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We report on the development of a new planar electromagnetic energy harvesting transducer. The trans-
ducer can be realized with low cost printed circuit board technology and leverages recent advancements
in the manufacture of multi-pole magnetic sheets. We develop a detailed analytical model to predict the
performance of the transducer and to guide the design process. Several specific features of the model,

such as voltage dependence on coil routing, are validated experimentally. The basic transducer can be
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used for energy harvesting devices using a linear vibration or direct force input. We demonstrate the
technology with prototypes that use a direct force input that displaces the proof mass and then releases
it, allowing it to freely oscillate. The device performance closely matches simulation and results in 1.1 m]
of generated energy and an efficiency of 9%. The model indicates that fairly simple improvements can
push the efficiency up to 20%.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Researchers have studied harvesting energy from vibrations and
motion resulting from direct force inputs for well over a decade
[1-4]. Vibrations, inertial motion, and direct force inputs provide
energy for many wireless sensor and low power communication
devices [5,6]. Several companies have been founded based around
vibration or motion based energy harvesting [7-9]. However, most
of the prototypes and products developed rely on solutions that
are not in a planar form factor and are expensive to implement.
For example, while piezoelectric sheets or bimorphs are thin,
the motion required to generate energy is typically out-of-plane
motion [10,11]. Electromagnetic generators often require magnets,
coils, or proof masses that work best in a form factor that ends up
looking like a cube or fat cylinder [12,13]. One exception is the work
by Zhu et al. [14] in which a planar Halbach array is assembled
to implement a planar generator. The goal of the work presented
in this paper is to present a thin, planar energy harvesting trans-
ducer implemented with a novel multi-pole magnetic sheet. The
device presented here can be implemented with a single magnetic
element thus reducing assembly costs compared to an architec-
ture requiring the assembly of multiple magnets. Furthermore, the
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planar coils are implemented in a standard low cost printed circuit
board (PCB) process.

The academic and research literature is rich with electromag-
netic motion based energy harvesters [15-17]. Several multi-pole
magnetic generators have been reported [18-20]. These include
both rotational generators [19,20] and linear generators [21]. The
work presented here differs in at least two aspects: (1) it makes use
of new manufacturing techniques enabling fine pitch multi-polar
magnetic sheets [22], and (2) it uses a unique coil configuration
to achieve a high generated voltage (greater than 3V) from lin-
ear oscillatory motion in a very thin form factor. Furthermore,
we present an analytical model that accounts for practical consid-
erations with coil geometry and position when implemented in
standard printed circuit board (PCB) technology.

Section 2 presents the basic operating principle of the trans-
ducer. In Section 3 we derive a detailed analytical model of this
planar generator and explore some of the practical considerations
in predicting the power generated. Section 4 contains experimen-
tal results. In Section 5 we discuss some of the strengths and
limitations of the devices built. We also discuss opportunities for
improvement and the magnitude of expected improvements.

2. Operating principle

Fig. 1 shows an illustration of the basic device concept. The
device consists of a printed circuit board (PCB) with planar coils, a
multi-pole magnetic sheet, and springs which suspend the magnet
over the PCB and maintain the gap between them. The flexures are
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Fig. 1. Schematic of basic transducer concept. A multi-pole magnet is suspended
over the PCB with planar coils. As the magnet moves over the top of the PCB, voltage
is generated in the planar coils.

Fig. 2. Illustration and image of the multi-pole plate magnet used for this work.
Illustration shows magnet dimensions. Inset image shows the actual magnet plate
used in the tested prototypes.

designed to constrain the motion to the direction indicated in Fig. 1.
The suspended mass can be driven either by vibrations, inertial
movements, or a direct force input.

The illustration in Fig. 2 shows a 1 mm thick magnetic sheet with
a pitch of 4 mm. The lateral dimensions of the magnetic sheet are
28 mm x 30 mm. The illustration indicates the poling of the magnet,
and the inset image shows the magnet itself. It is a NdFeB mag-
net manufactured for this application by Intermetallics Co. Ltd [22]
using a proprietary process. The magnets used for this study have
thickness and pitch dimensions as shown in Fig. 2, however, the
pitch dimensions can be reduced if desired for the application.

