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Abstract—Limited magnetic flux has been a significant 
restriction in the applicability of scaled-down inductive energy, 
sensing and actuating devices.  Magnetic flux concentration 
could potentially address this challenge by offering higher flux 
density B and thereby higher transduction power density, 
sensitivity and force in the small scale. In this paper, a study of 
flux concentration from a flux path perspective is presented. 
Numerical simulations show that high permeability cylindrical 
cores can achieve a flux concentration ratio in the scale of their 
aspect ratio, as they gather flux from their reachable vicinity. 
Flux guiding structures such as H-shapes can concentrate the 
flux incident to their surface and guide it through a small cross-
section, achieving a higher concentration ratio. In an 
experimental study, a flux concentration factor of 6 is reported 
using a single 5 mm diameter, 20 mm high cylinder, and an 
additional increase factor of 4.3 from the addition of 70 mm × 
12 mm × 2 mm flanges. A total B amplification ratio of 26 is 
demonstrated. As an application demonstrator, this approach is 
employed in an inductive energy harvester yielding 11.4 mW 
average power output (0.3 mW/g) from a 0.12 mT RMS, 800 Hz 
field. 

Keywords—energy harvesting, flux concentrator, inductive, 
sensor, MEMS  

I. INTRODUCTION

Electromagnetic induction is one of the most effective 
transduction techniques for power, sensing and actuation 
applications. The rapid technological progress towards 
increasingly integrated, fast and multitasking devices has 
driven the requirement for miniaturisation of inductive 
transducers. However, the direct dependence of inductive 
coupling to flux availability, which scales down with the 
square of area has limited their performance in the small scale 
[1]. For this reason, other transduction methods such as 
piezoelectric and electrostatic are often preferrable, despite 
the maturity, simplicity and mild environmental footprint of 
inductive transducers. The realisation of high magnetic flux 
density B in microsystems is therefore a key desirable 
technology. 

Soft magnetic layers have been employed in microsystems 
as, so-called, magnetic flux concentrators, to enhance the local 
magnetic field for microelectromechanical systems (MEMS) 
resonator magnetometers [2, 3], magnetoresistive sensors [4, 
5], electrical current sensors [6] and other applications. 
Structures include thin deposited layers [3], trapezoidal [6], 
tapered [3, 4], filleted and chamfered shapes [5] as well as 3D 
structures [6]. The increase of B in sensing microsystems 
provides increased sensitivity, signal level as well as signal to 
noise ratio. 

In inductive energy transduction microsystems which 
typically employ a coil and a soft magnetic core, flux 

funnelling through smaller cross-section is especially 
important because it reduces the required soft core mass but 
also because it allows a significant reduction of coil resistance, 
for a given overall device mass. This is key to energy 
harvesting devices which typically involve weak fields and 
require operation at load-matching conditions, at which the 
power output is determined by coil resistance [7]. In previous 
work, we have developed an inductive electrical power line 
harvester based on H-shaped magnetic soft core concentrators 
[8]. A mW – range power supply including power 
management and storage was demonstrated in [9]. Here, a 
study of the flux funnelling mechanism for cylindrical rods 
and H-shape structures is performed. The coil and core 
platform architecture of [9] is then employed to study 
experimentally the role of flux flange thickness to the 
achieved flux concentration ratio and overall transducer 
performance, towards an optimised device design. 

- 

II. FLUX CONCENTRATION

The introduction of a ferromagnetic material (soft core) in 
a magnetic field results in magnetic pole alignment in the 
material and thereby to its magnetization field which increases 
the magnetic flux density B in the material and weakens B 
around it. From a flux path perspective, magnetic flux lines 
prefer a path of lowest total reluctance along each Ampere’s 
law integral closed loop. Therefore, flux lines in the vicinity 
of the core that are close enough, follow a diverted trajectory 
through the high permeability core, experiencing a lower 
overall reluctance. This is visualised and quantified by 
numerical simulation in Fig. 1 for a cylindrical core of 
diameter 𝐷  and height 𝐻 , with relative permeability 𝜇 =
200  in a 1 μT uniform magnetic field applied along the 
cylinder axis. The total added flux depends on geometry. 
Simulation results of the flux increase ratio passing through 
the core cross-section at its center and top/bottom sides are 
plotted in Fig. 2 for different 𝐻/𝐷  ratios. Higher 𝜇  values 
provide a moderate concentration increase. As an example 
results for 𝜇 = 2000 are shown as light curves in Fig. 2. It is 
concluded that the flux concentration in a core due to its high 
permeability is in the order of magnitude of its aspect ratio, 
for 𝐻/𝐷 ≥ 1. 

