Characterization of arotary piezoelectric energy harvester based on plucking
excitation for knee-joint wear able applications

Michele Pozzi* and Meiling Zhu

Manufacturing and Materials Department, School ppked Sciences
Cranfield University, Bedfordshire, MK43 OAL, UK
*e-mail: m.pozzi@cranfield.ac.uk (Correspondinghaum}

Abstract

Wearable medical and electronic devices demamnditady wearable electrical power supply. Human-
based piezoelectric energy harvesters may be thtosg but the mismatch between the typical
frequencies of human activities and the optimaratieg frequencies of piezoelectric generatorssdall
the implementation of a frequency up-conversiohnégue. A rotary piezoelectric energy harvester
designed to be attached to the knee-joint is epéeimented and characterised. The wearable hanigste
based on the plucking method of frequency up-caiwer where a piezoelectric bimorph is deflected by
a plectrum and permitted to vibrate unhindered uptease. Experiments were conducted to charagteris
the energy produced by the rotary piezoelectricggniearvester with different electric loads andetignt
excitation speeds, covering the range betweenr@l L aev/s to simulate human gait speeds. The
electrical loads were connected to the generatioeredirectly or through a rectifying bridge, asudbbe
found in most power management circuits. The fadfubke paper is to study the capability of energy
generation of the harvester for knee-joint wearaplglications, and study the effects of the diffiere
loads and different excitation speeds. It is fotivat the energy harvested is around 160 to 49andJ,
strongly depends on the angular speed, the corthelgetric loads and also the manufacturing quality
the harvester. Statistical analysis is used toigréae potential energy production of a harvester
manufactured to tighter tolerances than the onsepted here.

Keywords: Plucked piezoelectric bimorphs, energy harvestiigeband, wearable energy harvester,
piezoelectric generator, pizzicato, frequency upvession, knee-joint harvester, human walking.

I ntroduction

Technological advances in the electronic induséryehled to the mass diffusion of compact and p&atab
devices, ranging from gadgets such as mobile phomgsic players and navigation assistants, to viadara
medical health monitoring devices. Together withiaturisation has come lower power consumption; the
energy requirements of many portable devices Iewpothat the idea of scavenging energy from the
surrounding environment becomes a viable alteraativeplaceable or rechargeable batteries. Sognifi
research efforts have been dedicated to this Entetecades, both within academia [1] and indug&iry
Whilst initial investigations focused on environnterenergy scavenging for powering wireless sensdes
[3], more recent research has also been directeartis human-based energy harvesting (EH), aiming at
powering wearable medical or consumer devices.&elent example of energy harvesting from the
mechanical dissipative work taking place duringnmalrgait is an electromagnetic device capable of
generating 4.8+0.8 W in the generative-braking mawaiéng human walking [4]. The apparent limitatiais
the device are its mechanical complexity and thesicierable mass of 790 g (1.6 kg including bradeait
of the mass and the mechanical complexity was altieetimplementation of gears which increase the
rotational speed of the electromagnetic generatordrease its power output and efficiency. As hama
activities, with the exception of vocalisation, acat very low frequencies whilst piezoelectric gextors
are most effective at much higher frequenciesgtigea frequency gap that needs to be closed &inobt
useful power outputs. A traditional solution inrdhion energy harvesting is the implementation of
cantilevers with an attached mass, to make a sysimiow resonant frequencies [5] [6]. Particwairk
human-based EH, this has two drawbacks: added waighthe fact that an overall low frequency impke
low energy production. Among the possible methodsotve this problem, some frequency up-conversion
techniques have already been identified and inyai&td in previous works. For example, an impachfof