The magnet can be suspended above planar coils as illustrated
in Fig. 1. In our case, the coils are implemented in a multi-layer PCB.
The basic geometry of the coil is illustrated in Fig. 3. This configu-
ration easily allows for multiple coils to be wired in series on each
layer of the circuit board, and each layer to be wired in series with
other layers resulting in a high voltage output. No special PCB fab-
rication technology is needed, and standard but expensive options
such as blind vias are not required. The prototype for which results

Fig. 3. Illustration of planar coils on PCB. Two series coils shown. Dotted lines indi-
cate metal traces on the back of the PCB in a different location than the front layer
traces.

Fig.4. Illustration of the magnetic flux captured by the planar coils on the PCB. Note
that the direction of the magnetic flux captured by each rectangular coil is the same.

are presented has 5 coils in series in each of 6 layers of the PCB.
Fig. 4 illustrates how the coils capture the magnetic flux emanating
from the multi-pole magnet. The magnetic flux captured by each
coil is in the same direction. Therefore, the voltage produced by
each coil is exactly in phase and adds together as long as the coil
pitch matches the magnet pitch.

Fig. 5 shows an alternate coil configuration. The direction of the
current flow is shown by the arrows. The coils are wired in a series
configuration such that the voltage from each adjacent coil adds
together. This coil configuration is slightly more space efficient on
asingle layer and therefore in principle could result in better power
transduction. However, in practice it does not result in more power
output (see Sections 4 and 5).

3. Theory

We developed an analytical simulation model based on elec-
tromagnetic theory. Egs. (1) through (3) describe the coupled
electro-mechanics of the system.

di _R+Rc. 1

do d
Vi= -0 =N (//B~dA) )
m¥ + bk + N(il x B) + kx = Fy, 3)

where i is the current through the coils; R, the coil resistance; R the
load resistance; L the coil inductance; Vs the generated open circuit
voltage; @ the magnetic flux captured by coils; N the number of
coils; 1 the vector along the length of the coil; B the magnetic flux
density; dA the element of surface circumscribed by the coil; x the
position of the magnet with respect to the PCB; m the mass of the
magnet; b the mechanical damping coefficient; k the stiffness of
the flexures; and F;,, the input force to the magnet.

The voltage generated is defined by the change in total magnetic
flux captured by the coils (Eq. (2)). The flux is determined by the
surface integral of the dot product of the flux density vector B, and
the vector normal to the surface enclosed by the coil A. The sys-
tem is constrained such that the A vector (and thus each element
dA) is normal to the surface of the PCB, which we define as the y

Fig. 5. Alternate coil configuration. Two series coils shown for a two layer PCB. Coils
are repeated on back side of PCB. Dotted lines indicate metal traces on the back of the
PCB in a different location than the front layer traces. This alternate configuration is
slightly more space efficient, but interconnection between coils is more complex.
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Fig. 6. Finite element simulation results. Magnetic flux density perpendicular to the
magnet at various distances shown for one pair of magnetic poles (1 pitch).

direction. Therefore, only the y component of the B vector is
important in determining the flux captured by the coil. Using this
geometric constraint, Eq. (2) can be simplified as shown in Eq. (4).
Similarly, Eq. (3) can be re-written as shown in Eq. (5).

4 d (.
Vs = —ar = 7Nla /, By(x')dx (4)
X1
ms + bk + NIByi + kx = Fin ()

where X’ is the linear position along the PCB; By the y component
of the magnetic flux density vector; and [ the length of one side of
the rectangular coil.