Further increase of flux concentration is possible by 
employing flux funnelling magnetic core geometries [8, 10]. 
This effect has been studied for H-shaped structures 
experimentally and by simulation in [7, 8], demonstrating that 
further from the flux concentration achieved by a high 𝜇  soft 
core cylinder, an additional concentration by a factor of 𝐿/𝐷 
can be achieved, where 𝐿  is the length of the H-structure 
flanges. A flange width 𝑊 equal to the cylinder diameter 𝐷 is 
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assumed. The dimensions of such an H-shaped geometry are 
summarised in Fig. 3. Experimental results from an energy 
harvesting device employing such a flux concentrator are 
presented in the next section, including a study of the effect of 
the flange thickness 𝜏 to device performance. 

Fig. 1: Simulated magnetic flux concentration by a soft core cylinder 
with μr = 200, in a 1 μT uniform magnetic field source applied along 
its axis from a 0.2 m distance on either side (3D view inset). The 
flux lines are shown as black curves, providing a quantitative 
visualisation of the concentration effect. 

Fig. 2: Simulated flux concentration ratio vs core aspect ratio, for 
μr = 200 and μr = 2000 at a cylindrical core centre and top/bottom 
sides. An experimental measurement from a 20 mm long, 5 mm 
diameter rod discussed in Section III is plotted as a blue dot. 

Fig. 3: Schematic of an H-shaped magnetic flux concentrator. 

III. EXPERIMENTAL STUDY

A prototype coil and core energy harvester was fabricated, 
using a custom 10,000-turn, 60 μm wire diameter cylindrical 
coil with a mass of 6.7 g, fabricated by North Devon 
Electronics Ltd. The coil length, inside and outside diameter 
are 20 mm, 5 mm and 11 mm respectively, as in [9]. A 20 mm 
long, 5 mm diameter ferrite rod with μ = 250 and a mass of 
1.8 g was used as the coil core. An 80% Ni, NiFe alloy with 
nominal 𝜇 = 30,000 from Holland Shielding Systems B.V. 
was used as the flange material [11], provided in 70 mm × 12 
mm × 0.5 mm plates. The mass of each plate is 3.6 g.  The 
parts were assembled into the H-shape illustrated in Fig. 3, 
using a custom 3D-printed acrylonitrile butadiene styrene 
(ABS) box. The box can accommodate flanges with thickness 
up to 2 mm. Thereby, the device was tested without flanges 
and with up to four NiFe plates stacked on either side, 
obtaining a flange thickness of 0, 0.5 mm, 1 mm, 1.5 mm and 
2 mm. A photograph of the energy harvester is shown in Fig. 
4. 

Fig. 4: Photograph of the experimental device under test. The 
device design follows the structural concept introduced in [9]. 

The coil output voltage was monitored using a 
conventional multimeter. The device was tested in a 0.12 mT 
RMS magnetic field, using the distributed current laboratory 
setup described in [9]. This magnetic flux density value was 
calculated from the coil open circuit voltage measurements 
without any core material, at frequencies between 300 Hz and 
800 Hz. For this calculation, the average coil turn area was 
taken into account, assuming an ideal hexagonal turn packing. 

The measured open circuit RMS voltage output is plotted 
as a function of frequency in Fig. 5 without flanges and with 
flange thickness up to 2 mm. As expected, a linear increase of 
the induced voltage with frequency is observed. The voltage 
also increases with the introduction of flanges and with flange 
thickness. The corresponding average power, calculated from 
the measured open-circuit voltage for load matching 
conditions and considering only the 1.6 kΩ coil resistance, as 
impedance output (i.e. assuming a complete reactance 
cancellation) is plotted in Fig. 6. An overall power increase by 
a factor of 7 is reported from the introduction of 0.5 mm 
flanges, and by a factor of 17 from 2 mm flanges.  
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Fig. 5: Experimental measurements of open circuit, RMS output 
voltage vs field frequency for different flange thicknesses. 

Fig. 6: Average output power calculated from the measurements of 
Fig. 5 for matched load conditions on a 1.6 kΩ resistor and 
complete reactance cancellation. 

To further study this effect, the measured voltage of Fig. 
5 is replotted in Fig. 7 as a function of flange thickness. In 
comparison to the single cylinder case, the introduction of 0.5 
mm flanges increases the voltage output by a factor of around 
2.6 at all frequencies. Doubling the flange thickness (1 mm) 
results in a moderate further voltage increase of around 7%. 
From 1 mm to 1.5 mm an increase of around 14% is observed. 
From 1.5 mm to 2 mm a further increase of 27% is observed. 
These increase rate variations are partly attributed to the 
variation of gaps between the stacked flange plates. In the 2 
mm case, the stacks are pressed together by the ABS box 
leading to smaller gaps and to the higher observed voltage 
increase. 

