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Abstract

The emergence and evolution of energy micro-generators during the last 2 decades has delivered
a wealth of energy harvesting powering solutions, with the capability of exploiting a wide range
of motion types, from impulse and low frequency irregular human motion, to broadband
vibrations and ultrasonic waves. It has also created a wide background of engineering energy
microsytems, including fabrication methods, system concepts and optimal functionality. This
overview presents a simple description of the main transduction mechanisms employed, namely
the piezoelectric, electrostatic, electromagnetic and triboelectric harvesting concepts. A separate
discussion of the mechanical structures used as motion translators is presented, including the
employment of a proof mass, cantilever beams, the role of resonance, unimorph structures and
linear/rotational motion translators. At the mechanical-to-electrical interface, the concepts of
impedance matching, pre-biasing and synchronised switching are summarised. The separate
treatment of these three components of energy microgenerators allows the selection and
combination of different operating concepts, their co-design towards overall system level
optimisation, but also towards the generalisation of specific approaches, and the emergence of
new functional concepts. Industrial adoption of energy micro-generators as autonomous power
sources requires functionality beyond the narrow environmental conditions typically required by
the current state-of-art. In this direction, the evolution of broadband electromechanical
oscillators and the combination of environmental harvesting with power transfer operating
schemes could unlock a widespread use of micro-generation in microsystems such as
micro-sensors and micro-actuators.

Keywords: MEMS, energy harvesting, piezoelectric, electrostatic, electromagnetic, triboelectric,
energy autonomy

(Some figures may appear in colour only in the online journal)

1. Introduction known as MEMS (micro-electro-mechanical systems), soon
found applications in sensing—particularly inertial sensors
Micromechanics emerged starting in the late 1970s from two  (accelerometers and gyros)—as well as optics (multi-mirror
main sources—ever increasing miniaturisation of precision  displays, photonic devices), microfluidics (lab-on-chip, ink-jet
mechanics, for example in robotics; and the emergence of printer heads), and other fields. Interest soon emerged in devel-
micromechanical structures fabricated using the methods and  oping electrical micro-generators in micro-mechanics, partic-
tools of integrated microelectronics. The latter, now generally  ularly to help achieve full autonomy for the increasing range of
electronic devices with wireless communications, by relieving
them of the constraints of batteries.
The first examples were in miniature conventional mechan-

ics, rather than MEMS, and used two types of energy source.

Original content from this work may be used under the terms . . . .
of the Creative Commons Attribution 4.0 licence. Any fur- Direct impact devices were developed for use in shoes [1]

ther distribution of this work must maintain attribution to the author(s) and the although these are not well suited to a high degree of mini-
title of the work, journal citation and DOI. aturisation, and there are few locations where suitable forces
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are available, they did illustrate the advantages of piezoelectric
over electromagnetic transduction in small scale generators.
Inertial devices, on the other hand, use the relative motion of
a sprung proof mass attached to a moving housing, and thus
in principle are adaptable to any application where attach-
ment to a moving structure is possible, and have no funda-
mental limit to miniaturisation (although the power output will
scale accordingly). Early devices were also miniature mech-
anics rather than MEMS, and also used piezoelectrics (e.g.
[2]). These inertial energy harvesters have essentially the same
structure as accelerometers, and consequently there was early
interest in developing a true MEMS harvester based on the
very successful accelerometer designs.

Most early MEMS energy harvesters used electrostatic
transduction, as this avoids the need for non-standard (partic-
ularly piezoelectric or magnetic) materials in the CMOS-like
process. A working MEMS electrostatic harvester was demon-
strated by Mitcheson et al [3] that used out-of-plane motion of
a silicon proof mass to produce output power in the form of
high voltage impulses. Power output was limited by the low
mass and short internal travel distance, and these have contin-
ued to be a barrier to the success of fully MEMS inertial gen-
erators, leading many researchers to adopt a hybrid approach.
Subsequently an enormous range of miniature mechanical
power generators have been developed, using a wide range
of structures, materials, and transduction methods. Recent
reviews of piezoelectric [4—6], electromagnetic [7] and elec-
trostatic [8, 9] energy harvesters can be found in the literature.
Both direct force and inertial devices continue to be widely
investigated, and a diverse range of applications have been tar-
geted. While fully micromechanical (i.e. MEMS) remain in the
minority, there has been progress in this area, and many other
devices contain micro-scale (or even nano-scale) components
and features.

This paper will primarily review miniature devices for
generation of electrical power from ambient motion and
vibration, with some comments on other applications of
micro-mechanics in what could broadly be termed energy
devices. The objective is to provide a simple description of
the operation principles employed by these devices, includ-
ing updated models that can be used instructively for under-
standing the key concepts, features, limitations and potential
of each.

