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Abstract

Electrical power is required for a number of measurement and medical devices that are
implanted in the head. A feasibility study has been undertaken to estimate the maximum
electrical power that could be harvested from the different axes of the linear and angular
movements of a person’s head when walking. A tuned inertial device was assumed in each case,
whose throw was limited by its size, and it was found that most power was generally available
by harvesting from vertical head motion. The power available from the fundamental component
by tuning the device to the walking frequency is predicted to be about 60 uW for a 1 cm3device.
Although more power is shown to be available from higher harmonics, this requires a lightly
damped device that would respond significantly at only one walking speed. The higher
harmonics also contribute to the power harvested by a heavily damped device, however, which
is additionally able to respond to a range of walking speeds. The predicted power output for a

1 cm? device is then about 80 pW.
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1 Introduction

A number of implanted measurement and medical devices require electrical power. While this
power could be supplied by batteries, which could be replaced or externally recharged, it is of
interest to consider the power that could be generated from the motion of the body (Thad et al.,
2004). Of particular interest here are medical devices, such as the cochlear implant, mounted within
the head and the possibility of powering them from normal head motion, while walking, for example.
Clearly a person will only be moving about, and thus generating power from head motion, for a
fraction of the time and so the average power available will be significantly less than the peak. Other
head implanted measurement and medical devices include cranial pressure monitors (Ginggen et al.,
2008), brain stimulators (Mogilner et al., 2001) penetrating auditory nerve array (Middlebrooks and
Snyder, 2007) and are anticipated to have requirements ranging from a few pW to several mWw.
There is also significant interest in cochlear implants or penetrating nerve arrays that have no
external parts, and although a large number of technological issues need to be addressed with such

devices, their powering is one particular concern.

This report is a development of earlier work by Saba (2008), and discusses the dynamics of an
inertial device for harvesting power, for both linear and angular motion and derives simple rules for
the way in which this power scales with the size of the device. The proportion of this harvested
power that can be converted into electrical form is then analysed, which is shown to depend on a
non-dimensional coupling factor, the magnitude of which is also shown to scale with device size. The
problem of using a small device to harvest power from head movement, where the excitation
amplitude is much greater than the device size, is rather different from most conventional power
harvesting applications {Glynne-Jones and White, 2001), where the excitation amplitude is much
smaller than the device size. It is thus important to return to the fundamental equations that govern

such a device to estimate the available power.

Previous measurements of head motion in all six linear and angular directions while walking are then
used to estimate the maximum electrical power that could be generated by a harvesting device of 1
cm®, assuming power is harvested by tuning the device to the fundamental walking frequency. The
scaling law for power harvesting predicts that the power available is proportional to the vibration
amplitude times the excitation frequency cubed. This prompts a study of power harvesting from
higher harmonics of motion, which have lower amplitudes but higher frequencies. This requires the

acquisition of higher bandwidth measurements of head motion than were previously available.



2 Dynamics of an inertial harvesting device

Figure 1 illustrates the main components of an idealised inertial device for harvesting power from
linear motion along its axis. The details of the transduction mechanism are set to one side for the
time being and it is assumed that half the power dissipated in the viscous damper, c, is available for
harvesting. This factor of two will be justified, using the ex'ample of an electromagnetic device, in the

following section.
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Figure 1: Idealised sketch of an inertial device for harvesting power from the imposed sinusoidal

motion having displacement of and angular frequency @, .

The device is assumed to have dimensions [/ sxI/sxs’l , where | is a characteristic length and s is

a dimensionless shape factor, so that the volume is always!’>, and s would equal unity if the device
were cubic, for example. It is driven along its axis by sinusoidal motion of peak displacement A and
Jyl

angular frequency @, . The vertical displacement is thus equal to the real part of Ae’™", which is

assumed to produce a displacement of the inertial mass equal to the real part of Be’™" . The

complex relative displacement between the base and the inertial mass is then equal to

—aﬁmA

A-p=—T0
ja)dc+k—a)dm

(1)

The maximum power that can be harvested from a practical device is half the power dissipated in

the damper, ¢, as discussed in section 3, and this is equal to

W=%ca)j|A—B,2 | (2)



which is then equal to the result by Williams and Yates {(1996),

2 .6 42
cm” @, A
W= — (3)
4| joc+k—aw,m
Assuming that the system is operating at resonance, so that k = a)jm , then the power becomes
24,42
m-w; A
W=—d— (4)
4c

This suggests the apparently paradoxical result that an infinite power could be harvested if the
damper were to become negligible (Stephen, 2006). Physically the mechanical load impedance
presented by the device would become infinite under these conditions, but of more importance

practically, the throw of the inertial mass would also become infinite.

