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ABSTRACT

For many reasons, it would be beneficial to have the capability of powering a wildlife tag over the course of multiple
migratory seasons. Such an energy harvesting system would allow for more data collection and eliminate the need
to replace depleted batteries. In this work, we investigate energy harvesting on birds and focus on vibrational
energy harvesting. We review a method of predicting the amount of power that can be safely harvested from
the birds such that the effect on their longterm survivability is not compromised. After showing that the safely
harvestable power is significant in comparison to the circuits used in avian tags, we present testing results for the
flight accelerations of two species of birds. Using these measured values, we then design harvesters that matched
the flight acceleration frequency and are sufficiently low mass to be carried by the birds.
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1. INTRODUCTION

The tags used to monitor wildlife can either be passive or active. Passive tags simply identify an individual,
whereas active tags may send out a radio beacon or even collect data. These active tags are typically battery
powered, and thus have limited life. This is especially true for birds given their limits on excess payload capacity.
We are interested in extending the life of these tags by harvesting energy from the bird and converting it to
stored energy on a battery. This stored energy could then be used to collect environmental data, location data,
transmit stored data, and possibly take in-situ physiological measurements for the bird. In this work we make
predictions for the safely harvestable power from a bird, and use recorded flight accelerations measurements to
design an appropriately size a piezoelectric based vibrational energy harvester.

This paper is divided into three major sections. We first review a method! for predicting the harvestable power
based on the power required for flight. This method converts the bird’s maximum allow payload capacity into an
energy value that can be safely harvested. We then give an overview of bird flight testing which was conducted
in order to obtain the necessary parameters required for development of a piezoelectric based vibrational energy
harvester. In these tests, accelerometers were fixed to birds that flew within a bird flight wind tunnel. The
results allow for determination of acceleration fundamental frequency and magnitude, two variables needed for
energy harvester design.

The last major section uses the results of the bird flight test to aid in the design of an energy harvester
beam. The energy harvesters considered here are piezoelectric bimorph resonators. An example of how such
an energy harvester could be implemented can be see in figure 1. These energy harvesting systems convert
mechanical energy input through base excitation to electrical energy. The motion at the base of the beam, in
this case provided by the flight of the bird, excites the fundamental resonance of the beam. At resonances, the
beam develops stress in the laminated piezoelectric layers. This stress results in charge accumulation across the

Further author information: (*Send correspondence to M.W.S.)
M.W.S.: E-mail: mws228@cornell.edu, Telephone: 1 607.255.5457
R.M.: E-mail: rbm7@cornell.edu , Telephone: 1 607.254.2102
E.G.: E-mail: eg84@Qcornell.edu , Telephone: 1 607.255.4366
D.W.: E-mail: dww4@cornell.edu , Telephone: 1 607.254.4216

Active and Passive Smart Structures and Integrated Systems 2012,
edited by Henry A. Sodano, Proc. of SPIE Vol. 8341, 834103 - © 2012 SPIE
CCC code: 0277-786X/12/$18 - doi: 10.1117/12.915370

Proc. of SPIE Vol. 8341 834103-1

Downloaded From: http://www.spiedl.org/ on 08/05/2013 Terms of Use: http://spiedl.or g/terms



piezoelectric material that can be used to charge a battery or directly power a system such as these wildlife
tracking tags. In this final section of the paper, use the testing data results to design a harvester matched to the
birds in testing.

2. METHODS OF HARVESTABLE POWER ESTIMATES

In order to predict the harvestable power available from a flying bird, we first must understand the total
power required for flight. We use a flight power model and a known payload capacity to predict the total amount
of excess power available for harvest. We then reduce this harvestable power to account for the mass of the
transducer. We previously published this method of harvestable power prediction and review it here. A more
detail report of the method can be found in the original paper.!

The power required for flight, and therefore the power available for har-
vest, is closely related to the mass of the bird. Models of bird flight can be
used to convert flown mass to power, therefore it is important to understand @
how much a bird is capable of carrying in flight. There have been various &)
attempts at quantifying the power required for flight in the past. Marden
measured the maximum takeoff payload for a variety of species.? The results
showed that most birds can take off when 16% of their flight muscles mass is
added as payload. This is a large fraction of total mass of the bird and is is
not sustainable, in that with this payload the birds could barely begin to fly.
The United States Geological Survey (the entity responsible for managing
bird banding in the U.S.) specifies that no bands or tags be placed on a bird Figure 1 — Example of bird tag
that exceed 3% of the birds total mass® and Neaf-Daezner et al. showed that with attached piezoelectric vibra-
payloads of 3-5% could be tolerated on the coal tit (periparus ater) and great tional power harvester. (a)Energy
tit (parus magor) without effecting survival rates.* Based on these results, harvester tuning mass (b)Energy
we assume that most birds have enough excess energy such that they could harvester (c)Mount and tag electron-
continually carry up to 4% of their body mass. With this number we can 1e8
now predict the amount of excess power available for harvest.