3.1. Analytical description of magnetic flux density

The solution to Egs. (1), (4) and (5) is straightforward if each
coil captures the same amount of magnetic flux. However, in our
case each coil on a given layer of the PCB is in a slightly differ-
ent lateral position. So, the voltage generated by one coil will have
a different magnitude than the voltage generated by the adjacent
coil. Additionally, the coils on layers closer to the magnet surface
will generate more voltage than those further away as the mag-
netic flux is stronger closer to the magnet surface. If we were to
assume that each coil is in the same lateral position, or that each
layer is equally productive, our estimates would contain significant
errors. One solution is to use finite element models to calculate the
voltage generated by each individual coil. This, however, is cumber-
some as a design tool, and does not provide much intuitive insight.
Therefore we developed an analytical description of the magnetic
flux density perpendicular to the PCB (By) as a function of the lat-
eral position and the distance from the magnet surface. We used
finite element simulations to validate our analytical description.
The analytical solution is then used during the design process to
understand tradeoffs and optimize the design.

Fig. 6 shows a graph of the simulated magnetic flux density (By)
as a function of lateral position (x') at various distances from the
magnet. Looking at Fig. 6, we can approximate the shape of the
By(x") curve with a sinusoid as long as the coils are at least 0.2 mm
away from the surface. Even in cases where the coil is slightly
closer, the sinusoidal assumption results in negligible errors. The
magnitude of the By(x') curve gets smaller further away from the
magnet as expected. We fitted the magnitude of the By(x’) curve
with an exponential function. Measurements taken with a gauss-
meter at various distances from the center of the magnet validate
the simulated magnitude of the flux density curves. Fig. 7 shows
measured and simulated values for the magnitude of the flux den-
sity curves. Note that the pitch of the multi-pole magnet is 4 mm,
so each magnetic pole is 2 mm in width. The sensing element in the
gaussmeter used is 1 mm in width, so it effectively averages over a
1 mm wide section of the curve. Assuming a sinusoidal curve, this
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Fig.7. Simulated and measured magnitude of the flux density curve versus distance

from the magnet. Exponential fitted equations for both sets of data are also shown.
The fitted equation from the measured data was used for the simulation model.
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Fig. 8. Magnetic flux density approximation and definition of variables.

averaging effect can be factored out, which has been done for the
data shown in Fig. 7. The experimental data is offset just below the
simulated curve. However, an exponential fit works well in both
cases. We used the fitted equation from the experimental data in
the model. Combining the sinusoidal model for By(x’) with the expo-
nential curve fit results in the expression in Eq. (6) for the magnetic
flux density as a function of lateral position and distance from the
magnet surface.

By(x') = Bmax W sin (%”(x' _ x(t))) (6)

where By is the maximum value of magnetic flux density at the
magnet surface extrapolated from Fig. 7; y(i) the distance from the
magnet surface of the ith layer of the PCB; and p the magnet pitch.
Using Eq. (6), a closed form expression for the magnetic flux (@)
captured by each coil can be developed. However, we first need
to make explicit the definition of the position variables x’ and x(t).
Fig. 8 shows two poles of the magnet, a cross section of the PCB,
and the assumed shape of By(x'). X' is the position along the PCB. d;
and d, mark the positions of the metal lines of a single rectangular
coil on the B(x") curve. x(t) is the position of the magnet relative to
the PCB, and is moving in time. So, the whole sinusoid is moving
back and forth along x’, but the d; and d, locations are stationary.
With this understanding in place, we can substitute Eq. (6) into Eq.
(4) and perform the integration, which results in the expressions
in Egs. (7) and (8) for @ and d®/dt. These equations form the basis
for efficient numerical simulation and guide the design process.

_ —ay(i)
b = 71\”3"‘“ € p { [sin (7271612) —sin (7271611 )] sin (Ex(t))
21 p p p

+ [cos (%ﬁz) — cos (27;#)} cos (%Tx(t))} (7)
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Fig. 9. Voltage contribution from each of three coils wired in series. Simulation
performed for a suspended magnet displaced by 3 mm and released. Only the first

few oscillations are shown. w/P is the coil width divided by the magnet pitch. The
optimal value is 0.5.
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Fig. 10. Normalized voltage generated versus coil width to magnet pitch ratio.
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3.2. Effects of coil geometry