We thus assume that the damping in the device is adjusted so that the throw of the internal mass is

limited to the maximum allowance within the enclosure, equal to *A, so that using equation (1)

with k equal to @’m,

o= ma; A (5)
A

Note that the damping must then depend on the excitation amplitude as well as the maximum
throw. Substituting this value of ¢ into equation (4) gives the maximum power available for

harvesting as (Stephen, 2006, Yeatman, 2008, Saba et al., 2008),
W=ma), AA/ 4 (6)

We now assume that for a power harvesting device having the linear dimensions as above, the

inertial mass has dimensions of 1/sX1/sxs*1/2 and is of density p, so that m is equal to p I* /2.

We also assume that the maximum throw, 4, is equal to s°//4, as indicated in Figure 1. Under

these circumstances the power available for harvesting, equation (6), is equal to
W=ssza)jl4/32 . (7)

Clearly the available power is larger as the device becomes longer and thinner, so that s is greater
than one. For practical reasons, however, we assume that s* can be no larger than 2, so that the

maximum power that can be harvested will be



W=pAw,l*/16, (8)

which is in a convenient form for scaling studies. In the calculations below, p is assumed to be equal
to 7860 kg.m-3, i.e. that of steel, since the inertial mass is often also required to supply the magnetic
field in electromagnetic devices. One potential problem with using vertically-orientated inertial
devices tuned to walking speeds, and so having low natural frequencies, is that if the spring is linear,
it has a large deflection due to the influence of gravity on the mass. This can be avoided by using a
nonlinear spring, with a high static stiffness, to support the weight of the mass, and a low dynamic
stiffness, to achieve the required natural frequency. A number of nonlinear mechanisms designed to
achieve this for vibration isolation applications, where a similar need arises, have recently been

reviewed by lbrahim (2008).

A very similar analysis can be performed for angular excitation of a tuned rotational system
(Yeatman, 2008, Saba et al., 2008). In this case, the maximum power available for harvesting,
assumed again to be half the power dissipated, is not limited by the maximum angular displacement,
which could be very large in a well-designed device, but is limited by the minimum practical damping

ratio of the device, { , so that

1w, 6°

WS;

; (9)

where | is the moment of inertia of the mass and #is the imposed angular displacement. In practice
one would like the damping to be almost entirely provided by the electrical power harvesting
mechanism, which must thus be set to be significantly higher than the inherent mechanical damping
in the device. Assuming that it would be difficult to get the mechanical damping ratio below 1%, a

reasonable value for the total damping ratio, { , may be 10%. Also, assuming that the inertial mass
is a cylinder of length s’/ and radius!/2s, where s is again a dimensionless shape factor, its

moment of inertia, I, is equal to Epls /32s%. In this case the power available is increased as the

device becomes thinner and flatter, i.e., s is smaller than one. Assuming, however, that for practical
reasons s can be no smaller than %, the maximum power available for harvesting from an angular

displacement of & is thus approximately
W=p8 al’l4. (10)

Yeatman (2008) has also estimated the power available from a non-resonant rotational device, such

as those used in self-powering watches and shown it to be similar to equation (9) with ¢ setto 1, so



that the resonant device is more efficient, although more highly tuned. This author also shows that
one potential method of increasing the power harvested from angular motion is to use a gyroscopic

device, although this would then have to have a mechanism to maintain the speed of the gyroscope.

The dependence of the maximum power available for harvesting on I* in equation (8) and I° in
equation (10), suggests that it would be far less efficient to implement multiple micro-miniaturised
devices than a single device that is as large as possible. These equations are used in the following

section to estimate the power that could be potentially harvested from the various axes of motion of

the head.