excitation for EH was presented by Umeda et alwfith a piezoelectric monomorph disc struck byesekt
ball to induce resonant vibrations in the disc alettric energy generation. The impact involvesdfar of
momentum; mathematically, the system's initial ¢thowgls have non-zero velocity; the principle is ganto
hammers striking the wires in a piano. A hand-lettotype harvester based on this principle wakssezh
recently by Renaud et al. [8]: when vigorously sirakom side to side an output power up to 600 &8 w
produced thanks to a “missile” alternatively stidkione or the other of two piezoelectric elemetdsqu at
either end of a conduit. Kulah and Najafi [9] iduzed a different form of excitation for scavengamgergy
from low frequency ambient vibrations with a miaake electromagnetic generator where the low-
frequency vibration of a suspended magnet exdiesigh frequency vibration of a number of coilrgarg
cantilevers placed around it. The cantilevers lnelg deformed and then suddenly released when the
elastic force overcomes the magnetic attractiorthematically, the system's initial conditions feata non-
zero displacement; the principle is equivalenti plucking of chords in a harpsichord (or a vialith the
pizzicatotechnique). Several concept designs for energyelstars based on this idea were later presented by
Rastegar and Murray [10]. With focus on human b&dddHowells presented the Heel Strike Generator
[11], where a system composed of lead screw, gaiarand cam produced the controlled sinusoidal
deformation of four PZT-5A elements. In this vatiahfrequency up-conversion, the bimorphs mova at
frequency below resonance as they are always glgléae cam.

In a previous paper [12], the present authors haaeelled and analysed with finite elements the bielia
and energy generation of piezoelectric bimorphsnadeited by plucking. The plucking action was ok
down in its fundamental phases and each was stimlieshergy generation potential. An important tesu
was that the energy produced during the initialed¢ibn is roughly proportional to the speed ofieetion.
Furthermore, a great proportion of energy is predda the first few oscillations of the bimorph.i§paper
is based on the work [12] and is devoted to imple@at@n and characterisation of a rotary piezoelect
energy harvester designed to be attached to treejkir@ for wearable applications. The harvester
implemented here is light-weight, mechanically devgnd offers good efficiencies even at the low
frequencies associated with normal gait. It hastargial of providing as a power source for webrab
medical devices and portable electronic gadgethisnpaper, the harvester is presented and cleaissexd
with a focus on studying the capability of energyperation of the harvester for knee-joint wearable
applications and study the effects of differentrerted electric loads and different excitationshenenergy
harvested.

Frequency up-conversion by mechanical plucking

The harvester presented here is based on the fregue-conversion strategy, with the aim of bridgin
between the low-frequency inputs from human adtisiand the high-frequency requirements of
piezoelectric devices. Plucking is achieved wheteatrum deflects a piezoelectric bimorph up toriting
deflection, therefore transferring mechanical ep¢ogt (Figure 1). Once the bimorph is releasedikrates
at its resonance frequency, generating electrioaigy via the direct piezoelectric effect. The oute of
plucking is frequency up-conversion, as by onelsistpw movement of the plectrum a large number of
vibrations are produced at high frequency.
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Figure 1: Illustration of the plucking action: durg approach, the force on the bimorph is zero;dorc
increases during loading, where mechanical enesggput in the bimorph (and the plectrum); aftelesse,
the external force on the bimorph is limited to @mping and to its constraints (mounting) anddbeice
can vibrate unhindered.

Description of therotary piezoelectric energy harvester for knee-joint wear able applications

A rotary piezoelectric energy harvester based aoknhg excitation can take different configuratioAs
possible embodiment as knee-joint harvester witih fimorphs is sketched in Figure 2 (note that plaiger
investigates the behaviour of a knee-joint harvdsturing a single bimorph). During normal gét,
example while walking, the knee alternatively flexad extends once per second, covering a totdlant
angle of approximately 70 degrees in each directiofigure 2, the outer ring, carrying the plectsdixed
to the thigh, whilst the inner hub, carrying thenbrphs, rotates with the knee, as it is fixed tnghank. As
the person walks and the knee alternatively extandslexes, each of the multiple plectra on thieioting
plucks the bimorphs. The energy harvester is tbezefapable of converting the slow motion of wadkinto
high-frequency vibrations of several piezoeledbiimorphs.