()

The 4% assumption for the maximum sustainable payload capacity provides a basis for the total amount
of excess power. Two major bird flight power models exist.>>¢ We have chosen Pennycuick’s model due to its
continued refinement”®® and relative simplicity. This model sums a variety of power expenditures required
during flight. These individual power expenditures, and the equations used to predict them can be seen in table
1.

Table 1 — Power types for bird flight

Power Type \ Description \ Equation
Parasitic Drag from body 1/2pV38,Cpp
Induced Momentum transfer to air (lift) I;gf\;;

Profile Driving wings forward through flow CA”—;’ 1'05k3/47213//22 ]g;//szl Oy
Basal Metabolic Caloric overhead nam?®
Cardio/pulmonary Cardiovascular/Breathing 1.1xsum of the others

The variables in this table can be found in the nomenclature section. From these individual power components
we can calculate the total power required for flight. The power prediction depends on flight velocity. We use the
velocity for minimum power expenditure (V,,,p), as it has been shown to be the speed at which birds spend the
majority of time.'® The equations for this speed are shown in the equations below.”

~0.76kY/*(mg)1/? )
P pl2(8,CppSe) /A
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Figure 2 — Theoretical maximum harvestable power for a variety of North American birds based on the 4%
maximum laden mass fraction.

Using this power model and datasets'® 12 of measured species parameters (wing span, mass, etc.), we can

predict the power required for flight of a variety of bird species. We then recalculate the power required for flight,
but increase the mass of each species by the 4% maximum payload. By subtracting the original power from the
power required with 4% laden mass, we can calculate the available excess power. We consider this excess power
the maximum power available for harvest. While this is a conservative estimate of the available power, it does
not take into account the fact that the harvester itself has mass, and energy must be expended to carry it. If
these affects are taken into account, the actual amount of harvestable power can be predicted by the following
equation:!

Ph:P(t2—m—mp) (2)

7£+iiW:Fj \/—(3)\+2yii%)
44 2

t

3)

The variables on which ¢ depends can be found in Appendix A. We can see that there is a linear relationship
between the practically harvestable power, and that of the transducer specific power. If we use the previously
mentioned dataset for a variety of bird species'® 12 and calculate the practically harvestable power for a variety
of transducer specific powers, we obtain the contour shown in figure 2. This figure shows that, as expected,
increasing the specific power of the harvester increases the amount of power that can be safely harvested. It
should also be apparent that for birds smaller than 0.1 kg, there is a strong relationship between bird mass and
harvestable power. Figure 2 demonstrates the potential for vibrational energy harvesting from birds. Even for
relatively low transducer specific powers, there is a significant amount of harvestable power, relative to the power
requirements of modern microcontrollers.

3. FLIGHT TESTING OF ACCELERATION

In order to design an energy harvester for use on a bird, we need to size a vibrational energy harvester to a
specific bird. To design these harvesters, we must know the acceleration frequency of the object to which it will
be attached. In the case where the harvester is mounted to a bird, this requires the measurement of the flight
accelerations. To obtain this data, we measured these flight accelerations of two species using dorsally mounted
three axis accelerometers. The birds were allowed to freely fly within a flight tunnel at the University of Western
Ontario’s Advanced Facility for Avian Research. This tunnel is specifically designed for flight testing of birds and
allows for control the airflow speed and atmospheric pressure. All tests were performed using a flight conditions
that resulted in a 10 m/s sea level equivalent airspeed.
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The accelerometers used in this test were part of a custom designed low-mass data logging device. The
device consists of a three axis accelerometer, microcontroller (with onboard flash memory), and a battery. The
accelerometer’s range was £8g with a resolution of 0.0625g. Once turned on, acceleration measurements are
taken at 200Hz for 50 seconds. The logging devices weighed 443 mg and were inserted into the cradles which
allowed the system to be fixed to the birds. The logging device and cradle can be seen mounted to a bird in
figure 3. The total system mass with cradle and logger was 677+5mg.

(a)

Figure 3 — Data logger mounted to Western Sandpiper preflight (a) and during flight (b) with coordinate axes
shown.