3 Transduction efficiency

in order to provide an estimate of the proportion of total mechanical power supplied to the inertial
harvesting device that can be converted into electrical energy, we consider a two-port
representation of the electromagnetic inertial device shown in Figure 2. The equations linking the
force applied to the device, f, its velocity, u, and the voltage generated by the coil, v, and current

flowing, i, can, in general, be written as (Hunt, 1954)
f=Z,u+Ti, (11)
v=Tou+Zgi, (12)
where Z,, is the mechanical impedance of the device when the coil is open circuit, which in this
case is equal to

_ Jom(joc+k)

13
joc+k—a'm =

ZM

where m, k and ¢ are the mass, stiffness and damping of the inertial mass on its suspension.
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Figure 2: Sketch of an idealised electromagnetic harvesting device, in which the magnet also acts as
the inertial mass, m, which is suspended by a stiffness k and a viscous damper ¢, and the coil is

attached to the case. The equivalent two-port network is also shown, where the coil is attached to a

resistance R, .
T is a transduction coefficient equal to

2
% e BLm®@ — (14)
Jjoc+k—a'm

where BLis the product of the magnet’s flux density and the length of wire in the coil. Since the
device is anti-reciprocal (Hunt, 1954), then the other transduction coefficient, T, is equal to -T.
Z, is the electrical impedance when the mechanical part is blocked, which is assumed to be entirely

resistive and denoted R .

If the electrical terminals of the device are connected to a load resistor, R, , the dissipation within

which is equal to the electrical power harvested, then the power harvested is equal to,

1
Wy =—R, lil? (15)
2
Butif v is equal to— R, i in equation (12) then
—T,u
B —— (16)
R+R,



so that

2
=~£QEQVJMF (17)

 2AR+R,)*

The mechanical impedance of the device when connected to the load resistor can also be shown to

be equal to

Z, (total)=Z,, —%, (18)
L

and so the total mechanical power supplied to the harvesting device is
1 I,T
W, =—Re| Z,, ——L2— |lu?, 19
$=5 [ MR R } (19)

where Re denotes the real part of the quantity in brackets. The ratio of the harvested power, W, ,
to the power supplied, W, can be defined to be the efficiency of the device, which, in general, is
equal to

RIT,P

e= = (20)
(R+R,)" Re[Z ,;—LT, [(R+R, )]

If the inertial device is driven at @, and is assumed to be operating at resonance, so thatk = @}m,
2 . i .

then Re[Z,,] is equal tokm/c, and-T|T, :|T2[ =(BL)Y*km/c”. Differentiating the resulting

expression for e with respect to K, and setting this to zero shows that the maximum power is

harvested when R, is equal to R . Under these conditions, the power harvesting efficiency can be

written as

F

e= (21)
4+2F

where F'is a non-dimensional transduction coupling factor, as derived in a different context {(Nakano

et al., 2007), which is given by

_(BL)
Rc

& (22)



The coupling factor will be large if the magnet is strong and the length of wire in the coil is large, so
(BL)? is large, and if the electrical resistance of the coil and intrinsic mechanical damping is small.

When F is much greater than unity then the efficiency, e, in equation (21) tends to ¥, since
negligible power is dissipated in the intrinsic mechanical damping, c, so all the power is dissipated by

the circulation of the current, and half of this is harvested in the matched load R, . It is this limiting

condition that is assumed above.

It is also interesting, however, to estimate how this transduction coupling factor, F, scales with size,
and thus see how difficult it would be to achieve this limiting condition as the device dimensions are
made smaller. Assuming that B is independent of size, but that L is proportional to length scale I,
R, which equals the resistivity times coil length over wire area, is proportional to I”' and the
intrinsic mechanical damping is proportional to I (J.Piers, 2001), then F is proportional to I* and it

becomes progressively harder to maintain its value well above unity as the device is made smaller.



4 Estimates of power available from various

axes of head motion

Both the linear head acceleration in all three axes and that in the three axes of angular head
acceleration were measured in 12 subjects while walking by Woodman and Griffin (1996). Typical

waveforms for the acceleration in all directions are shown in Figure 3.
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Figure 3: Acceleration time histories at the head in six axes for a single subject walking at 1 steps/s
taken, with permission, from P.D. Woodman, M.J, Griffin, Six axes of head acceleration during

ambulation, Proc. Inter-noise 96, pp.1719-1724, 1996.