Inner Hub

Bimorph Outer Ring

Outer Ring

fixed to thigh ~ Plectra

Inner Hub
fixed to shank

Figure 2: Knee-joint piezoelectric harvester. Itwern on the external side of the knee and fixeldrbges.
Inside, a hub carries a number of bimorphs whiah @lucked by the ring-mounted plectra as the joint
rotates during walking.



Harvester implementation and experimental set-up

A prototype has been made and characterised viférelit connected electrical loads and different
excitations to study the capability of energy gafien of the rotary piezoelectric energy harvester&nee-
joint wearable applications. In the present fornk@ese-joint harvester, it was designed with a famus
simple one-off construction and flexibility (e.etplectra are embedded in a removable PTFE ribhdn
the protrusion of the bimorphs can be easily cdliet)y it occupies a volume of 226 cm3 and its niass
approximately 235 g. The outer ring and the inndy of the harvester (Figure 3) were machined out of
acetal copolymer. The plectra were cut out of afl@6thick Kaptofi polyimide film and embedded in the
PTFE ribbon mounted inside the outer ring; the afdahe plectra protruding has the approximate stad@
rectangle of dimensions 3x2 rifixw). The harvester features a total of 75 plectraspa.5+0.5 mm
(meant standard deviatiojy due to manufacturing imperfections, one of thasetra is too short to touch
the bimorph; also, the first and last plectrumseparated by 8.7 mm, which could fit a further plaw.
Hence, the device tested here has 74 active p|dettavith the same dimensions and spacing it cbukb
plectra.

The ring was fixed to the rotor of a stepper motghilst the hub was held steady by a fixture. Tiepger
motor was controlled by a microstepper driver (M8D&om Motion Control Products Ltd.), which
received low level control signals from a compuwtiera D/A card and current amplifiers. This arrangat
gives good flexibility, permitting to drive the nawtwith any velocity waveform compatible with it#finsic
limits of speed and acceleration.

The piezoelectric bimorph used is type T215-H4-3@8dduced by Piezo Systems Co.; its nominal
dimensions are 31.8x12.7x0.38 fhihis made of PZT-5H and poled for series operatDptical

microscopy examination revealed a 130 um-thick hedtian sandwiched between two layers of PZT, each
of thickness 125 pum. The bimorph was mounted witlopper-clad mechanical fixtures doubling up a&-pic
off electrodes, leaving a free length of about 26rB; the distance between the free end of the lpimand
the axis of the harvester is approximately 42 mlactécal loading was applied to the bimorph with a
manually-controlled discrete-valued potentiometigital potentiometer) having a full scale of 50D&nd
measured linearity better thafolin the range of interest. The electrical load eiéiser connected directly to
the bimorph or via a full bridge rectifier (MULTIOQ@P — DBLS103G). The voltage across the load was the
sampled with a NI-9229 A/D card, whose DNhternal impedance was taken into account to tatiethe
effective electrical load. The vibration of the loimpph was measured with a Laser Doppler VibrometBi
Polytec CLV-2534); as it was not possible to shireelaser beam parallel to the direction of vilmatiit was
placed at a small angle and the resulting systeraati)r accounted for in the processing of the.data

Figure 3: the prototype harvester mounted on tiseig. The rectifying bridge is a surface-mountide
soldered to the underside of the printed circuiatao(PCB).

Char acterisations and discussions

To characterise the capability of harvesting enéngthe rotary piezoelectric energy harvester forekjoint
wearable applications, we use the stepper mototiometl above to reproduce the range of speeds\aaker
in human gait, which are up to about 7 rad/s. Tdrerolled condition of a selection of constant spee
between 0.1 and 1 rev/s (periods T=10s and T=1s4dd because it let us better study the effeatdfefent



excitation speeds on the energy harvested and staddrthe transient behaviours of the harvestegrund
different excitation speeds and also help to fiattdy design configurations and identify manufaotr
requirement of the harvester, for example, withittalthl speed transmission and uniformity of plactr
around the outer ring. In spite of the controlbeddition of the revolution speed, it should benped out
that it is an important task to characterise tharyopiezoelectric energy harvester based on bibargcal
data. The authors have studied and characterisgubtlier generation of the harvester based on
biomechanical data; due to the main focus of thjzep, the results are not reported here but will be
published in a subsequent paper in this same jburna

