HARVESTING ENERGY FROM MOTH VIBRATIONS DURING FLIGHT
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Abstract: This paper presents the design, fabrication, and testireghafrvester that extracts energy from moth-body
vibrations during flight. The target mothisanduca sexta, which has a payload capacity near 1 g, and a dorsal payload
volume approximately 8 mm wide and 15 mm tall. Operating inithese constraints, the energy harvester is designed
to deliver 1 mW of electrical power at 1 VDC for general-puspause. It is based on magnetic induction driven by
permanent magnets moving past windings. This motion isr#thby a mechanical resonator tuned to the moth
wing-flapping frequency.
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INTRODUCTION is shown in Figure 1, which identifies the 25-Hz compo-

This paper presents a harvester that extracts ene@%ﬂ_s assomated_wnh wing flapping. The primary con-
from moth-body vibrations during flight, and delivers it sion from the figure is that a narrow-band vibration of
electrically for general-purpose use. Previous work on m’;\_boutil_mm near 25 Hz, measured nc_)rmal to the dorsal
sect energy harvesting has compared concepts for moﬁjigface’ is available for energy harvesting.

[1], studied piezoelectric-based vibration harvesters fo The narrow bandwidth of the wing-flapping moth vibra-
moths [2], and demonstrated 10V/cm? thermoelectric tions argues for a resonant harvester employing a spring
harvesting from beetles [3]. In contrast, this paper demo@nd proof mass to enhance the vibration stroke. A stroke
strates the components of a magnetic-induction-based 9 about+8 mm is allowed beneath the wings at the top
bration energy harvester for tinganduca sexta moth. The of their motion. To achieve a 1-mW power output then
harvester is intended to deliver 1 mW at 1 VDC. requires the conversion of 40) during each cycle with a
he peak force of 2.5 mN, assuming 100% energy-conversion

The payload capacity afianduca sextaisnear1g. T . .
efficiency from the generator and its attendant power elec-
mass of the harvester should be less to accomodate ag- . o . .
ronics. This is incompatible with small low-mass low-

ditional payloads, some to be powered by the harvester,. s . . .

) : Voltage capacitive or piezoelectric energy conversiod, an
The dorsal payload volume is tent shaped, with a 6-8 MO maanetic-based harvester is selected here
base, and a 10-15 mm height beneath the wings when they 9 '

close at the apex of their flapping motion. The length of
this volume can be 4-5 cm so long as the harvester me 7 r T 5 T

distribution does not affect the flight balance of the moth * ‘ : : \)f
Energy harvesting is implemented over two stages. Tt || 1/avel z

first stage is a reciprocating energy converter thatis alii 5 ‘ _

ear AC po_Iy—phase permanent—magnet synchronous geg

erator. This generator is supported by a resonant sprlr%z; ¢

mass structure that enhances the moth wing-flapping \3

brations; the generator magnets and cores serve as the E- 3

onating mass. The second stage comprises power el <

tronics that rectify and condition the output from the gen  2[|| T e——"—

erator for general-purpose use. 1  FloepnG: BN R MRS T

VIBRATION SOURCE o S ST o o S
To determine the vibrations available for energy hai Frequency [Hz]

vesting, high-speed filming is used to track the motion of
a dorsal spot oManduca Sexta between the wings dur- Figure 1: vibration Fourier Transform ®flanduca Sexta
ing flight. A Fourier Transform of the recorded motionduring flight. The Z axis parallels gravity.



RESONANT GENERATOR

The resonant generator comprises a support structu
moving magnets and core, and stationary windings. T
first three components form a spring-mass resonator tu
to the wing-flapping frequency of the moth; the structur
is the spring, and the magnets and core provide the do
inant proof mass. The magnets, core and windings for,
the linear poly-phase AC generator.

Figure 2 is one frame from a movie of a resonator a
tached tomanduca sexta. The movie demonstrates that
wing flapping is unaffected by the resonator, even whe
the resonator is elevated on a pedestal. The blurred
tion of the moving mass is visible at the top of the photo
graph. Other experiments performed at the University of
Washington demonstrate thaanduca sexta can and will Figure 3: resonating generator on a shaker table.
fly with a resonator attached.