The amplitude in the z (vertical) direction is higher than that in the y (side to side) or x (forward
and aft) directions. From the power spectra of these waveforms, the fundamental excitation
frequency and the amplitude of motion at this frequency were estimated for different walking
speeds, as shown for z - axis motion in Table 1. Equation (8) from section 2 was then used to
estimate the maximum power available for energy harvesting using a 1 cm®device at each walking
speed, which is also listed in Table 1. At a normal walking speed of about 1.5 steps per second, the
maximum power available from a 1 cm® device was calculated to be about 60 uW for the z - axis
(vertical) motion. This is about twice that available from the x-axis motion at this walking speed, for

example.
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Walking speed (steps/second) 1 1.25 155 1.75 2 2.25

Fundamental frequency (Hz) 1 1.25 1.5 1.75 2 2.25
Linear amplitude (mm) 14 10 16 10 13 13
Power available from linear motion for 1 17 40 64 94 125 125

cm® device (LW)
Angular amplitude (radians) 0.018 0.02 0.011 o0.01 0.009 0.007

Power available from angular motion for 1 0.016 0.03 0.02 0.02 0.04 0.03

cm? device with 10% damping (W)

Table 1: Fundamental frequency (Hz), maximum linear amplitude (mm), maximum angular
amplitude together with estimated power available for harvesting from the fundamental component
of the translational motion in the vertical axis and the angular motion in the pitch direction, for

various walking speeds, using the data from Woodman and Griffin (1996).

The angular acceleration of the head motion in the pitch direction is also significantly greater than
that in the roll or yaw directions. The angular displacement calculated from the measured angular
accelerations is also listed in Table 1 at each walking speed together with the associated available
power calculated using equation (10} from section 2. The power available is significantly less than
that potentially available from the vertical motion in Table 1, being about 0.02 uW for a 1 cm? device

with a damping ratio of 10% at a walking speed of 1.5 steps per second, for example.

5 Power available from higher harmonics

The initial calculations presented in section 4 suggested that the most likely source of power for
harvesting was from the vertical motion of the head. Bandwidth limitations in the original
measurements (Woodman and Griffin, 1996), however, prevented them from being used to

calculate the potential power available from higher harmonics of the fundamental head motion
frequency. Equation (7) in Section 2 suggests that the power available is proportional to Awg for a

device of a given size, which is equal to @, times the acceleration. Thus, even if the acceleration is

11



slightly lower at the higher harmonics, the linear dependence on frequency may make it more

worthwhile to tune the inertial system to this higher frequency.

A series of measurements was thus carried out by Saba (2008) with an MIE triaxial accelerometer
mounted on a headband, and attached to a portable data logger (Online, 2004). The apparatus and
the experiments on a treadmill are illustrated in Figure 4. Figure 5 shows the power spectra of the
vertical acceleration when walking at about 1.6 steps per second on the treadmill. Significant energy

is contained in the first five harmonics and the measurements are well above the noise floor at these
frequencies. Plotting the acceleration multiplied by frequency, i.e., Aa)j, shows that the power
available from the third harmonic is about three times that available from the fundamental. The
amplitude of the fundamental vertical motion was in reasonable agreement with that measured by
Woodman and Griffin (1996) and the predicted power available from the fundamental was

comparable to the 60 W prediction above.

Figure 4: Equipment used to measure head motion and its use on the treadmill.
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Figure 5: Power spectral density of vertical head acceleration at a walking speed of 1.6 steps per

second on the treadmill.

Table 2 shows the frequency at which most power was available for various walking speeds
measured by Saba (2008) on the treadmill together with the estimated power available from a 1 cm?®
device. At a walking speed of 1.6 steps per second, the potential power available from the third

harmonic is about 130 pW.

Walking speed (steps/second) 1 1.4 1.6 il Ay
Dominant frequency (Hz) 3 4.1 4.8 103 183
Power available, in pW, from the dominant frequency 35 116 131 206 1044
Power available, in pW, from entire waveform witha 14 41 80

single device having a natural frequency of 1.6 Hz and

a damping ratio of 2

Table 2: This shows the frequency at which most power was available for various walking speeds

measured by Saba (2008) on the treadmill together with the estimated power available from a 1 cm”.

13



6 Harvesting from multiple harmonics

To constrain the motion of the inertial mass so that it does not strike the case when excited at a
single frequency, the total damping has to be adjusted according to equation (5). The damping ratio

corresponding to this value of damping is equal to
{=—o (23)

which, for a typical fundamental amplitude of vibration (16 mm in Table 1) and size of device (7 mm

x 7 mm x 20 mm, so that A is equal to 5 mm), is greater than unity.