The characterisation of the harvester focusseavorateas. Firstly, the bimorph was connected, eithe
directly or via a rectifying bridge, to a potentietar set to a selection of values to study thecetiethe
electrical circuit and identify the optimal electil load. This is important to the optimal desid@a@ower
management circuit. Secondly, the harvester wasatgubat a selection of rotational speeds, coveliag
range of speeds observed during normal gait, tesiiyate the vibrational characteristics of thedrjph at
several plucking frequencies and the impact onggngeneration.

Effect of the electrical load on energy harvested

Two series of measurements were performed at #edspf 5 s per revolution (Figure 4). In one seties
bimorph was directly connected to a resistancearmasnong a selection of values; in the other, @fysx
bridge was placed between bimorph and potentiomiEter main feature of these curves is the presehae
maximum, i.e. a value of resistance for which maximpower is transferred to the load. This happéemsnw
the impedance of the electrical load matches tipedance of the bimorph at the dominant operating
frequency. The optimal electrical load with redtify bridge (approximately 10QXR is higher than without
bridge (approximately 50¢K). This is explained by observing that higher vgdtm are present on the
bimorph's electrodes if a higher resistance is eotad; therefore, the fixed forward voltage drapoduced
by the diodes making the bridge becomes propottioless important, i.e. it dissipates a smallection of
energy. As a result, when the rectifying bridgprissent higher electrical loads become more beakfind
the maximum moves towards higher values of resistaim Figure 4, the decrease after the maximumotis
obvious and it could be argued that with the bridgeexample, the maximum is actually anywhereveen
about 100 k and 140 R. However, since most user loads have low impedameng the loads that yield
the highest energy the lowest is more represeastafiveal use. Hence we have identified as optiozals
the lowest loads within the respective ranges.

Looking at the relationship between the two curtles total energy dissipated in the electrical lisaldigher
without the rectifying bridge; the difference beemethe two plots suggests that 50 to 80 uJ argdissl in
the diodes making the bridge; however, the diffeedmetween the two maxima is limited to 56 pJhso t
the losses due to the bridge are partly compensgtattreasing the electrical load, although thesymot be
easily attained by the final user application.
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Figure 4. Total energy produced by the bimorph dgr full revolution of the outer ring, occurring b s.

The plot shows the effect of the resistive loal aiitd without a rectifying bridge. The error baepresent
the 90% confidence level as predicted by Studedt&ribution.



Effect of the excitation speed (rotational speadkoergy harvested

Biomechanical data [4] show that during normal gaétangular speed of the knee-joint varies consig,
from O up to 6~7 rad/s. It is therefore importdram an application point of view, to characteriise
harvester over a similarly wide range of angulaes|s.

Two sets of measurements, with direct connectidhdaelectrical load (Figure 5) and with a rectifyi
bridge interposed (Figure 6), were performed temheine the effect of the rotational speed. Thenogti
electrical load for each case, as identified intfeasurements of the previous section, was corthextbe
bimorph. Although other measurements, not repdregd, show that the optimal load is somewhat higher
lower speeds, all tests were run with the samdradaktload, as it would not be feasible, in a real
application, to change it during the gait cycle.

