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We propose a wireless power transfer system using low-frequency magnetic fields. Low-
frequency magnetic fields have less effect on the human body and less shielding effect by
conductors than high-frequency magnetic fields such as the Qi standard. Therefore, we can
explore areas of application in which current high-frequency magnetic field systems cannot be
used. The power source is assumed to be a single coil or a Helmholtz coil driven by low-
frequency AC current. The power-receiving device has a vibrating beam, which has a Pb(Zr,T1)
O3 (PZT) layer on the surface, and driving magnets. By applying an AC magnetic field, the
beam is vibrated similarly to a tuning fork. The driven force is induced as a torque, and the
device can operate even in a parallel magnetic field. The device is realized with MEMS
technology and has a volume of 20 x 30 x 0.08 mm?>, a PZT thickness of 10 pm, and a permanent
magnet of 9 x 2 x 2 mm? attached to it. The device has an output voltage of 3.24 V,,,, and an
output power of 1.54 mW at an applied magnetic flux density of 0.495 mT.

1. Introduction

Energy harvesting technology has attracted attention in IoT and various other fields as a
technology for converting small amounts of ambient energy, such as vibrations,(! light,® heat,®
and radio waves,™ into electricity. In this paper, a new wireless power transmission system is
proposed by combining an AC magnetic source and a vibrating MEMS energy harvester, which
is driven by a magnetic field.

In recent years, the practical application of wireless power transmission by magnetic field
coupling has been progressing.®~? For example, the Qi standard is widely used for electric
devices. However, the Qi and many other systems use relatively high frequencies
(100—200 kHz).19 The electromagnetic wave at such a high frequency can affect human health
and have a shielding effect by conductors. To broaden the applicability of wireless power
transmission, some vibration energy harvesters using bulk magnets have been proposed to
realize wireless power transmission at a low frequency.(!!-19) Possible uses of the system include
supplying power to the inside of a machine surrounded by metal or to medical devices implanted
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in the human body. Thus far, we have developed piezoelectric MEMS energy harvesting devices
with 10-pum-thick Pb(Zr,Ti)O; (PZT) thin films to increase the output power. (720 In this study,
these piezoelectric harvesting techniques are adopted in the wireless power transmission by
electromagnetic coupling using low-frequency (approximately 1000 Hz) AC magnetic fields.

The wireless power transmission assumed in this study is a combination of coil induction and
magnet vibration systems. The AC parallel magnetic fields generated by the coil excite the
mechanical vibration of the piezoelectric MEMS energy harvester to which magnets are
attached. The electro-mechanical coupling of piezoelectric thin films of the harvester outputs
electrical energy. In a parallel magnetic field, the magnetic force between the external field and
small magnets is canceled out when the magnetic dipole is located along the field. Therefore, the
utilization of magnetic torque for the effective magnetic interaction between the parallel
magnetic field and the magnets on the harvester is proposed and investigated.

2. Vibration Energy Harvester Using Electromagnetic Torque
2.1 Wireless power transmission using energy harvester

Figure 1 shows a schematic diagram of wireless power transmission. For the transmission
system, an AC magnetic field is generated from a coil, through which an electric AC current
flows. For the power receiving system, the magnetic field generates force to the permanent
magnets on the energy harvester. The magnetic force deforms the beam structure of the
harvester. When the beam deforms, the PZT layer on the beam generates electric charges.

Energy Harvester
Magnetic flux

Fig. 1.  (Color online) Wireless power transmission using energy harvester.
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2.2  Magnetic torque in a magnetic field

Figure 2 shows the forces acting on a magnet in a parallel magnetic field. In a parallel
magnetic field, the forces on the magnet are uniform. The magnet in Fig. 2(a) has equal forces at
the north and south poles, so the forces cancel each other out. To create a driving force in a
parallel magnetic field, the magnet must be driven by torque, as shown in Fig. 2(b). To vibrate a
beam with torque, the beam is arranged as shown in Fig. 3(a). Figure 3(b) shows a beam vibrating
with torque in a parallel magnetic field.