An inertial device tuned to harvest power from the fundamental component of head motion would
thus be very well damped and would have a significant response to several of the harmonics due to
a walking motion. This is in sharp contrast to devices designed to harvest power from the high
frequency motion of machines, where the driving displacement is very small compared to the device
size and so the aim is to design a resonant device with as little damping as possible (Glynne-Jones
and White, 2001), and the tuning becomes a significant prablem. In fact, it is not clear how such a
heavily damped device should be tuned since, if it is tuned to the fundamental, as in section 4, then
it will also respond to the harmonics and if it is tuned to a harmonic as in section 5, it will also

respond to the fundamental.

A numerical study has thus been conducted using the measured waveform of the vertical
acceleration signal, in which the natural frequency of the inertial device has been varied, and for
each natural frequency, the damping has been adjusted so that the peak throw of the inertial mass,
A, was 5 mm. The total power harvested is then calculated as half the sum of the power dissipated
in the damper due to each harmonic. The results are shown for a walking speed of 1.6 steps/second
in Figure 6, together with the damping ratio required to limit the throw to + 5mm at each assumed

value of the natural frequency.

14
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Figure 6: (a) The power harvested from all frequencies against the tuned natural frequency of the
inertial device. The stars indicate the calculated power harvested assuming only single frequency
excitation at each harmonic. The change in damping ratio with the assumed natural frequency of the

harvesting device is also shown in (b), together with that required to limit the motion at each

harmonic on its own.
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The required damping ratio is high at low natural frequencies, so that the total power harvested
when excited by all the harmonics is rather larger than harvested from the fundamental alone, as

shown by a star at 1.6 Hz on Figure 6 (a). It should be noted however that the resonant frequency is

related to the natural frequency by a factor of 4/1— g’z and so at high damping ratios the natural

frequency at which most of the power is harvested is rather different from the excitation frequency.
At the second harmonic, 3.2 Hz, the power available from excitation at this frequency alone is
slightly higher than that available from excitation by the whole waveform, since the damping ratio

can be allowed to be smaller when only the harmonic is present.

The power harvested is greatest, generating about 130 pW, when the natural frequency is set to the
third harmonic, at about 4.8 Hz, The power generated by the individual harmonics is also largest at
this frequency, as recorded in Table 2 and is almost the same as that generated when the device is
excited by the whole waveform. The damping ratio required to achieve these power levels is about
0.2, however. Such a device would thus be quite sharply tuned, and unable to respond significantly if
the walking speed changed by more than about 10%. A more practical solution may thus be to live
with the slightly lower power output with the device tuned to the fundamental, for which it must be
over-damped, the damping ratio being 2 in Figure 6 (b), in order to benefit from the very broad
tuning of this device and its insensitivity to the frequency of excitation. The final row in Table 2, for
example, indicates the power available for a single such over-damped device, with a fixed natural
frequency of 1.6 Hz and a damping ratio of 2, when driven by the whole waveform at each walking
speed. The results are not shown for walking speeds of 2.1 and 2.7 steps/second since the throw
then exceeds 5 mm. A device with nonlinear damping could be designed to limit the throw more
effectively at various walking speeds, and nonlinear springs have also been suggested as a way of

decreasing the sensitivity to excitation frequency.
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7 Discussion and Conclusions

This report has considered the maximum power that could be harvested from head motion in order
to drive fully-implantable medical devices. The performance of an inertial power harvesting device
of a fixed size was analysed, and the scaling laws for the maximum available power from both
translational and angular excitation were derived. Previous measurements of head motion in all
three translational and three rotational axes while walking (Woodman and Griffin, 1996), were
initially used to estimate the power available from the fundamental component of different forms of
motion. At a normal walking speed of about 1.5 steps per second, it was found that harvesting from

the vertical head motion gave the highest potential power output, which was about 60 pW.,

Subsequent measurements of the head motion over a greater bandwidth while walking on a
treadmill suggested that somewhat more power could be harvested if the inertial device was tuned
to a higher harmonic of the fundamental frequency. Tuning the device to the third harmonic, for
example, gave a potential power output of about 130 uW, but resulted in a lightly damped device,
which was sensitive to changes in walking speed. A more practical strategy is shown to be using an
over-damped device tuned to a lower frequency that is able to respond to all the harmonics in head

motion, and which performs well with a wide range of walking speeds.

The maximum power harvested, about 80 uW, is far below that required for current cochlear
implants, about 40 mW (Cochlear, 2011) or even the currents required for stimulation, about 1 to 5
mW (Ji-Jon and Sarpeshkar, 2008). This method of powering cochlear implants is thus not practical
at the moment, but may be useful in future, fully implanted, designs with much lower power

requirements.
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