The most obvious feature of Figure 5 and Figuretbat the energy produced increases with the spfeed
revolution. This trend is due to a combinationaaftbrs including larger total deflection of the binph,
quicker initial deflection and cleaner releasesthare discussed at length later in the papertr€hd seems
to be approximately exponential in both cases. iBhsresult of how the three factors combine efaample,
larger deflections are observed only at the highpesed, whilst the quicker initial deflection gives
hyperbolic response, as discussed later. HoweVglistthe exponential fit is a good one for direct
connection, with a bridge interposed the exponkistienly marginally better than a linear fit (theis the
result of standard-deviation-weighted least sqfittheg and its quality measure is the sum of treighted
residuals). At the moment, there are no apparaisores to favour one fit versus the other in eighectrical
configuration, except for the goodness of the stiatl fit and the arguments given above.
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Figure 5. Total energy produced by the bimorph dgra full revolution of the outer ring. A 47 8kesistive
load wasdirectly connected to the bimorph. Data were collected for 3 runs for each speedy amne
representative curve is plotted for each speedHersake of clarity; the error bar at the end shadies
average of the total energy produced and the 90gfidence level, calculated with Student's t-disttibn.
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Figure 6. Total energy produced by the bimorph dgra full revolution of the outer ring. v&ctifying bridge
was connected between the bimorph and a 99.fekistive load. Data were collected for 6 to 8sdar
each speed; only one representative curve is pldtdeeach speed for the sake of clarity; the etvar at
the end shows the average of the total energy pedtiand the 90% confidence level, calculated with
Student's t-distribution.



Transient behaviour of the harvester for differextitation speeds

It is worthwhile to analyse in detail the signatsguced by the bimorph at different speeds of navah, as
the vibration and the voltage output strongly depen it (Figure 7 and Figure 8). Both figures were
acquired with a rectifying bridge before the elieetrload, as this is a common feature of mostgner
management circuits for piezoelectric harvesteng. displacement traces are obtained from the \gloiz
time integration; the energy traces are foundiwie integration of the instantaneous power, catedlas
P()=V2(1)/R, with R=99.1R and V is the (rectified) voltage. When the peii®dO s (Figure 7), the
individual plucking actions can be clearly distirghed. As the displacement trace shows, the bimisrph
deflected by a plectrum over a time of about 6Qum$o the maximum deflection (just over 0.2 mmha t
figure) before being released and permitted toldyieturn to the undeflected condition with consent
vibration around the rest position. The voltagealalready rises during the deflection, althougleiinains
below about 2V in the 60 ms of the deflection. Muatre interesting voltages are produced as sodmeas
bimorph is released, with peaks between 7 and Ta&.energy curve (last sub-plot in Figure 7) has a
staircase-like character consisting of 3 majorstepch associated with a plucking action. WHilstd is
some energy generation during the initial deflattibhe greatest portion of energy is produced duitie
first few oscillations following release. The criten for choosing this particular time interval fitve figure
is that it contains the three main types of pediseosed: the first peak (P1) is the most typicaspnting an
unclean release characterised by a few oscillatiotise displacement before release and a fragriestep
downwards; consequently, the voltage signal is/eof large and the energy step is also small. The
following peak (P2) has a cleaner release so figavtltage reaches higher values. The last pegk{RB
almost ideal release, with a sharp rise in disprese until the neat release point; as a consequénee
voltage produced is the highest and so is the gretep; a clean release as in P3 was rarely olikdive
also worth noting that a fixed set of plectra ndtynproduced the cleanest peaks, proving that tiadity of
the release is mostly determined by the plectraniedves and only to a lesser extent by other faggarch
as vibrations), which can cause statistical flutituns in the release process. The time intervaléen the
peaks is not constant because the physical spatthg plectra on the outer ring is not perfectiyform.