2.3 Design

The structure in which the beam driven by electromagnetic torque efficiently generates
vibration was investigated using the finite element analysis software FEMTET (Murata
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Fig.2. (Color online) Forces acting on magnet in parallel magnetic field: (a) linear force. and (b) torque forces.

(@) (b)

Fig. 3. (Color online) (a) Magnet placement with torque drive. (b) Vibration modes of beams driven by torque.
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Software). First, the displacement profile of the beams at resonance was examined through
modal analysis to determine the support point of the beams. The calculation results are shown in
Fig. 4. Figures 4(a) and 4(b) show a simple rectangular beam plate and a beam plate with two
fixed nodes, respectively. The design is based on the improvement of the Q factor by fixing the
non-vibrating nodes. Next, the stress profile was analyzed by modal analysis to determine the
location to place the piezoelectric thin film. The calculation results are shown in Fig. 5. The
results show that the stress is uniform in the wide center area of the beam. Efficient power
transmission is expected by positioning the PZT at the center of the beam where the stress
distribution is uniform. The structure of the device on the receiving system is shown in Fig. 6. A
silicon-on-insulator (SOI) wafer is used, with the active Si layer (80 pm thick) as the beam
structure and the support layer (200 um thick) as the frame. The piezoelectric effect of the PZT
with a large electromechanical coupling coefficient was used for mechanical and electrical
energy conversion. The beams deform when an out-of-plane force is applied to the device and
the piezoelectric effect of the PZT deposited on the surface of the beams generates an electrical
charge on the electrodes. The thicker the PZT film, the higher the output power for the same
stress. In this study, the stable deposition of a 10-pum-thick PZT film was achieved by using

@ (b)

Fig. 4. (Color online) Displacement distribution from FEM analysis. (a) Rectangular beam plate. (b) Beam plate
with two fixed nodes.

Fig. 5. (Color online) Stress distribution from FEM analysis.
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Fig. 6. (Color online) Structure of device. (a) Without frame. (b) With frame.

multilayered sputtering deposition techniques.!-?2) The PZT is divided into two cells, which can
be connected in series to increase the output voltage.>) Magnets were newly fabricated for the
appropriate magnetic torque to be achieved as designed. Epoxy resin-based chemically reactive
adhesive and neodymium magnetic powder (Magnequench, model number: MQFP-B+) were
mixed at a ratio of 1:12. Next, the mixture was poured into a mold shaped by silicone resin and
solidified. The mixture was removed from the mold and magnetized by pulsed magnetization at
2.3 kV using a magnetizer (model: M25HS-402). Then, it was formed into a size of 9 x 2 x 2
mm?, and its surface magnetic flux density was 28.7 mT.

3. Fabrication Process Flow

Figure 7 shows the fabrication process flow. (1) An SOI wafer with an active layer thickness
of 80 pm, a support layer thickness of 200 pm, and an insulating layer thickness of 2 pm was
used as the starting material. (2) An oxide film was deposited on silicon by thermal oxidation.
Next, a 10-um-thick PZT film was deposited between the Pt/Ti top and bottom electrodes (top
electrode thickness: 200 nm; bottom electrode thickness: 100 nm) in a sandwich structure by
multilayered deposition techniques.?:22) (3) The top electrode and PZT were etched
simultaneously. The bottom electrode was then etched. Plasma etching using chlorine gas was
used for these etching processes that formed PZT cells. Plasma etching has little effect on the
PZT thin film. The detailed conditions are the same as previously reported.('”) (4,5) The oxide
film was then etched by dry etching, and the active and support layers were etched by deep
reactive ion etching to form the device. (6) Finally, the device was attached to a package
fabricated by a 3D printer. A photograph of the completed device is shown in Fig. 8.

4. Evaluation
4.1 Measurement environment

A photograph of the actual measurement environment is shown in Fig. 9. A vibration energy
harvester is placed on the center axis of the coil. There is a magnetic flux density gradient
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Fig. 7. (Color online) Fabrication process flow.

Fig. 8.  (Color online) Photograph of fabricated harvester.

around the coil to generate a magnetic field, and a force is generated by the interaction of the coil
with the magnetic poles of the permanent magnet. In this case, the size, shape, and placement of
the coil are important because the magnetic field distribution is important. However, since this
was an initial experiment, a readily available commercial air coil (53 mm diameter, 30 mm
width, and 280 turns) was used.
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Fig. 9. (Color online) Setup of measurement environment.

