive energy harvesting devices for
power line applications.
To characterize themagnetic corematerials, the spatial average

magnetic flux density B in the material can be measured as a
function of spatial average magnetic field H using a ring core

Adv. Sci. 2026, 13, e17310 e17310 (7 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. Closed-loop ring (left) and open, H-shaped (right) core-and-coil transducers.

Figure 8. Photograph of the power-line harvesting evaluation setup. Left inset: Installed ring transducers. Right inset: Close-up of the H-shaped 3D-
printed transducer.
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Figure 9. Measured B-H characteristics of commercial ferrite (top-left), moulded (top-right), and 3D-printed (bottom) rings.

(Figure 8, left inset). With the power line cable going through the
centre of the ring core, the average magnetic field inside the core
can be calculated from the power line current I, using Ampere’s
law around the middle ring perimeter:

I = ∮
c

Hdl ⇒ H = I
c

(1)

At the same time, the magnetic flux density can be calculated
from the open-circuit coil voltage V through Faraday’s law:

V = −N 𝜕Φ
𝜕t

⇒ B = − 1
NA

∫ t
0 Vdt (2)

where Φ, N, and A are the flux, the number of coil turns, and
the ring cross-section area, respectively. Thereby, by monitoring

and recording I and V for a few periods of an alternating current
(AC) power line current, the B − H curve of the material can be
obtained. As a complementary characterisationmethod, aWayne
Kerr 6500B spectroscopic impedance analyser was used to mea-
sure the impedance of the transducers as a function of frequency,
in order to extract their resistance, inductance, and average core
relative permeability.
The evaluation of ring andH-shaped transducers as power line

energy harvesting devices can be performed by measuring the
transducer output voltage in open-circuit conditions, as well as
under different loads, in order to identify the output impedance
and the maximum power point of the transducers. The loads can
be purely resistive, emulating a power-consuming device such
as a sensor node, or complex impedances to include reactance
compensation circuitry.[25] Given that the focus of this work was
on material performance, transducers with only a small num-

Adv. Sci. 2026, 13, e17310 e17310 (9 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Table 2. Measured magnetic permeability of commercial ferrite, moulded
and 3D-printed, rings.

Method B–H curves Impedance

f / Hz 300 500 800 1000 103 – 106

Ferrite 450 470 480 520 128

Moulded 32 33 32 32 31

3D-Printed 42 42 42 41 44

ber of coil turns were tested, and reactance compensation was
not contemplated in the evaluation of energy harvesting output
power. For use-case implementations, coils with higher numbers
of turns and reactance cancellation could be developed and tested
using the same evaluation setup.

4. Results and Discussion

4.1. Magnetic Permeability Measurements

Using the evaluation setup and method described in Section 3,
the B − H characteristic curves of the ferrite, moulded, and 3D-
printed materials were obtained for different frequencies in the
300 Hz to 1 kHz range (Figure 9). This frequency range is of par-
ticular interest for aircraft power line sensors and applications.[36]

The commercial ferrite material exhibits a typical hysteresis
curve, with an average 𝜇r, measured by linear fitting in the re-
gion between − 95% and 95% of maximum B, of 450 at 300 Hz.
The 𝜇r for 500 Hz, 800 Hz and 1 kHz was found to be 470, 490
and 520, respectively. A remanence of around Br = 0.12 T is also
observed. On the other hand, the moulded and the 3D-printed
materials exhibit lower magnetization, with 𝜇r of ≈32 and 42,
respectively, throughout the frequency range, and without no-
ticeable hysteresis and remanent magnetization in the range of
H studied. These measurements demonstrate a frequency inde-
pendence of the magnetic properties of the materials at this low
frequency band. The results are summarized in Table 2, which
also includes 𝜇r values calculated from spectroscopic impedance
analysis measurements in the 1 kHz to 1 MHz frequency range
(Figure 10) for comparison. Themeasured relative permeabilities
of themoulded and 3D-printedmaterials using either experimen-
tal method were similar. In contrast, the impedance-based per-
meability for the ferrite material is significantly lower than that
obtained from its B −H performance. The cause of this discrep-
ancy has not yet been identified. On the other hand, the linearity
of themeasured impedance as a function of frequency in the dou-
ble logarithmic plots of Figure 10 for all materials between 1 Hz
and 1 kHz shows a constant inductance and permeability at this
frequency range, in agreement with the weak frequency depen-
dence of theB−H curves of Figure 9. Beyond 1 kHz, a resonance
behaviour is observed in Figure 10. This resonance is specific to
the coil used in the transducers, and therefore, no conclusions
are drawn about the properties of the materials in this frequency
range.
While the permeability of the 3D-printed material used in this

paper is an order of magnitude lower than that of a commercial
ferrite, it is higher than that of the custom moulded material by
30%. Also, according to the analysis presented in Section 2, this