Figure 3 shows the generator components assembled. =

PRy )

a shaker table. The printed-circuit windings are stalilize ) .,‘ﬁ.,«_—f
from above, and supported by thin winding connectionT " —— —
from below. An accelerometer, barely visible in the redlig ,

is attached to the shaker frame. Connections to the pow o

electronics are at the bottom of the photograph.

The spring is folded to be compact, and carry the maf
nets and cores level as they sweep vertically past t
printed-circuit windings, as seen from the blurred motio
in Figure 3. To limit horizontal motion, the spring is split #5
into a left-half and right-half spring. Given the view of & N

I

Figure 3, only one half spring can be seen; the seco
spring is behind the first. The structure/spring is printelt
in 3D from acrylonitrile butadiene styrene (ABS) plastic
The ABS is measured to have a 0.9-1.1 glanass den-

sity, a 2.1-GPa elasticity modulus, and a safe 0.6% yield

strain. The ABS is printed layer-by-layer in orthogonal  Figure 4: generator design and fabrication details.
plys with a 0.07-in minimum feature size.

The magnets and magnetic cores, held by their ABS
carrier, are shown in the top half of Figure 4. Three NdBFe
magnets, each 9.5 mm wide, 1.8 mm tall, and 0.3 mm
thick, are stacked vertically along 0.2-mm-thick cores at-
tached to the carrier on each side of the air gap; there
are six magnets in total. Spring segments from both sides
can also be seen at the top and bottom of the photograph.
The magnets are magnetized across their thickness to drive
magnetic flux across the air gap. Their magnetization re-
verses from magnet to magnet along the cores in the di-
rection of travel to form a three-pole magnetic structure.

The three-phase windings shown in the bottom half
of Figure 4 are fabricated from two-sided Bia-thick
Figure 2: energy harvester attachedManduca Sexta.  printed-circuit copper on 1gm-thick Kapton that is
Courtesy of WM Tsang, MIT. cropped in Figure 4. The Kapton extends much farther



vertically, both up and down, as seen in Figure 3. Eacs A oo S
phase winding contains two coils in a figure-eight patter% oty i - Nmmmmin
that can link flux from two magnets. The windings matct” W

the 9.5-mm width of the magnets, and their vertical pitcl u oo T
matches the 1.8-mm magnet height; the long dimension =
the magnets parallels to the long dimension of the wincg, s
ing coils. The winding terminations are located to permi> | v
easy stacking of a multi-layer winding. The generator i

Figure 3 has two stacked layers.

M . —— Phase B Experiment

M —— Phase B Simulation
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The Kapton and windings slip inside the gap betwee>" W
the magnets in Figure 4, to make the generator shown ™~ e C Tim«:[ms] » = i =
Figure 3. A 100um gap is left between the windings and
the magnets on either side. The active windings are barely Figure 5: loaded generator voltage waveforms.
visible behind the blur in Figure 3, but unused windings
are visible at the top of the Kapton sheet. As the resonat~"

vibrates_, the me_lgnets sweep past the Windir_lg coils. TF | ] ]
magnetic shearing maximizes the time-varying magnet ‘;S'm“"‘m / —]
flux through the winding coils given the limited motion, o /.

in contrast to collinear-flux-motion designs [4].

er [mw]

07 /

With the windings inserted, the Q drops to near 40 indig °° /

The quality factor Q of the ABS resonator is near 603

=1

cating that the internal-ABS and sliding-friction losses a ° 05
comparable. However, the losses are small compared /
the electromechanical loading, which resultsina Q of 1¢  **

25. During operation, the magnets typically swing wel o, . . e . .
beyond the windings, but not beyond the Kapton. The e: T ———

tended Kapton guides the carrier.