4.2 Magnetic flux density against distance

The magnetic flux density was measured against the distance from the surface of the coil.
Figure 10 shows the gaussmeter results when a current of 1 A was applied to the coil. The results
of the FEM analysis are also shown in the same figure. The measurement results show that the
magnetic flux density decreases exponentially with distance. They are also in good agreement
with the results of the FEM analysis.

4.3 Output power against distance

The output power was investigated as a function of the distance between the coil and the
harvester. In this experiment, the harvester was connected to the optimal load resistance of 3.4
kQ. This value was derived by calculation based on the PZT capacitance and operating
frequency. From the measured values, with a PZT capacitance of C = 45.3 (nF) and an operating
frequency of /= 1030 (Hz), the optimal load resistance R, that maximizes the energy conversion
efficiency can be determined as

1
R =
opt 2nfC O

The output voltage of the device was measured by applying a current of 1 A to the coil,
sweeping the frequency, and varying the distance between the coil and the device. The output
voltage of one of the PZT cells was measured. The results shown in Fig. 11 are the doubled
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Fig. 10. (Color online) Magnetic flux density against distance.
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Fig. 11. (Color online) Frequency response of output voltage with optimum load (distance as parameter).

output voltage assuming that two PZT cells are connected in series. Figure 12 shows the graph of
the maximum output power from Fig. 11 on the left axis and the magnetic flux density results
(Fig. 10) in relation to the distance between the coil and the device on the right axis as a
reference. The measurement results show that the output power decreases exponentially with
respect to the distance. When the distance was 35 mm, the output voltage was 3.24 V., and the
output power was 1.54 mW. During the examination, acoustic noise is generated by the vibration
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Fig. 12. (Color online) Output power and magnetic flux density versus distance.

of the beam, but it is sufficiently low that it cannot be heard if the listener’s ear is more than a
few centimeters away from the device.

5. Results and Discussion

We discuss whether the output power from this study is sufficient to power other devices.
Assuming the system that the harvested power is used for radio communication by a Bluetooth
low-energy (BLE) beacon. BLE beacons typically require approximately 100 pJ of power to
operate.(2#726) The energy harvester in this study can transmit BLE beacon signals approximately
15 times per second, confirming sufficient power supply for sensing. We also compared the
output power of the energy harvester in this study with those in other studies. The low-frequency
wireless power transmissions using various other piezoelectric energy harvesters were
compared.(!'-19) Table 1 shows the resonant frequency [Hz], magnetic flux density received from
the coil (mT), size (mm?), power generation (WW), and normalization value [uW/(mm? x mT?)] for
the devices in the other studies. The table confirms that the normalized performance of the
device in this study is approximately 4-30 times higher than those of the other devices. The
superior performance is attributed to the miniaturization achieved by MEMS technology.

6. Conclusions

In this study, we proposed wireless power transmission by a MEMS vibration energy
harvester using electromagnetic torque that can be used even in a parallel magnetic field. When
the distance between the coil and the device was 35 mm (magnetic flux density from the coil:
0.495 mT), an output voltage of 3.24 V... and an output power of 1.54 mW were obtained. The
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Table 1
Low-frequency wireless power transmissions using various energy harvesters.

Magnetic flux density

Frequency received from coil Sizi Output power Normalizastion vazlue
(H) = (mm?) (LW) [WW/(mm® x mT?)]
This study 1030 0.495 240 1540 26.2
Ref. 11 98.9 0.1 1245 14.6 1.17
Ref. 12 64 0.1003 Not specified 34 Not specified
Ref. 13 350 0.1197 103 1.3 0.88
Ref. 14 108.5 0.0895 68 0.9 1.65
Ref. 15 211 0.85 743 3300 6.15
Ref. 16 724 1.8 85.7 360 1.3

device in this study was able to transmit BLE beacon signals approximately 15 times per
second, confirming sufficient power supply for sensing. The devices in this study showed an
approximately 4—30 times higher normalized performance than those in other studies.
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