In energy harvesting applications the power availability 
per unit device mass is important, and therefore, the added 
core and flange mass must be taken into account in the 
evaluation of performance increase. The power density was 
calculated by dividing the output power by the coil and core 
mass for each case and is plotted as dashed lines in Fig. 7. A 
power density increase by a factor of 4 is observed from the 
introduction of 0.5 mm flanges in comparison to a single 
cylinder core. Thicker flanges do not provide further power 
density improvement, due to their substantial additional 
mass. 

Fig. 7: Measured voltage from Fig. 5 plotted vs flange thickness. 
The dashed curves show the corresponding power density (right 
axis) calculated from Fig. 6, taking into account the total coil and 
core mass for each case. 

From the open circuit voltage measurements of Fig. 7, the 
corresponding overall flux passing through the coil can be 
calculated by direct application of Faraday’s law of 
induction. The results are plotted in Fig. 8, including 
measurements from the coil without any core for reference. 
The flux values obtained should not depend on frequency and 
any deviation may be the result of measurement error. The 
data overlap well, indicating a minimal measurement error, 
with a relative standard deviation of 0.8%, 0.6%, 0.7%, 2.1%, 
0.7% and 1% for the coreless coil and for the core and coil 
assembly with a flange thickness of 0 mm, 0.5 mm, 1 mm, 
1.5 mm and 2 mm respectively. In comparison to the flux 
through the coil without a soft core, measured to be 6.3 nWb 
RMS, a flux concentration ratio of 6.6 is demonstrated by the 
single cylinder core. This result is plotted as a blue dot in the 
simulated flux concentration graph of Fig. 3 for comparison. 
The flanges offer further increase by a factor of up to 4.3 at 2 
mm thickness. 

The flange concentration factor is considerably smaller 
than the ratio of core area presented perpendicular to the field, 
𝐿 ∙ 𝑊/(𝜋 ∙ 𝐷 /4) ≅ 43. However, the single cylinder factor 
of 6 is also a field concentration effect and therefore, the area 
ratio should be compared to the total concentration ratio of 
6.6 × 4.3 ≅ 28 . In this consideration, flux concentration 
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beyond the flange lateral edges is regarded to be small, due 
to their very low aspect ratio. The smaller value demonstrated 
experimentally is attributed to the inhomogeneity of the 
source field in the flange width direction, as the testing setup 
emulates a real current flow application use case [9]. 

IV. CONCLUSIONS AND OUTLOOK

In this work, the effect of flux concentration by cylindrical and 
H-shaped structures for energy, sensing and actuating
microsystems was studied. The concentration ratio achieved
by cylindrical soft cores is largely determined by the core
height-to-diameter ratio, 𝐻/𝐷. More specifically, the increase
of flux passing throughout a cylinder is in the order of
magnitude of its aspect ratio value, for 𝐻/𝐷 ≥ 1 . The
employment of H-shaped structures can provide further flux
concentration. Effectively, in a flux flow interpretation of the
effect, the flux that is incident to the structure surface is
channelled through its middle branch, offering a higher 𝐵
region, and thereby increase power density for energy
transduction, higher sensitivity in sensing and larger actuation
force in the small scale. Experimental results demonstrate a
flux increase by a factor of 6 using a single 5 mm diameter, 20
mm high cylinder, and by an additional factor of 4.3 from the
addition of 70 mm × 12 mm × 2 mm flanges.

Based on this method, an energy harvesting device providing 
over 10 mW (0.3 mW/g in power density), from a 0.12 mT 
RMS, 800 Hz field was demonstrated. The reported output 
power density varies among implementations and tests 
reported in the literature, due to the high sensitivity to the 
incident applied magnetic field, and therefore accurate 
performance comparisons are difficult to make. However, the 
experimental flux concentration ratio of 4.3, additional to a 
single cylindrical core case, and the corresponding power 
increase ratio of 17 reported here under the same 
environmental conditions show that optimised, three-
dimensional flux concentration structures could substantially 
improve the performance of energy, sensing and actuating 
microsystems. 

Fig. 8: Total flux through the coil calculated from the measurements 
of Fig. 7, using Faraday’s law of induction. Coil output 
measurements without a core are also included for comparison. 
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