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In this paper va rious archit ectures of electrom agnetic harvestin g devices, r ealized in the Dep artment of

Information Engineering of the University of Brescia, is reported, estimating their usability for biomedical
applications. Furthermore, this paper shows a first attempt of a new elec tromagnetic generator architecture.
The proposed system is modelled and simulated showing promising results.

1 INTRODUCTION

Power ha rvesting m odules are a vi able sol ution to
the pr oblem of s upplying aut onomous sy stems
reducing t he pro blem of bat tery di sposal and
replacement. They can also im provet he
performances of wireless devices. The reduction of
power consumption of el ectronic de vices has made
possible to supply them through the harvesting and
subsequent co nversion o f en ergy that is present in
different forms in the environment.

An in teresting field wh ere the energy ha rvesting
could rai se t he per formances of the devicesisthe
biomedical se ctor. In th is p aper, we will sh ow
various a rchitectures of el ectromagnetic ha rvesting
devices proposed in literat ure, esti mating th eir
usability for biomedical applications. Afterwards we
will d escribe a first atte mpt o f't he research gro up
with a nonlinear resonator which has been designed
and tested . Lastly we will ~ hint at two promising
architectures that have been conceive in the research
group an d th at will b e o bjective o f fu ture wo rks.
There are different sources of e nergy usable for the
electrical conversi on. Mechanical energy from
vibrations is t he m ost comm on and usable energy
source a vailable inthe  hum an environm ent.
Numerous i ssues must be taken i nto co nsideration
forapr operdesi gno fadevi cew hich harve sts
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energy by vibrations, the most significant c oncerns
the low frequencies of mechanical vibrations.

Using a | inear app roach, the geom etric dim ensions
of the resonating elements are a problem in order to
reduce the resonance frequency. In fact reducing a
device on a mill metric scale, or smaller, limits the
resonance fre quency: usi ng ordi nary m aterial, a
small dimension entails a great resonance frequency
and a small mass (th e first n atural frequen cy of a
vibrating syste mcan b e express, quali tatively,

by K/m). Ap ossible sol utioncoul dbet he
introduction ofnon linearityin th esyste m
introducing beh aviours no t in tuitively p redictable
and potentially exploitable for the proposed purpose.
Anexam pleisto usea material with no nlinear
elastic strain for the el astic suspension of the
swinging mass. This solution has been analyzed by
the research group and in the next section w e will
show t he preliminary num erical and e xperimental
results based on t he e xistent pr ototype reported in
Sardini and Serpelloni (2010).

An interesting solution in this direction is the device
proposed by Bowers and Arnold (2009), in which a
spherical uni directional m agnetized perm anent
magnet b all mo ves arb itrarily in a sph erical cav ity
wrapped with copper coil winds.

Jia and Liu (2009) proposed a liquid metal magneto
hydrodynamics g enerator; t his inno vative so lution
uses thei nduction of electric current due  to
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movement of an electricity conductive liquid m etal
in a magnetic field. The advantage of this appealing
idea is its flex ibility of actuation and controllability,
itsh ighadap tabilityto h arvestingfro m a
unidirectional movement andi tsrel ative hi gh
efficiency (more than 45%) in relation t o common
harvesting devices.

Another possible solution that at the moment is
under consideration is the double conversion of the
kinetic energy of t he movement, at first in pressure
energy o fa fl uid a nd s ubsequently i n t he ki netic
energy of a rotational electromechanical generator.
Mitcheson, Green, Yeat man a nd Holmes (2 004)
analysed the diffe rent ar chitecture of vi bration-
driven m icropower ge nerators an d t heir researc h
conclude that the devices Coulomb Force Parametric
Generator (CFPQ) are the preferable solution for the
systems in which the vibration source frequency is
variable and the allowable mass frame displacement
issm all co mparedto the external source of
vibration. Th is arch itecture will b e showed inth e
next section.

