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Abstract. This paper presents an electromagnetic energy harvester using an array of
rectangular permanent magnets as springless proof mass and ferrofluid as a lubricating material.
Lateral motion of the multi-pole magnet array generates voltage across an array of copper
windings formed under the aluminum channel in response to low frequency external vibrations
such as human-body-induced motion. A proof-of-concept device has been fabricated and
output voltage has been measured at various input frequencies and accelerations provided by a
vibration exciter. Device with ferrofluid lubrication generated maximum open-circuit voltage
0f 0.47V at 3g vibration at 12Hz, which is 8% higher than that of the device without lubricant.
Maximum output power of 71.26uW has been obtained at 40.8Q with the device with
ferrofluid lubrication.

1. Introduction

In a variety of areas including wireless sensor nodes and medical implements, energy harvesting has
attracted research interest as an alternative to conventional internal energy sources which are primary
batteries in general. Harvesting energy from vibration is drawing notable attention due to rather
straightforward power generation mechanism and availability of vibration sources in the environment.

Electromagnetic induction based rotary power generators have been widely used and researched in
macro and miniature scale applications up to the present [1]. Due to the complexity of these systems
and difficulties related with translation of motion and providing support for the moving part,
utilization of spring-supported linear motion has prevailed in most of the electromagnetic energy
harvesters [2]. In general, harvesters based on spring-mass-damper systems require relatively high
frequency, especially in miniature devices, and frequency matching which limit the operation
frequency band. Alternative techniques are required to harvest energy from low frequency vibrations
such as human-body-induced motion. To overcome the issues of conventional spring-mass-damper-
based devices, wide variety of harvesters using springless proof mass have been researched [3-5].

To realize an electromagnetic harvester with springless proof mass, means to provide stable relative
motion between the permanent magnet and windings while maintaining a narrow gap and
magnetization direction are crucial. Rolling magnets can be utilized at the expense of rather random
variation of magnetization direction [5]. Ball bearing has proven to be effective in some applications,
but the wear issue has to be taken into account [6]. Utilization of cylindrical magnet has also been
demonstrated [4]. In this research, we have utilized ferrofluid as a lubricant for a multi-pole
rectangular magnet assembly which undergoes a linear sliding motion. Ferrofluid is a colloidal
suspension containing ferromagnetic nanoparticles with friction-reducing capabilities on a magnet
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surface. A proof-of-concept electromagnetic vibration energy harvester with springless sliding magnet
assembly and ferrofluid as a lubricant has been fabricated and tested.

2. Harvester design

A schematic diagram of the proposed energy harvester is shown in figure 1. Proof-of-concept
harvester design utilizes the sliding motion of four NdFeB bar magnets covered with a pure iron plate
oscillating in aluminum housing. When an external lateral vibration is applied to the device, multi-pole
magnets oscillate horizontally and voltage is induced across an array of copper windings connected in
series. Pure iron plate covering the top side of the magnets enhances the magnetic flux across the
windings. Ferrofluid reduces the friction between the magnet surface and aluminum housing. A set of
five coils is formed by winding a 0.lmm-diameter copper wire around the bobbins attached to the
bottom of the housing. Coil pitch and height of coil are 3.07mm and 2.1mm, respectively. Gap
between the magnet assembly and coil is 0.2mm.

External vibration
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3. Fabrication

Figure 2 shows the fabricated electromagnetic energy harvester. Copper windings are formed with
0.1lmm-diameter copper wire and bobbins machined with acrylic plate. Number of turns for each
winding is 50. An array of four NdFeB bar magnets, which measure 12.7x3.18x1.59mm’ each, are
attached and covered with a pure iron plate (12.7x12.7x0.2mm’). Aluminum housing has been
fabricated by precision CNC (computer numerical control) milling process. Channel width and length
are 14.7mm and 19.05mm, respectively. Assembled device, which measures 23.05x18.7x4.5mm’, has
been covered with an acrylic plate and tested with and without the ferrofluid. Figure 3 shows the array
of magnets without pure iron plate before and after and ferrofluid application. As shown in figure 3(b),
dispensed droplet of ferrofluid tends to gather around the points of higher magnetic flux density. When
the magnet is flipped and placed inside the housing, squeezed ferrofluid droplet forms a thin layer
between the magnets and aluminum housing which enables the magnet assembly to smoothly glide on
the aluminum surface.
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Figure 2. Proof-of-concept energy harvester after assembly: (a) bottom side, (b) top side
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Figure 3. Magnet array: (a) in pristine condition, (b) after ferrofluid dispense.