The proof-mass mass combines six magnets at 240 mg, Figure 6: total generator output power.

two cores at 180 mg, and the ABS carrier at 249 mg for

a total of 669 mg. This mass yields a 25.8-Hz resonanggynt nower into the load resistors is shown in Figure 6
frequency. The springs contribute 322 mg, and the Kaptaly 5 fynction of load resistance. The peak output power
and windings in Figure 3 contribute another 288 mg, for g5 0.9 MW, which occurs with a generator amplitude
1.28-g total generator mass. of 7.0 mm, does not come with a matched load of 118
At 25 Hz, an appropriate model for each phase of theQ due to the electromechanical loading of the generator.
generator shown in Figure 3 is a speed voltage in serigsthese experiments, the generator amplitude varies from
with a 118-n©2 winding resistance. To model the speedt2.4 mm to+£8.4 mm as the load resistance increases.
voltage, the peak flux linkages that occur as the various
magnets align with the winding coils are found using mag-
netic circuit analysis [5]. A spline is then fit through the POWER ELECTRONICS
peaks to determine the flux linked by each phase as a furfs shown in Figure 7, the power electronics operate to ex-
tion of displacement. The speed voltage is the time derivéract maximum power from the generator, and deliver that
tive of this flux linkage. Figure 5 shows balanced thregpower to a 1-VDC load, through two stages. The first stage
phase 0.11®-loaded load-voltage waveforms when thés a combined AC/DC rectifier and DC/DC boost con-
shaker vibrates with &0.37-mm amplitude at 25.8 Hz, verter. There is one such stage for each generator phase,
resulting in at7.82-mm generator amplitude, and a 1.7and the outputs of these parallel stages deliver energy to
mW output power to the load. The modeled generator tek-common intermediate energy storage capacitor at about
minal voltages are shown for comparison. 50 mV. Following the capacitor is a single DC/DC boost

To explore the output power, the generator phases acrgnverter that raises the voltage from 50 mVto 1 V.

loaded with balanced resistors. The shaker is set to vibrateTo deliver maximum power to the load, each first stage
with a +£0.23-mm amplitude at 25.8 Hz. The resultingshuts down when input voltage magnitude falls below
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Power flow through the harvester can be estimated from
the waveforms in Figure 8 and the generator model from
Section 3. The converted three-phase generator power is
estimated to be 0.84 mW, and the power into the load
is measured to be 0.40 mW. The losses are estimated
to be 0.16 mW in the generator phases, 0.1 mW in the
generator-to-power-electronics wiring, and 0.18 mW in
the power electronics. The generator and power electron-
ics are 81% and 69% electrically efficient. The wiring
losses can be eliminated by integrating the power electron-
ics and the generator windings.

Fi

Figure 7: power electronics diagram.

Loaded
Phase-B a: 1

CONCLUSIONS

The objective of 1-mW energy harvesting from a 1-g
payload has not yet been met, but the results described
here are encouraging. The mass of the harvester can be
reduced through judicious trimming. Harvester efficiency
can be improved significantly by eliminating the wiring
losses, by dynamically adjusting the converter PWM duty
cycles, and by adjusting the times at which the converters
turn on and off. Improving the power electronics opera-
tion with varying duty cycles and second-stage shut down
should yield a load power of 0.95 mW during the 1.7-
10 mV. Each stage should also operate with a duty cyaW experiment of Figure 5. Integrated power electron-
cle that varies with phase voltage. This is not done heies should perform better. Generator power might also be
for simplicity, but at the expense of efficiency and outpuimproved with additional winding layers, though there are
power. The duty cycle remains constant, but it is chosesventually diminishing returns, and this adds extra mass.
to maximize power throughput to the extent possible. The
second-stage DC/DC converter should also shut down aR%KNOWL EDGEMENTS
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Figure 8: power electronics waveforms.

integrated-circuit power electronics.

The discrete power electronics are combined with thig]
harvester shown in Figure 3. The shaker vibrates with an
amplitude of:0.81 mm at 25.8 Hz, resulting ina harveste|[4]
amplitude of£=7.0 mm. The resulting Phase-B voltage,
and load current measured at 10 mV/mA, are shown in
Figure 8. The load current is -0.2 mA when the second®!
stage boost converter is not operating. This is unintended,
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