Int he resea rch gr oup ane w de vice for t he
generation o fel ectricity appliedt oan electronic
instrumented to talk neep rosthesisisu  nder
development. Thi s devi ce h as been simulated and
the results obtained are in the following reported.

2 ANALYSIS OF PROPOSED
DEVICES

The research group is in terested to in sert with in a
knee prosthesis an autonomous system to m easure
the resultant forces existing in the joint.

These data a re ve ry i mportant beca use a pr oper
value of forces is fun damental to assure a correct
functionality o f th e i mb an d th e d eambulation, in
addition it permits to estimate the distribution of the
contact forces on the medial and lateral polyethylene
component surfaces and c onsequently its life (Blunn
etal. (1991), Currier et al. (2005), D’Lima et al.
(2006, 2007)).

The goal is to integrate ina  single de vice both
the sens ors a nd electronic circuits with a power
harvesting s upply sy stemand awi reless dat a
transmission. An ex ternal read ing unit close to the
knee (about few meters) receives the data and allows
their analysis also by remote control.

Crescini, Sardini and Serpelloni (2009) realized a
first at tempt of a n a utonomous sens or execut es
autonomously force m easurements into a protected
environment a nd wireless tran smits d ata d irectly

from the inside of the implant to an external readout
unit. The fo rces transm itted acro ss th e kn ee joint
during normal h uman activ ities su ch as walking,
running or ¢l imbing can  be di rectly m easured.
Batteries are completely eliminated by harvesting
energy from an externally appl ied m agnetic fi eld
collected by a miniature coil within the implant.

The remote powering harvesting system provides
also for the signals tra nsmission by the sam e
electromagnetic coupling, at 12 5 kH z, t hrough the
coil antenna of the transponder interface.

This so lution o bliges th e patientto pu tth is
external coil and to have that on the knee during the
measure of't he forces.Inorde rt o remove this
complication in th e no rmal activ ity o f th e p atient,
the researc h group, after having tested the correct
operational re quirements of t he sy stem, has been
addressing itself to the ev aluation of a new solution
completely in tegrated i nth e prosth esis forth e
generation of the power supply.

Theen ergyh arvestingb y inertial
electromagnetic generator, that scavenges the kinetic
energy of t he human movement, has been the new
objective.

An electromagnetic inertial generator is a device that
converts the mechanical energy of a m ass swinging
inam agnetic fieldi n elec trical energy, through
Faraday-Newmann-Lenz law.

The mechanical energy in the human body is almost
totally in k inetic form a nd generatedb yth e
movemento fth eli mbs,co nsequently itis
characterized by low frequencies and it is gene rally
discontinuous. Thi ssi tuation doesn’tal lowa n
efficient e xploitation o f energy and the generator’s
design is fundamental to obtain a suf ficient po wer
for the electricity supply of the devices.

The most common architectures of electromagnetic
inertial ge nerator ca nbe described byal inear
second order differential model:

mi(t) + cx(t) + kx(t) = f(t) (1)

where misthem assth at swings, x(t)isi ts
generalized displacement ( the m otion can be
rotational or translational), cx(t) and kx(t) are
respectively the viscous da mping force and the
linear restoring force acting on the mass, and f(t) is
the active  force dueto ane xternal im posed
actuation. Generally th e driving fo rce f(t) ha s
transmitted b y devi ce’s casing upona massm
conveniently d esigned, a resto ring fo rce allows a
cyclic movement, a braki ng force cross the motion
while t he m agnetic field has p roduced by a
permanent m agnet th at, g enerally, is th e swinging
mass. Mitch eson et al. (2004) showed th at
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substantially these devices can be reduced in three
categories. Dep ending on kind of r esistant and
restoring forc e the analytical =~ model is nam ed:
Viscous Dam ping Reso nant Gene rators ( VDRGs),
Coulomb Dam ping R esonant Ge nerators (CDRGs),
and Coulomb Force Parametric Generators (CFPGs).
Next we show different possible solutions in order to
reduce the resonance frequency and in particular we
examine the characte ristics o ft he VDRGs and
CFPGs architectures.