At high speed (T=1 s), the signals produced froensitparate plectra are not easily distinguish&tgife
8). The decay of the vibrations caused by the filsttrum (P1) can be seen because, due to a detbet
harvester, the following plectrum (P2) is too shorinake contact with the bimorph. Thanks to tths,
decaying voltage peaks can be observed clearlyrenfbllowing plectrum (P3) is encountered by adwiph
which is almost at rest. Despite this, we stilletve the superposition of the fundamental vibratioto the
displacement peak caused by the deflection, althtwu@ lesser extent than in the other peaks. dllanfing
4 plectra (P4>P7) are met at short time intervals, yielding aimtamrupted oscillation of the bimorph,
modulated by the contact with the plectra. As aseguence, the voltage signal shows a rapid suocessi
peaks of different heights, and the energy trasiiply a wavy line rather than a sequence of stEps
outcome of this continuous vibration of the bimorplan energy production significantly higher tlzdn
lower speed, as evidenced in Table 1 and appa@ntFigure 5 and Figure 6.
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Figure 7. Time domain data for a slow run (T=10fg)m top to bottom: velocity, displacement (via
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showing an unclean release, with the plectrum stowbbing the bimorph; the second is cleaner ared th
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Figure 8. Time domain data for a fast run (T=1fg)m top to bottom: velocity, displacement (viaegration
of velocity and after baseline removal), voltagd amergy. After the first plucking (P1), the bimoimas
time to ring down as the immediately following e (P2) is too short and does not touch the bhor
the following plectrum (P3) is met by an almodt btiorph; the last peaks (P3P7) are almost merged

into each other and it can be seen that the bimagttinues to vibrate with considerable amplitude a
generate large voltages.



Further discussion

Fast Fourier Transforms (FFTs) of the displacerdetda in Figure 7 and Figure 8 were calculatedter t
complete revolution. Clear peaks at about 300 Hzpeesent in both frequency-domain plots,
corresponding to the resonant frequency of the fpmadrhe second most important peaks were located
between 7 and 8 Hz (slow run, T=10 s) and at abouiz (fast run, T=1 s). These peaks correspotigeto
plucking frequency, which is expected to be abobitahd 76 Hz, for slow and fast run respectivetiiere
are 74 plectra but they are spaced as 76, angthely the bimorph in 10 and 1 s respectively. Threselts
are a clear manifestation of the effectivenessiefitequency up-conversion technique employedias t
vibrational spectrum of the bimorph contains itstfresonant frequency in addition to the plucking
frequency.

The results presented above show that plectraffaeted by manufacturing defects, so that some tend
produce always less energy than others. It is fier@iseful to statistically analyse the energyegated by
interactions with each plectrum, to estimate tHaea@ble energy, i.e. the energy that could be igeee by
the harvester if it was produced with the repeétalttypical of an industrial manufacturing processther
than assembled by hand. The basis for this analagso measure the bimorph's maximum deflection
associated with each plectrum; then, the plecthliyig the highest 90-percentile were selectedtter
words, the set included the 7 plectra which prodube largest maximum deflection of the bimorphb&o
practically meaningful, one set of plectra wasitlif selected for T=10 s and used for calculatorall
speeds; comfortingly, the 90-percentile selectimtess applied to the other speeds usually gawlethe
same set of plectra, with a few instances whemvwbesets differed by only one plectrum. The average
maximum deflection produced by the selected seteauftra is presented in Table 1 for a selection of
rotational speeds. As the harvester under studyagorking plectra, with room for two more, the
achievable energy in the table is calculated byragsy 76 active plectra. It is assumed that eache76
plectra generates an amount of energy equal tavii@ge energy generated by the 7 plectra in the 90
percentile set. The achievable power in the nelingo is simply the average power as obtained bigitig
the achievable energy by the period of a revolufidre last column represents the ratio of the aclie
energy over the measured energy.

Table 1, summarising the total energy measuredaahigvable for a selection of speeds of revolutrath
and without rectifying bridge, confirms previoussebvations that the energy produced increasestidth
rotational speed and is also higher, for a givexedpwhen the rectifying bridge is not present.

Table 1. Summary of the total energy measured ahb@able for a selection of speeds of revolutwaih)
and without rectifying bridge. In the former catd®s resistive load was set to 992, kn the latter it was
47.6 Q.