The testing included trials of three individual birds: one Western Sandpiper (Calidris mauri, WS1) and two
Swainson’s Thrushes (Catharus ustulatus, ST1 and ST2). WS1, ST1, and ST2 were massed at 30.11 gm, 40.75
gm, and 40.97 gm, respectively. As such the cradle and data logger assembly represented 2.25% of the mass of
the Western Sandpiper, and 1.65%-1.66% of the mass of the Swainson’s Thrushes. The testing procedure was as
follows: The flight tunnel was brought up to 10 m/s sea level equivalent airspeed, and the birds were released
near the rear of the tunnel. Flights typically consisted of birds flying toward the forward limit of the tunnel and
then flying in place for the remainder of the trial. It was typical for the birds to land on the netting at the front
of the tunnel prior to full the 50 seconds of data being recorded. This is the reason for the variability of the
length of different trials. We concentrate here on the z-component of the acceleration measurements as this axis
is perpendicular the the orientation of the energy harvester on the bird (see figure 1). Spectrograms for the three
Western Sandpiper trials can be seen in Figure 4 and the four Swainson Thrush trials can be seen in Figures 5
and 6.

The z-component acceleration data presented in Figures 4-6 has been filtered through a second order high
passed filtered with a cutoff frequency of 1Hz to eliminate the gravitational contribution to the data. Additionally,
the spectrograms use a two second Hamming window which, due to the typical flapping frequency, represents
approximately 24-28 flapping cycles. The constant window size and the variable trial times is why some of
the spectrograms appear to have less resolution in time. A 1.4-1.8 second overlap was used between windows,
depending on the trial. This overlap changes because it is partially based on the fundamental frequency of
each trial. Adjacent to each spectrogram, is the average spectral intensity across the entire trial. Below the
spectrograms is the time domain z-component acceleration data of the trial. Occasionally, the Western Sandpiper
would would come into contact with the ceiling of the tunnel. These discrete events show up as brief broadband
intensity in Figures 4 (a)-(c) and are part of the reason behind the average spectral intensity having more of a
broadband nature than that of the Swainson’s Thrush trials.

The results from the Swainson’s thrush trials show spectral intensities which suggest an acceleration profile
that appears more sinusoidal that that of the WS1 trials. This is especially true for the trials from ST2. In
these trials, the acceleration frequency is only slightly modulated, if at all during the entirety of the trial. These
two trials appear to show a slight correlation between frequency and acceleration amplitude. In Figure 6(b)
we can see that as acceleration amplitude increases, there is a slight change in flapping frequency. The first
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Figure 4 — Processed z-component acceleration data for three trials of Western Sandpiper 1. Spectrograms,
average power spectral density, and high pass filtered (1Hz) raw z acceleration data

rise in amplitude in this figure (immediately after the third second) represents an increase of approximately
54%, while the flapping frequency only increases by approximately 12%. This shows that there is only a slight
dependance on the flapping frequency and the flapping intensity. This is an important result, in that vibrational
energy harvesters require matching the resonant frequencies. If we know that flapping frequency does not change
greatly with flapping intensity, then we can expect that the flapping frequency will not change greatly with
airspeed changes.

The results from Figures 4-6 show that there is a distinct flapping frequency that, although changing slightly
in time does seem to center on a single frequency. Additionally, we can see that the peak acceleration amplitudes
have a range of approximately 1 —2g. The average frequency and the peak accelerations are summarized in Table
2. The frequencies reported in Table 2 are based on the peak of the time average spectral intensities, shown
adjacent to the spectrograms in Figures 4-6. The mean and standard deviation of the acceleration amplitude is
based on a peak detection algorithm which was written specifically for this dataset.

3.1 Design of Piezoelectric Harvester

Based on the results of the acceleration test, we know that the acceleration frequency is relatively constant and
that the amplitude is relatively high. We can use these facts to design piezoelectric energy harvesters for both
the Western Sandpiper and Swainson’s Thrushes. The design of these piezoelectric beams is based on a method
developed by Shafer, Bryant, and Garcia.'® This method was developed in order to facilitate the design of energy
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Figure 5 — Processed z-component acceleration data for two trials of Swainson’s Thrust 1. Spectrograms, average
power spectral density, and high pass filtered (1Hz) raw z acceleration data
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Figure 6 — Processed z-component acceleration data for two trials of Swainson’s Thrust 2. Spectrograms, average
power spectral density, and high pass filtered (1Hz) raw z acceleration data

harvesters that have hard mass requirements. It assumes a piezoelectric bimorph with a configuration as shown
in Figure 7(a). The circuit shown in Figure 7(b) is a standard model used in energy harvesting literature. The
design method assumes the resistance used is matched to the ideal resistance for maximum power extraction.