As for the VDRGs, the first solution proposed by
Sardini and Ser pelloni (2010) has b een studied for
the electrical energy supply of an autonomous sensor
implanted in a human knee, consisting of completely
embedded st ructures wi th no phy sical links to the
outside world. The primary aim has bee n reducing
the resonance frequency. The operating principle is
based on the relative movement of a planar inductor
with respect to permanent magnets. A m athematical
model has been formulated assum ingt he
electromechanical gene rator as a spri ng-mass-
damper system with a base excitation.

A specific configuration of magnets is proposed
and analyzed by FEM sim ulations (Figure 1) wi th
the ai mto im proveth e conversion efficiency,
increasing the spatial variation of magnetic flux.

MECIIANICAL EIGENFREQUENCY
SIMULATION

ELECTRO - |§
MAGNETIC :
SIMUTATION

! FLUXAINCPLOT

Figure 1: Simulation plo ts in mechan ical eigenfrequency
and electromag netic domains . Reported in Sa  rdini and
Serpelloni (2010).

The system  has beente sted an d e xperimental
measurements showed a ty pical maximum power of
about 16 mW at 30 Hz with a “LATEX"” material for
the membrane. In order to improve the characteristic
of the device, over all in the direction of a reduction
of natural fre quency, the material has been chose n
with non linear elastic characteristic. In this case the
mathematical model is different from the one used in
equation (1 ). Th e rest oring fo rce is non linear by
adding a cubic term, and damping is proportional to
the spee d with an electrical and mechanical
component.
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The working frequencies of the generators has been
simulated an d th eir v alues are cong ruent with the
experimental resul tsi narange of p ossible
frequencies included between 25Hz and 40Hz, how
the Figure 2 shows.
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Figure 2: Comparison between simulation results and
experimental data. R eported in Sardini and S  erpelloni
(2010).

The polymeric materials allowed the lowering of the
resonant fre quency com pared t o | inear generators,
but the presence of a resonant behaviour entails the
maximum effi ciency fora gi ven frequency of
excitation whi ch depe nds o n desi gn of g enerator
(geometry, material, reaction forces ). T his aspect
reduces t he s cope o f em ployment of a devicet o
upper fre quencies, beca use not sim ple practical
problems e merge fo r th e obtaining of a resonant
frequency in the band of frequencies of the source.
In fact, in this case, itneedsto obtainas mall
resonant f requency withoutt oi ncreaset he
dimensions of the device.
It is evident that a similar resonant generator will not
be ad equately ab le to satisfy th e requ irements o f
biomedical employments.
The first c omment is a theoretical ¢ onsideration
relating to  different elect romechanical ge nerators
that don’t work in a resonant manner.

A CFP generator is on e of these on es; its mo del
is showed in Figure 3: a swinging magnetic mass m
is free to move in a propped case with an external
coil in which the prevalent dissipative forces are of a
Coulomb kind (e.g. taking a vacuum sealed case and
using lapped contact surfaces).
Mitcheson et al. (2004), concluded that CFPGs have
better p erformance wh enth eratio Z;/Y, < 0,1,
where Z; is th e maximum amplitude of t he mass in
the fram eand Y, i st he m aximum am plitude of
absolute m ovement of t he fram e ho w Figure 3
shows: it is typical of the case of hum an body
motion in which Z; = 5mm <Y,
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Figure 3: Model of Coulomb Force Parametric Generators.

It is in teresting to notice that the elastic susp ension
doesn’tex istandth e friction force F mak es
impossible the relative motion z(t) until an adequate
acceleration produce on the mass m a force greater
than the friction force F itself, so the CFPG device is
not related to the frequency of ex citing source: the
magnet moves only when the acceleration exceeds a
predetermined val ue, with the on ly co nstraint th at
the m ovement will b e li mited b y th e max imum
amplitude Z; allowed by the size of the device.