Period Angular Measured  Average Achievable Achievable Energy Ratio:
T velocity Energy deflectiorf Energy  Power (uW) Achievable/
(s) (rad s%) ((YR)] (mm) (nJ) Measured
10 0.628 160 0.322 255 255 1.59
with rectifying 1.257 206 0.317 349 70 1.69
bridge 4 1.571 244 0.317 455 114 1.86
(R=99.11Q)
3.14 273 0.318 493 247 181
1 6.28 284 0.353 533 533 1.88
10 0.628 168 0.315 207 20.7 1.23
without 5 1.257 227 0.316 298 59.6 1.31
rectifying
bridge 4 1571 283 0.319 462 116 1.63
(R=47.6K2) 2 3.14 325 0.327 508 254 1.56
1 6.28 490 0.375 830 830 1.69

& Average maximum deflection produced by contact Withplectra which give the highest 90-
percentile in the deflection when T=10 s.

®  The achievable energy is calculated assumingétirp each producing the average energy seen in
the top 90-percentile for displacement, as detaildtie text.



The average deflection of the selected plectrasemtially constant with speed until the higheseslp
where a marked increase is observed. This is plplbalated to the fact that contact between plentand
bimorph assumes a more dynamic character at thes$tigpeed (compare Figure 7 with Figure 8), when
contact duration is close to half the period offimedamental mode of the bimorph. On the other htred
measured energy increases more consistently wéidspndicating that maximum deflection is only afie
the factors determining performance and probabtyh@most important at high speeds.

There are three major reasons why higher enengsotuced at faster rotational speeds. The firdtadaster
initial deflection of the bimorph. As predicted[it?] and evidenced for example in Figure 7, theags
produced is proportional to the strain rate dubimgorph deflection. The effect of this phenomenartte
energy produced is approximately described by:

g-RY
At

whereQ is the charge generated on the bimorph’s elecsiaasumed to be independent of strain Ritke
electrical load andt the deflection time [12]. Whilst at T=10 s theldefion occurs over about 60 ms
(Figure 7), at T=1 s it lasts only 5 to 6 ms (F@8). The result is that a 10-fold increase ingibeed of
revolution yields a 10-fold increase in energy gatienin the loading phasénote that this has rdirect
effect on the energy producatterrelease). The second important factor in the irsred energy output is
the cleanliness of release: as observed in Figusa énclean release, where the contact betweewrim
and plectrum is lost over a significant time, ighty detrimental to energy production as, instefadeing
quickly released, the bimorph is almost accompatuetie rest position, with much lower deflectigreads.
At higher rotational speeds, however, the congalrist more quickly and sharply. Finally, a factor
contributing only at the highest rotational speethe increase in the average maximum displaceragnt,
observed in Table 1: at this plucking frequencypleetra typically encounter the bimorph in a marthat
favours its continuous vibration, as previouslyalg®d when presenting Figure 8.

An interesting feature of the last column is tlinet $ame trend is found with and without bridge:rdt® of
achievable over measured energy increases witlilsphes means that at higher speeds a greater pi@po
of the measured energy is produced by the bettésrp@ng plectra; in other words: at high speeds th
quality of the plectra is more important as po@#yforming plectra produce much less energy than th
better ones. The fact that these ratios are highen the bridge is present means that in this ttesge is a
wider gap in energy contribution from the best pkeand the others. This is due to the fact thabtidge
introduces a fixed voltage drop, which will be margortant for low voltage peaks (poorly performing
plectra) than high voltage peaks (better perfornplegtra). From an application point of view, tmeans
that in a device manufactured with sufficient aecyr the losses due to the rectifying bridge ase le
important than in the harvester characterisedigstudy.

A final consideration on the data in Table 1 ig the maximum deflection values observed are wedlen
0.4 mm. The bimorph used for the harvester is rgetthe manufacturer for a displacement of 0.51 Am.
industrially manufactured harvester would be ablexploit the maximum deflection tolerated by the
bimorph; in view of the quadratic dependence betwksplacement and energy, it is therefore readertab
assume that the energy production would at leagblddrom this factor alone under most conditions.