The design method relies on approximations for mode shape and natural frequency. These approximations
allow for the development of the expressions for the modal parameters required to predict power from the
following power equation:'4

M A? 1 202
p_ ks Q5r @)

o 2 2 5
(rQ+3) (2(4_(;715:)2) Q2+(1_QQ+T%’1§;)
T bl 2

Here M is the modal mass of the beam, A is the magnitude of base acceleration, w, is the short-circuit
natural frequency of the beam, r is the non-dimensionalized load resistance, 2 is the frequency ratio, k2 is the
non-dimensionalized coupling coefficient, and ¢ is the mechanical damping ratio. Shafer, Bryant, and Garcia
develop these parameters from the approximations for natural frequency and mode shape with the following
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Table 2 — Spectrogram frequency average and acceleration amplitude statistics

Frequency (Hz) | Mean (g) | Std. Dev.(g)
12.5 1.74 0.57
WS1 12.0 1.85 0.60
12.0 1.67 0.54
14.5 1.65 0.63
ST1 12.5 1.63 0.72
12.5 1.45 0.36
ST2 11.5 1.45 0.32
Piezoelectric te by
u,(t) Layers — ‘ l u(t) .
— — + : J ou(t) c,
Host —* - m,;, load
Structure| Substrate LayerJ |
| L |
(a) (b)

Figure 7 — (a)Typical layout of fully laminated piezoelectric energy harvester with base excitation.(b) Circuit
diagram for the standard piezoelectric harvester signal rectification and dissipation.

results:
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In these expressions L is the length of the beam, t is the total beam thickness, , is the ratio of piezoelectric
material thickness to beam thickness, p. is material density, M, is the system mass (not modal), w is the
beam width, E, is modulus of elasticity, 1 is the ratio the E,/E,, and e and €® are the piezoelectric stress and
permittivity constants. We assume here the harvester is driven at its short circuit natural frequency, such that
Q=1and r = rg.

Using this method, we fix the following terms, such that the others can be solved for in terms of k,: system
mass, natural frequency, beam length, piezoelectric thickness, and the material properties of piezoelectric and
substrate materials. The system mass, in this case, is constrained by what the bird is capable of carrying. We
assume here that 95% of the 4% mass limit be used to carry the energy harvester. This may initially seem
illegitimate, until considering a system where the the electronics of the tag are used as the tuning mass at the
tip of the energy harvester. Such design considerations are necessary when dealing with such a mass constrained
system. We choose to only use 95% of this limit because we must leave some energy reserves for harvest. The
natural frequency can be determined from the average of the three trials for the Western Sandpiper and the four
for the Swainson’s Thrushes presented in Table 2. We must also assume a beam length for the energy harvester.
A length of 3 cm is legitimate, considering that the total length of the Western Sandpiper and Swainson’s
Thrushes range from 14-17cm and 16-19cm, respectively.!? The substrate material is chosen to be 301 stainless
steel and the piezoelectric material is Navy type II/Industry Type 5A. These constraints and the variables that
are determined by the design method are presented in table 3 for both Western Sandpiper and Swainson’s Thrush
systems.
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Table 3 — List of beam constants constraining example beam

Western Swainson’s
Sandpiper Thrush
Value Value Unit Name
w1 12.2 12.8 Hz Natural Frequency
Myirq || 30.1 40.75 gm Mass of Bird
Mys 1.14 1.55 gm Mass of Energy Harvester (0.95 x 0.04 X My;q)
A 1.75 1.55 g Magnitude of acceleration
L 3 3 cm Beam Length
tp 0.063 0.063 mm Piezoelectric Layer Thickness
w dependent dependent mm Beam Width
Ps 7916.5 7916.5 kg/m®  Substrate Density
Pp 7800 7800 kg/m?  Piezoelectric Material Density
FEgiq 212 212 GPa Substrate Modulus
Eyi 67 67 GPa Piezoelectric Material Modulus
e -12.73 -12.73 C/m?  Piezoelectric Stress Constant
€s 1.593e-08 1.593e-08 C/m?  Piezoelectric Permittivity
ts dependent dependent m Substrate Thickness
my dependent dependent kg Tip Mass
Kp variable variable 0/0 Thickness Ratio
¢ 5 5 % Mechanical Damping