Figure 10. Impedance measurements of commercial ferrite, moulded,
and 3D-printed rings.

moderate permeability may be adequate for effective flux fun-
nelling, especially in an open magnetic loop configuration. This
is experimentally investigated in Section 4.3.

4.2. Closed Magnetic Loop Performance

The potential of using the proposed 3D printing technique to im-
plement closed magnetic loop transducers was investigated by
measuring the open-circuit RMS voltage induced across the coils
wound around ring cores, for different power line currents at dif-
ferent frequencies. The results are shown in Figure 11 for the
ferrite, the moulded, and the 3D-printed material cases. As ex-
pected for closed-loop cores, the results show significant induc-
tive coupling for all three cases despite the small number of coil
turns used. Indicatively, for a 10 A RMS, 500 Hz power line cur-
rent, the RMS voltage across the transducer coils is 1.3 V, 0.15 V,
and 0.14 V for the ferrite, moulded, and 3D-printed materials,
respectively. The ferrite provides one order of magnitude higher
voltage, corresponding to its similarly higher. 𝜇r measured and
reported in Section 4.1. The voltage dependence on the line cur-
rent amplitude follows a linear pattern (note the semilogarithmic
scale of Figure 11) up to 10 A for the ferritematerial, and it gradu-
ally saturates thereafter due to magnetisation saturation. For the
moulded and 3D-printed material devices, transducer voltage in-
creases linearly with line current up to 20 A. The non-linearities
observed beyond 20 A for all three devices are due to signal dis-
tortion originating at the custom transformer of the evaluation
setup. The frequency dependence also follows a linear pattern in
accordance with Faraday’s law of induction.
The induced voltage level obtained from the ferrite mate-

rial is adequate for implementing energy harvesting power sup-
plies suitable for autonomous low-power electronic systems such
as wireless sensor nodes. The lower voltage obtained by the
moulded and 3D-printedmaterials can be scaled up by increasing
the number of coil turns. Indicatively, a tenfold increase in turns
would provide adequate coupling while maintaining a practical

Adv. Sci. 2026, 13, e17310 e17310 (10 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 11. Open-circuit RMS voltage of commercial ferrite (top-left), moulded (top-right), and 3D-printed (bottom) magnetic ring transducers, from a
10 A RMS current of various frequencies.

overall device size and cost. Further transducer power density in-
crease by using flux funnelling structures is possible,[25] though
limited for closed-loop cores as demonstrated in Section 2. In
conclusion, the results of Figures 9 and 10 show that the pro-
posed 3D-printed material has a moderate closed-loop energy
harvesting performance, and that higher 𝜇r is desirable, as cou-
pling is dominated by the 𝜇r scale, in line with the simulations of
Section 2.

4.3. Open Magnetic Loop Performance

The open-loop flux funnelling performance of the H-shaped fer-
rite, moulded and 3D-printed transducers was evaluated using
the experimental setup described in Section 3.3. The transducers
were installed on the side of the power line, with the H-shape

flanges parallel to the power line cable cylinder axis, and the
bridge tangential to the cable, at a distance of 5 mm from the
cable surface. This orientation corresponds to the simulated ge-
ometry shown in Figure 2, top right. The open-circuit voltage of
each transducer was measured for various line currents and fre-
quencies. Indicative measurements for a 10 A RMS line current
are shown in Figure 12, left, as a function of frequency. A linear
frequency dependence is observed as expected. The ferrite trans-
ducer provides a considerably higher voltage than the moulded
and the 3D-printed materials, due to its larger 𝜇r. The 3D-printed
material provides a somewhat larger voltage than the moulded
one, also in line with the corresponding measurements. 𝜇r val-
ues. The ferrite to 3D-printed voltage ratio is 2 throughout the
frequency range, which is much smaller than the permeability
ratio of 10. This result is in line with the simulated B compari-
son of Figure 2, bottom, which indicates a similarly weaker de-

Adv. Sci. 2026, 13, e17310 e17310 (11 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 12. Open-circuit RMS voltage (left) and corresponding matched-load power output (right) of commercial ferrite, moulded, and 3D-printed H-
shaped core-and-coil transducers, from a 10 A RMS power line current of various frequencies.