In this direction the solution proposed by Bowers
and Arnold (2009) allows an op timal harnessing of
the kinetic energy because the absolute movement of
the case i s ¢ ompletely convert ed i n't he rel ative
movement of t he swi nging m agnet. I ndeed t his
harvester allows to have a power densityupto 0,5
mW/cm’, further it is characterised by a sim ple
conception that allows a possible industrialization.
The limits are connected with the noisiness, a g reat
parameter of merit for a biomedical application, and
with th e effects p roduced by th e redu ction ofthe
dimensions be cause o f't he increase of frictional
forces.

The interesting solution designed by Jia, Liu and
Zhou (2009) allows to obtain an ef ficient and non-
resonant de vice capa ble o f harvesting t he ki netic
energy with an efficiency up to 45% depending on
the velocity of the flow in the duct.

The problem com pared to so lution prop osed b y
Bowers a nd Arnold (2009) i s re presented byt he
difficulties with the vol ume necessary both for the
hydraulicand m agnetic circu it, furtherth e
architecture is com plicated by the nece ssity of a
hydraulic che ck-valvei n ordert oo btain an
unidirectional f low. Onthe o ther hand a good
characteristic of this solution is th e generation of a
constant ex ternal vo ltage ina wi de range of lo ad
resistance. The last two illustrated devices are been
considered based o ni nteresting a nd promising
solutions in order to reduce the problem of resonant
devices, and the purpose ofthe research group will

bet opl anet wone w device withaC FPG
architecture or new possible hydraulic solutions.

At the moment the new proposed solution consists in
an electromagnetic generator in which the coils have
beeninse rtedina  prominent elem ent o ftib ial
prosthetic plat e that is placed bet ~ ween the two
condyle, while the  magnets are placed into the
condyles on the opposite surfaces. T he electroni ¢
circuits and the force sens ors are placed i nternally
the tibial plate. A model of the device is in Figure 4.

|
1

Figure 4: Total knee prosthesis and its cross sec tion with
electromagnetic generator.

In Figure 5t he resul ts of P owers, R ao and Perry
(1998) show that the sagittal knee motion in normal
persons is m uch the same as in person with tran s-
tibial a mputations (TTA). IntheFigure Sbythe
magnitude of th e sag ittal knee ang le (ab out 60
degrees) and considering the normal time of swing,
we obtain a mean angular velocity of 2,91 rad/s.

~ Amputee
—MNormal

Knee Flexion (degrees)
8

0 20 40 60 80 100
% Gait Cycle

Figure 5: Mean knee motion curve for the tr ans-tibial
amputee and n ormal persons; the vertic al d otted lin e
separate stance and swing phases of t he gai tcy cle.
Reported in Powers, Rao and Perry (1998).

In order to check qualitatively the validity ofthese
solution a firstn ~ umerical si mulationh as b een
realized, ¢ onsideringt he geometry rep orted in
Figure 4.
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The simulation has bee n realized hypothesizing that
running of t he device is in the swing phase of t he
walking cycl e of person s with tran s-tibial
amputations (TTA). The resultsin Figure 7an d 8
show the induced voltage in the short and long coils
showed in Figure 4.

Inside each coil a magnetic core has been inserted,
and the coils have not been connected in order to
evaluate individually on each of t hem the effects of
the magnets.
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Figure 7: Induced voltage in short coil.
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Figure 8: Induced voltage in long coil.

4 CONCLUSIONS

Two devices have been shown.

The first works in a reso nant manner and it is in an
advanced stage o fth e project. Th e second is still
object o fase ries of judgments, in particulart he
future wo tks will seek to  improve th e coupling
effects bet ween the ele ments of the magnetical
circuits in order to increase the induced voltage.

The go al isto ob tainan optimal d isposal o fth e
relative po sition of th e m agnets and th e co ils in
order to increase the magnetic flux through the coils.
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