We can see that the only variable element in table 3 is the piezoelectric thickness ratio. The terms listed
as ‘dependent’ are determined from the fixed variables and the thickness ratio as described by Shafer, Bryant,
and Garcia.'® In this design method, the thickness ratio is swept from 0-100% and the beam that produces
the maximum power is selected as the proper design. Thickness ratio was swept for the constraints in table 3
and the resulting power curves can be seen in figure 8(a). These curves have each been normalized by their
individual maximums. These curve show that the both ideal designs have thickness ratios of 0.71. An example

0.98

Normalized Power

0.94 -

Western Sandpiper \
— — — Swainson's Thrush

I I I I
0.8 0.85 0.9 0.95

;
05 055 06 0.65 07 075
Thickness Ratio (1) Wit (o)

(a) (b)
Figure 8 — (a) Power vs piezoelectric thickness ratio curves for beams designed for the Western Sandpiper and
Swainsons’ Thrush. Note that peaks in these curves represent the ideal harvester. (b) Physical layout of ideal
Swainson’s Thrush piezoelectric energy harvester

of one of the ideal beam designs, that for the Swainson’s Thrush, is shown in figure 8(b). The sphere at the end
of the beam represents the volume of mass needed if the tip mass were made from steel. Equation 4 assumes a
purely harmonic base excitation. This, in combination with the large magnitude of measured acceleration peaks
in flight, conspire to produce predictions for deflection and power with are far above what would be expected for
the physical system. A variety of unmodeled influences would likely reduce the deflection amplitude and power
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from the harvester. These include affects from the compliant nature of the beam/bird interface, the broadband
nature of the acceleration signal, and viscous drag losses on the beam. For this reason it is imprudent to attempt
to predict the magnitude of power using this linear model. Testing these harvesters on a flying bird would provide
the best possible estimate of the specific power from these harvesters. Only then could we make predictions as
to the harvester’s specific power for use in comparison to figure 2.

4. CONCLUSIONS

The energy from bird flight that is available for harvest is significant and warrants consideration as a potential
energy source for long life avian tracking tags. The harvestable power model based on bird power required
for flight! is capable of providing a guideline for the maximum harvestable power if the specific power of the
transducer is known. As an example case, we tested two species of birds in a flight tunnel. This was done in order
to understand their flight dynamics well enough to tailor a vibrational energy harvester that would resonate at
their typical flapping frequency. The results of this test showed that the birds have a flapping frequency that,
although slightly varying in time, does center around a single value. Additionally, we determined that the
magnitude of the acceleration of the birds in flight is on the order 1.5-1.75 g.

Using the results of the acceleration testing, we designed two harvesters for matched resonance using a design
method presented by Shafer, Bryant, and Garcia.!> These harvesters were designed such that their mass was
sufficiently low as to be carried by the birds, but also matched the main flapping frequency of the birds. While
the power model used does not allow for absolute predictions of the power output from these beams, future work
will include fabrication of these beams for testing an flying birds.

The next step in this research is the production of a harvester for use on a flying bird. We have demonstrated
that there is a significant amount of power available for harvest, and that we are capable of designing a harvester
well suited for this purpose. Future work will include investigations to quantify the effect of unmodeled aspects
of the bird flight in the harvester power prediction equation.

APPENDIX A. QUARTIC SOLUTION VARIABLES

A L1Pm, /m?
m 3/2
B Lipm, /m®
C = P
E = -11(1+¢)°Ph; - 1.1(1+¢)**Py, — P(m +m,)
-3B> C
AT oS A
5 _ B _BC D
843 242 A
B —3B4+CB2_@+§
7T 9564% T 1643 442 A
—\2
P = — —
12
NNy B
© = awty
R = ? Q2/4+ P3/27
U = R'?
—IN+U-QYF  ifU=0
y = -+ U -3 ifU#0

W = VA+2
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NOMENCLATURE

Ar  Wing aspect ratio

B Wingspan

Cpro Profile power constant-empirical

Cppy Body drag coefficient

P Harvester specific power

Py Practical sustainably harvestable power

Pinq Induced power

P Laden power output

Py Metabolic power output

P, Parasitic drag power

P,., Profile power

S Body frontal area

Sy Circular area swept by wings

1% Forward flight velocity

g Acceleration due to gravity

k Induced drag factor-empirical

m Mass of bird (unladen)

me Mass of the payload (other the energy harvester)
mp Payload mass (other than energy harvester)

P Muscle specific power

q Allowable fraction of laden mass (3-4%)

« Metabolic efficiency factor
) Metabolic mass constant
n Metabolic mass exponent
p Air density
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