Figure 13. Impedance measurements of commercial ferrite, moulded,
and 3D-printed H-shaped core-and-coil transducers.

pendence of voltage on 𝜇r for open magnetic loop devices. This
smaller 𝜇r dependence can allow materials of moderate 𝜇r to be
effectively used as flux funnels in open loop devices.
To evaluate the maximum output power capabilities of the

transducers, the impedance of the devices was characterized us-
ing an impedance analyzer (Figure 13). The direct current (DC)
coil resistances were measured at 1.14, 1.40, and 1.41 Ω for the
ferrite, moulded, and 3D-printed material devices, respectively.
The corresponding inductances were measured at 0.78, 0.29, and

Table 3. Energy harvesting performance of the H-shaped magnetic flux
concentrator transducers.

Quantity Mass μr L R P 𝜂 P/m 𝜂/mr

Unit g - mH Ω μW - μW/g -

Ferrite 19.2 470 0.78 1.14 332 63.8 17.3 3.0

Moulded 13.6 33 0.29 1.4 33 6.3 2.4 0.4

3D-printed 8.6 42 0.49 1.41 55 10.6 6.4 1.1

3D-printed, long 13.7 42 0.49 1.5 71.4 13.7 5.2 0.9

Coreless 0.9 1 0.035 1.33 5.2 1.0 5.8 1.0

Note: L: Inductance at 500Hz, R: DC coil resistance, P: Power from 10 A RMS, 500Hz
current, 𝜂: Power gain factor, P/m: Power per unit mass, 𝜂/mr: Power-per-unit-mass
gain factor with respect to the coreless coil (mr is the mass ratio).

0.49 mH in the 1 kHz–0.5 MHz range. The maximum output
power occurs at impedance matching conditions, at which the
load impedance is matched. ZL is equal to the complex conjugate
of the transducer output impedanceZOUT, i.e., whenZL = Z∗

OUT .
This can be achieved by a maximum power point tracking sys-
tem including reactance compensation capacitors.[25] The corre-
sponding maximum power is shown in Figure 12, right. In con-
trast with the closed-loop case presented in Section 4.2, which im-
plies a power ratio of 100 between the ferrite and the 3D-printed
material, the ratio in the open-loop case is less than 10. Indica-
tively, for a 10 A RMS, 500Hz line current, powers of 332, 33, and
55 μWare demonstrated for the ferrite, moulded, and 3D-printed
materials, respectively.
A summary of device features and performance parameters is

presented in Table 3, including mass measurements for each de-
vice and the performance of a coreless coil.[24] The power per to-
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tal transducer unit mass, Pm = P/m, is found to be 17.3, 2.4, 6.4,
and 1.2 μWg−1 for the ferrite, moulded, 3D-printed, and coreless
transducers, respectively. Using the coreless coil as reference, the
power and power-per-unit-mass gain factors are calculated as 𝜂 =
P/P0 and 𝜂m = Pm /Pm,0, where P0 and Pm,0 are the coreless coil
power and power per unit mass, respectively. Notably, the power
density of the 3D-printed transducer is more than a third of that
obtained by the commercial ferrite device. The experimentally
measured performance of a 3D printed prototype of the same ge-
ometry but with longer flanges (L = 50 mm, top-left in Figure 3)
is also included in Table 3. A power output of 71.4 μW, 30% larger
than the 30 mm-long printed prototype, was measured. While
this increase is lower than the 66% geometrical ratio increase, it
demonstrates that the 𝜇r of the printed material is adequate for
providing higher flux concentration, and hence output power, by
geometrical ratio scaling, as predicted by the simulation results
in Figure 2.
The demonstrated output power can be scaled up by increas-

ing the number of coil turns. For example, as in the closed-loop
case, a tenfold increase in turns can be implemented without a
significant size and mass overhead. Moreover, the overall core-
and-coil transducer can be designed to fit the power, voltage, and
size specifications of a given application. In energy harvesting
transducers, the ratio of core and coil mass can be optimised for
maximum power density, as shown in.[5]