4. Results and discussion

Assembled energy harvester has been tested with a vibration exciter, which provides various input
frequencies and accelerations. Figure 4 shows the experimental setup for the vibration exciter test.
Sinusoidal vibration has been applied laterally to the harvester with frequency ranging from 7Hz to
20Hz with 1Hz step. Acceleration has been varied from 0.5g to 3g with 0.5g step at each frequency.
Because of the limitation of the vibration exciter, frequencies under 7Hz and the accelerations above
3g could not be tested.
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Open-circuit voltages of the device with and without ferrofluid has been measured and compared at
various input frequencies and accelerations (figure 5). Both devices showed relative flat frequency
response with clear increasing trend as input acceleration was increased. Also, output voltage decrease
at higher frequency range was observed from both devices. At 3g vibration, maximum open-circuit
voltages of 0.47V at 12Hz and 0.44V at 13Hz have been obtained with devices with and without
ferrofluid, respectively. As shown in figure 6, application of ferrofluid increases the open-circuit
voltage of the device throughout entire frequency and acceleration ranges.
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Figure 5. Peak-to-peak open-circuit voltage at various input frequencies and accelerations:
(a) device without ferrofluid, (b) device with ferrofluid.
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Figure 7 shows the typical open-circuit voltage waveforms of the fabricated devices. Due to
reduced friction between magnet assembly and underlying aluminum surface, travel range of the
magnet per cycle has been increased due to ferrofluid lubrication. Moreover, velocity of the magnet
has been improved which can be evidenced by higher output voltage amplitude. Increase in velocity
was large enough to overcome the enlarged gap between the magnet and coil as a result of magnet
flotation on ferrofluid.
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Figure 7. Typical open-circuit voltage waveform: (a) device without ferrofluid (3g acceleration
at 13Hz), (b) device with ferrofluid (3g acceleration at 12Hz)

Output power and root-mean-square output voltage has been obtained at load resistances ranging
from 11.6Q to 51.5Q for both devices (figure 8). Input frequencies and accelerations for maximum
open-circuit voltages have been used in the experiment. Maximum output power of 71.26uW has been
obtained at 40.8Q using the device with ferrofluid. For the device without ferrofluid, however,
maximum output power of 74.10uW has been achieved at 24.6Q. Output power of the device without
ferrofluid was higher than the device with ferrofluid in 23.6-33.5Q range, which require further
investigation.

Although still a lot of room for performance improvement exists, the concept of utilizing ferrofluid
as a lubricant for springless electromagnetic vibration energy harvester has been tested successfully. In
addition to the improvement in output characteristics of the harvesting device, ferrofluid lubrication is
expected to protect the device from wear and provide enhanced long term reliability. For further
improvement of the overall device performance, geometries of the channel and magnet assembly need
to be optimized to reduce the planar rotation of the magnet. A thorough quantitative analysis of
dispensed ferrofluid volume on magnet flotation and modification of the contact regions to
hydrophobic surfaces could further improve the output.
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Figure 8. Output power and voltage at various load resistances: (a) device without ferrofluid
(13Hz at 3g), (b) device with ferrofluid (12Hz at 3g)

5. Conclusion

We have proposed an electromagnetic vibration energy harvester with springless proof mass and
ferrofluid as a lubricant. A proof-of-concept energy harvester consisting of multi-pole magnets and
array of copper windings has been fabricated and experimented. Effect of ferrofluid as a lubricant has
been verified by comparing the harvester output with and without ferrofluid. Maximum open-circuit
voltage of 0.47V has been generated with the device with ferrofluid at 12Hz at 3g, which was 8%
higher than that without ferrofluid. Maximum output power 71.26uW has been obtained from the
device with ferrofluid while the device without ferrofluid has generated 74.10uW of maximum power.
Although output power characteristics require further investigation, we have successfully
demonstrated the feasibility of utilizing ferrofluid as a lubricating material for springless
electromagnetic vibration energy harvester for low frequency vibrations.
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