Focusing on the measurements with rectifying bridge achievable energy ranged between 255 angi 533
per revolution, for periods between 10 s and 1lmepee accurately manufactured harvester would gémer
twice the energy if the full rated deflection ispased on the bimorph. Finally, all these data arefsingle
bimorph, whilst an industrially manufactured hateesould easily host in excess of 16 bimorphs. All
together, it is reasonable to expect energy ouipiuBsand 17 mJ per revolution, for periods of Hhd 1 s
respectively. This implies that a rotary energyhater like the one presented cold yield powertup

17 mW for speeds up to 60 rpm (1 rev/s).

Although a durability study was not within the seayf this paper, it is worth noting that the bimorsed in
this study has been subjected to a total of ov@(Bplucking actions, without any notable damage o
decrease in energy output. On the other hand ep @kect seemed to appear from time to time, abah
sequence of tests in the same conditions showeabagssively decreasing energy generation. However,
after a few hours, the original conditions seeneeble restored. This could be due to the temperature
increase of the whole system, in particular bimerahd plectra, caused by the heat rising fromtegpsr



motor underneath, which can reach temperature® 8€5The higher temperature also exacerbatesdtepc
that may affect the polymeric components of theéesysin particular the plectra and their mounting.

Conclusions and recommended future work

A prototype has been made and characterised ty #tedeasibility and energy generation potentfal o
piezoelectric energy harvesters relying on thekphgcmethod of frequency up-conversion.

The investigation of the dependence of energy ectiétal load has confirmed that, as for traditiona
vibrational excitation, also for plucking excitatithere exists an optimal impedance, which maxisnike
power extracted from the piezoelectric bimorph. ©hémal value is larger if a rectifying bridgeinserted
between bimorph and load, as higher loads mearehigiitages and so proportionally lower loss fréw t
forward voltage drop of the diodes making the beidg

It was found that the speed at which plectra antbipph come into contact strongly influences thegne
produced. This is because at high speed the iditifiéction is faster, yielding higher voltagedhat phase;
also, the release is quicker and sharper, pergitiia exploitation of the entire deflection for eme
generation; finally, at the highest speed the domaif the contact becomes comparable with theodent
vibration of the bimorph, producing a “dynamic” @&ation. With regards to wearable energy harvestisg
the rotation of the knee-joint during gait has hygrariable speed, we can expect an instantaneawsip
output highly dependent on the gait phase. Thisdsombination of the higher energy productionead
at high speeds and the fact that this energy idymed in a shorter time. As harvested energy isdjly not
used immediately but stored, this is not expeatdaktan issue in real applications.

In further studies we have measured the performahte prototype harvester during actual gait by
programming the movement of a simulator with reaihiechanical data, showing that the majority ofrgne
is produced in the brief moments when the knee-joitates quickly over a wide angle. At present, we
envisage the application of harvesters based oprtheiples and prototype presented here to hangest
energy to power medical diagnostic devices, fongla to monitor the operation of a prosthetic liarkio
monitor a patient's vital parameters. Whilst tkighie focus of our research project, it will beogtsed that
results presented in this paper can be applietltking-based energy harvesters with other conéitioins,
where for example the plectra are mounted on ailisepport and a reciprocating motion can be eglis
between this and the bimorphs.

Several parameters, such as piezoelectric matgeametry of bimorphs and plectra, material focpbe
could be optimised for performance improvemensstife energy production significantly depends @n th
frequency of plucking, it may also be worth consialg a non-uniform spacing between plectra alorg th
outer ring, in an effort to achieve a more constaguency of plucking over the gait cycle. Thigustinent
may increase the performance of the knee-jointggniearvester.

The application of advanced power extraction tegines such as SSHI [13] has the potential of inargas
the power available at the user load. It is nosjlbs, with the data available now, to predict pla¢ential
gain, but research effort should be put into thssie, which is of interest for any plucking-baseergy
harvester.

The durability of this kind of devices is determingy at least two factors: the maximum stress ireg@n
the piezoelectric material, which could lead tonpagure failure, and the possible wear or damagieein
region of contact between plectra and bimorph. Bsghes may be addressed by introducing a non-conta
form of energy transfer between plectra and bimpaghwould be afforded, for example, by magnetices.
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