Referring back to Fig. 3, note that the width of the two coils
on the on the top surface is different from one another. The width
here refers not to the width of an individual metal trace, but to the
distance between two parallel traces of a rectangular coil. There-
fore, d; and d in Eq. (8) are different for each coil and the voltage
generated by each series coil must be calculated individually. The
optimal coil has a width of one half the magnet pitch. However, it
is possible for only one coil per layer of the PCB to have the optimal
coil width. All other coils will be sub-optimal. There is, therefore a
design tradeoff to be made in selecting the number of series coils
in a layer. A larger number of coils corresponds to more voltage,
but also more series resistance, which could hurt power production
depending on the characteristics of the load. The wider or narrower
a coil becomes with respect to one half the magnet pitch, the less
productive it is in terms of energy generation, yet it contributes the
almost exactly the same series resistance. Fig. 9 shows the voltage
generated from each of five coils with different widths with respect
to the magnet pitch (note: the voltages shown are for 6 layers of
a PCB added together). Fig. 10 shows the normalized voltage gen-
erated by a coil vs. its width to pitch ratio. Note that no voltage
is generated by a coil with the same width as the magnet pitch.
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Fig. 11. Normalized voltage output versus coil width/magnet pitch ratio. Simulated
and measured output shown. Measured data is the average of two measurements.
The optimal ratio is 0.5.

The total flux captured by such a coil is always zero, and therefore
there is no time rate of change in the magnetic flux and no voltage
generated. Both Figs. 9 and 10 show open circuit voltage and high-
light only the tradeoff between voltage generation and coil width.
The same tradeoff will exist between power generation and coil
width in the case of a real electrical load. Changing the coil width,
while leaving the trace width and thickness the same, has virtually
no effect on the series resistance of the coil. A coil that generates
a higher open circuit voltage for the same series resistance will
generate more power regardless of the impedance of the load.

There is another tradeoff to be made with regard to metal trace
width and thickness when designing coils. A wider metal trace
reduces series resistance, which is a source of loss, but allows space
for fewer generating coils. Likewise a thicker metal trace reduces
series resistance but requires a thicker PCB for the same number
of layers. The model presented allows for easy optimization of coil
geometry (coil width, trace width, trace thickness, and number of
layers) for a given anticipated electrical load.

4. Results

Initially we built a bench top test setup to characterize and vali-
date the model. After the model was validated, we used the model
to design a series of prototype generators. The following sections
will cover the results of the test bench setup and of one of the
prototypes.

4.1. Test bench results

We used the bench top test setup to validate the effect of design
parameters such as magnet to PCB spacing, coil width to magnet
pitch ratio, input displacement, spring stiffness, etc. For example,
Fig. 11 shows the simulated and measured normalized voltage
versus coil width to magnet pitch ratio. The test setup was built
with three different coil widths which were measured with a single
multi-pole magnet. The experimental data matches the expected
values very closely.

We measured the effect of the two different coil geometries
shown in Fig. 3 and Fig. 5 with the test setup. The PCB that we built
for the test setup has two sets of coils, one with the “standard” coil
geometry shown in Fig. 3, and one with an alternate coil geome-
try shown in Fig. 5. We will call the coil configuration shown in
Fig. 5 the alternate coil geometry as it was not the geometry used
for final prototype designs. The coils are the same length and width
and contain 2 series coils on a single layer of the PCB. Theoretically,
the alternate coil geometry should produce 1.33 times more volt-
age than the standard geometry. Experimental data showed that
the alternate coil geometry produced 1.5 times more voltage than
the standard geometry. The alternate geometry also results in about
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Fig. 12. Prototype generator. Size is approximately 37 x 37 x 3 mm. Magnet plate
of size 28 x 30 x 1 mm is underneath the PCB. PCB is the proof mass.

10% higher coil resistance which reduces the power output some-
what. However, as the number of series coils per layer increases
and the number of layers increases, the advantage of the alternate
coil geometry decreases. This will be addressed in more detail in
Section 5.