The results demonstrate that both material permeability and
core geometry play significant roles in magnetic field amplifica-
tion, offering performance enhancements for closed- and open-
loop energy harvesting applications. Therefore, the ability to fab-
ricate high-permeability cores with custom shapes is desirable
for the implementation of high-performance power line energy
harvesters.
The 3D-printed cores fabricated in this work leverage the abil-

ity of AM to fabricate custom-shaped, magnetically functional
components. However, they exhibit modest permeability, which
limits their energy harvesting performance. Recent studies
on 3D-printed magnetics have shown that cores with higher
magnetic permeability can be fabricated by combining material
extrusion AM with sintering (i.e., thermal postprocessing at
temperatures near 1000 °C).[32,33,37] While sintering typically
introduces additional cost, extended manufacturing times, and
potential geometric distortion, the ability to produce cores with
significantly higher magnetic permeability (up to one order of
magnitude greater) while maintaining shape flexibility makes
this approach attractive for the fabrication of high-performance
power line energy harvesters.
The soft magnetic material used in this study (FeSiAl-doped

nylon) contains metal flake powder of up to 150 μm in length.
The presence of such large-sized metallic particles results in the
need to use a wide nozzle to avoid clogging, imposing a large
minimum feature size in the plane parallel to the printing sub-
strate (≈0.8 mm in this work). Additionally, such a large particle
size also constrains the out-of-plane minimum layer height that
can be implemented (0.2 mm in this work). However, it is ex-
pected that the effect of flux guiding on transducer performance
is more significant as the size of the transducer is reduced, due to
the scaling of the magnetic flux with area. Therefore, it is of great
interest to explore the synthesis of material extrusion-compatible
composite feedstocks incorporating smaller functional particles

to enable the fabrication of millimetre- and sub-millimetre-scale
magnetic flux guides.

5. Conclusion

The effectiveness of using 3D-printedmaterials ofmoderate 𝜇r as
flux guides for increasing the performance ofmagnetic transduc-
ers was studied in this paper. Finite element simulations show
that, while in closed magnetic loop devices flux funneling is lim-
ited and performance is largely dependent on 𝜇r, in open-loop de-
vices 𝜇r is less important, and flux funnelling can provide a B in-
crease by a factor similar to the geometrical ratio of cross-section
scaling, even with materials of moderate 𝜇r. The effect was stud-
ied experimentally using a 3D-printedmagneticmaterial suitable
for implementing custom geometrical shapes. The material per-
formance was characterised in comparison with a commercial
ferrite and a custommouldedmaterial, for closed-loop and open-
loop device geometries. Thematerial relative permeabilities were
found to be between 450 and 520 for the ferrite, between 32 and
33 for the moulded, and between 41 and 42 for the printed mate-
rial, at frequencies up to 1 kHz. In closed-loop ring transducer
devices, the ferrite transducer outperformed the moulded and
3D-printed devices by an order of magnitude in terms of induced
open circuit RMS voltage, confirming the dominant effect of 𝜇r.
In open-loop, H-shaped flux funnelling transducers, a weaker de-
pendence on 𝜇r allowed the demonstration of significant relative
performance of the 3D-printed and the moulded materials. In-
dicatively, in open-loop inductive energy harvesting operation, a
power output of 332, 33, and 55 μW, from a 10 A RMS, 500 Hz
power line current was demonstrated for the ferrite, moulded,
and 3D-printedmaterials, respectively. The corresponding power
densities (per unit mass) are 17.3, 2.4, and 6.4 μW g−1. The fer-
rite to 3D-printed material output power ratio is 6, significantly
less than the 100 fold power ratio that is expected for a tenfold 𝜇r
difference in closed-loop devices. This result demonstrates that
materials with moderate 𝜇r can be employed for fabricating in-
ductive harvesters with customisable shapes to fit the require-
ments of sensing, actuating, and other applications involving
magnetic flux. This is especially important for on-chip transduc-
ers and applications requiring bespoke 3D shapes, in which high-
performance magnetic materials are challenging to integrate.
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