4.2. Prototype results

Several prototypes have been built based on this technology,
one of which is shown in Fig. 12. The PCB has 6 copper layers and
is approximately 0.9 mm thick. In each layer of the PCB there are 5
coils wrapped in series in each of 7 loops. So the total number of
coil loops is 5 x 7 x 6=210. The copper lines are 0.6 mm wide and
0.072 mm thick (2 oz copper). This coil geometry was optimized for
a 202 load. The PCB is suspended over the top of the multi-pole
magnet by means of two beryllium copper springs (see Fig. 12)
(note that in this case, the PCB and magnet have been switched so
that the PCB moves and the magnet is stationary). The designed
gap between the magnet and PCB is 0.1 mm, although there is sig-
nificant variation in this dimension from one prototype to the next
due to manual assembly techniques. The resonant frequency of the
device is 260 Hz.

The PCB and magnet were switched, such that the PCB is the
oscillating proof mass, in order to increase the natural frequency,
and therefore voltage generated. For a given force input, the veloc-
ity, and therefore the voltage generated, will be higher with a
smaller proof mass. Note that the total energy generated will not
go up, but the voltage will be higher, and the energy will be gen-
erated over a shorter period of time. This is illustrated in Fig. 13
which shows simulations of energy dissipated through a load resis-
tor versus time for the device in Fig. 12 and an identical device in
which the magnet is the proof mass. For both simulations the proof
mass was displaced by 2 mm and released. The total mass of the
PCB is 4 g and the total mass of the magnet is 10 g.

1.4

1.2

0.8

mJ

0.6

0.4 —— PCB proof mass

0.2 —— magnet proof mass

0 20 40 60 80 100
mSec

Fig. 13. Simulation results for a device with the PCB as the proof mass and a magnet
as the proof mass. Graph shows energy dissipated through a matched resistor versus
time. While both systems generate the same amount of energy, using the PCB as the
proof mass generates energy faster and produces higher voltages.
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Fig. 14. Measured and simulated output voltage across a 20 2 load resistor from an
initial displacement of 2 mm.

The prototype shown in Fig. 12 is intended for direct force input.
The proof mass is displaced with a force of 12 N, which results in a
2 mmdisplacement, and released. The voltage was measured across
a 20 2 resistor which matches the coil resistance. The measured
and simulated voltage response is shown in Fig. 14. The generated
energy is 1.1 m] from 12 mJ of input energy resulting in an efficiency
of 9%. The generator has also been used to charge a capacitor pow-
ering a wireless transmitter which can transmit 3 independent data
packets from a single actuation cycle. The transmission current is
approximately 25 mA. Fig. 15 shows the voltage across a 60 LF stor-
age capacitor and the combined current draw of the microprocessor
and radio. The transceiver turns on at about 5 ms when the supply
voltage is high enough for the transmitter IC to operate. The three
data transmissions are clearly visible as the 25-30 mA pulses.

5. Discussion

Note in Fig. 14 that there are two frequencies present in the
voltage signal. The lower frequency is the mechanical oscillation of
the proof mass. The higher frequency initially present in the sig-
nal results from the fact that the magnetic flux cutting the coils
reverses faster than the mechanical motion reverses. This occurs
because the initial mechanical displacement (2 mm) is the same as
a single magnet pole, so there are two complete magnetic rever-
sals (one full electrical cycle) in the first mechanical half-cycle. The
higher initial frequency (double the mechanical frequency in this
case) disappears as the proof mass displacement damps out and the
mechanical oscillation is no longer large enough for two complete
magnetic reversals in each mechanical half-cycle.

The alternate coil geometry shown in Fig. 5 can increase the
voltage output as indicated in Section 4. This is true if there are rel-
atively few series coils on a layer. For example, the PCB shown in
Fig. 5 has only two series coils. However, the standard coil geom-
etry shown in Fig. 3 can accommodate twice the number of series

3 voltage 35

current . 30

volts
mA

0 5 10 15 20
mSec

Fig. 15. Voltage across a 60 wF storage capacitor and current draw demonstrating
3 data transmission packets for a single actuation.
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Fig.16. Simulated output energy and efficiency for the prototype versus mechanical
quality factor (Q).

coils for a given coil pitch. While it is true that the outer and inner
coils will be less efficient, in a practical system with practical con-
straints, we have found that the standard coil geometry performs
better. For example, if the coils on the PCB shown in Fig. 12 were
replaced with an optimal set of coils with the alternate geometry,
the prototype would generate 1.0 mJ, or 9% less than the standard
coils. Furthermore, there are other implementation issues with the
alternate coil geometry. If this coil configuration were implemented
on a 6 layer board the number of vias required would significantly
reduce the capture area of the coils. Alternatively, blind vias could
be used between each of the layers. This, however, would signifi-
cantly increase board cost.

The mechanical damping ratio (¢) for the device shown in Fig. 12
was measured to be 0.05 for a mechanical Q of 10 (b=0.59 kg/s).
The damping is primarily due to losses at the attachment points of
the springs to the base which are soldered connections. The effec-
tive damping coefficient produced by the electromagnetic forces on
the proof mass is 0.09 kg/s (Q=65). So, most of the decay in oscil-
lation is due to mechanical losses, not electromagnetic forces. The
efficiency could be greatly improved by reducing the mechanical
losses. Fig. 16 shows the potential output energy (and efficiency)
to be gained by reducing the mechanical damping. A mechanical Q
of 40 is not unreasonable if the soldered connections were replaced
with more rigid mechanically clamped connections. Mechanical Qs
far in excess of 40 have been reported in the literature for clamped
connections [12]. The output efficiency could be increased by a fac-
tor of 2 simply by a reduction in the mechanical damping to achieve
a Qof40. While there is a significant increase in energy production,
there is very little change in peak voltage. The increase in energy
production comes from the fact that the proof mass oscillates for a
longer time and therefore energy can be collected for a longer time.
There is, however, a practical difficulty in capturing the energy at
the end of the oscillation. From the perspective of the power elec-
tronics, it is much easier to capture the energy from the initial part
of the ring-down when the voltage is high. As the oscillating voltage
decreases, the power electronics need to produce a larger voltage
gain in order to charge either a capacitor or battery. Without care-
fully designed power circuitry, the potential increase in efficiency
by reducing the mechanical loss would not be achievable.

The power output is also very sensitive to the air gap between
the PCB and magnets. In practice we tried to control this gap to
0.1 mm during assembly. Variation in this gap will result in a large
variation in transducer performance. Fig. 17 shows the energy gen-
erated (and corresponding efficiency) versus the air gap. Note that
the effect of reducing the air gap is to increase the electromag-
netic forces and associated damping. The goal is for the majority
of the kinetic energy to be “lost” to the transducer rather than
to parasitic mechanical losses. More automated assembly meth-
ods could reduce this air gap to perhaps as little as 0.05 mm for a
device the size of our prototype. In the ideal case, mechanical Q of
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4%
0.4
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0 0.2 0.4 0.6 0.8 1
mm

Fig. 17. Simulated energy and efficiency versus air gap between the magnet and
PCB.

40 and a 0.05mm air gap, the energy produced would be 2.4 m]
for an efficiency of 20%. It should be noted that reducing this air
gap will also increase the mechanical damping due to viscous fluid
flow. However, the damping coefficient due to viscous flow at a gap
of 0.05 mm would only be approximately 5.4 x 10~ kg/s, which is
orders of magnitude lower than the damping due to the mechanical
attachments.

The sensitivity to the air gap could be minimized by using a
symmetric design with a magnet above and below the PCB. In this
case the magnetic field is more uniform in the direction perpendic-
ular to the magnet surface. However, two of the key objectives of
the current work were to minimize device thickness and cost. The
dual magnet configuration significantly increases both thickness
and cost.

6. Conclusion

We have presented a planar linear energy harvesting transducer.
The transducer can be used for devices that generate power from
either a direct force input or from vibrations. We have demon-
strated a generator powered by a direct force input. The generator
employs novel manufacturing techniques to realize a thin multi-
pole magnet and a novel coil configuration implemented in a
multi-layer PCB. The measured results match theoretical models
very closely resulting in a device efficiency of 9%. Further design
enhancements could easily push the efficiency up to 20%. Finally,
we have used the device to power a wireless system in which 3 data
packets have been transmitted from a single actuation cycle.
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