For this purpose, microgenerator devices are studied as a
combination of a motion translation structure, a transducing
material and a power management circuit. This approach is
illustrated in figure 1. Separate analysis of each function can be
beneficial in identifying possible combinations of techniques
that are conventionally regarded as relevant to only a particular
device type. It also helps in obtaining a generalised validity of
physical and mathematical concepts.

The piezoelectric, electrostatic, electromagnetic and tribo-
electric transduction mechanisms are discussed in section 2.
The use of a proof mass, cantilever beam, unimorphs/
bimorphs and linear/rotational motion translation structures
and the role and limitations of mechanical resonance are
discussed in section 3. The mechanical—-electrical interface,

Power
Management

Transducer
Material

Motion
Adaptor

t :

Environmental
Motion

Target
System

Figure 1. Functional block diagram of motion microgenerators.

including impedance matching and active driving techniques
is overviewed in section 4. Finally, alternative concepts and
topics of special interest for upcoming microgenerator systems
are discussed in section 5.

2. Transduction mechanisms

MEMS devices typically involve transduction from mechan-
ical to electrical form for generators and sensors, and vice
versa for actuators and motors. The active material proper-
ties regularly employed include piezoelectricity, dielectrics
and ferroelectricity, ferromagnetism for inductive transduc-
tion and triboelectricity. The corresponding mechanisms are
overviewed in this section, including commonly employed
materials and their relevant properties.

2.1. The piezoelectric mechanism

Piezoelectricity is the electromechanical coupling between
stress 7, strain S, electric field £ and surface charge density D
(displacement) of a bulk material. The change of inter-atomic
distances in a strained dielectric material with certain crystal
asymmetries can result in changes of dipole distribution. This
results in material polarisation P and a corresponding surface
charge Q = P A, where A is the surface area. Normal and shear
strain on each direction can result in polarisation in all three
dimensions. The relation between applied 7" and resulting P
can be approximated as linear, with a tensor factor d:

P=d-T (1)

The tensor d is a matrix of real numbers. For example, d3;
corresponds to the piezoelectric constant linking the polarisa-
tion induced in direction 3, P3 with a stress applied in dir-
ection 1, T;. In several practical cases for a given selected
input-output pair of stress and polarisation axes, the use of a
single effective d-value can be used, although such a value
may vary for different boundary conditions in other direc-
tions. If electrodes are deposited on two back-to-back sur-
faces of a piezoelectric material a capacitor C is formed. Stress
driven polarisation moves charge Q to and from the electrodes.
Hence, a piezoelectric generator can be modelled as a current
source in parallel with a capacitor C. The dielectric (shunt)
leakage and series resistance can also be included in such a
model by adding corresponding components. The mechan-
ical behaviour of the structure can be modelled with lumped
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Figure 2. (a) Lumped element model of a piezoelectric generator.
(b) Corresponding all-electrical model. (c¢) Simplified model
encompassing the excitation source and mechanical response into a
current source.

elements. The link between the electrical and the mechanical
domain can be represented by a transformer, leading to equi-
valent circuits such as the one shown in figure 2(a) [10]. In this
example, force is represented as a potential quantity, analog-
ous to voltage, while mass displacement rate i is represented as
a flow quantity, analogous to current. In this way, the induct-
ance L, resistance R, and capacitance Cp, represent the struc-
ture mass (inertia), mechanical losses and elasticity respect-
ively. The transformer ratio n translates force to voltage and
1/n translates displacement rate to current, and its units are
therefore V/N or equivalently C/m.

Using circuit analysis, the mechanical components can be
transferred to the electrical side as shown in figure 2(b). This
model can be used to analyse the electromechanical behaviour
of piezoelectric transducers. The determination of inductance
L, resistance Ry, and capacitance Cy, depends on the mech-
anical properties and geometry of the piezoelectric material
and any moving device structure to which it is attached. For
bulk piezoelectric transducers such as in acoustic devices, the
parameter values are primarily determined by the piezoelec-
tric itself, while for devices such as accelerometers where the
piezoelectric material forms just a small part of the moving
structure, they are determined by the mechanical properties
of the overall structure. An example is the typical unimorph
structure, which is analysed in section 3.4.

If the electro-mechanical coupling is weak, as is generally
the case, then the electrical load has little effect on the beha-
viour in the mechanical domain.

Consequently, maximising output power requires operation
at the resonant frequency of the mechanical system, result-
ing in an equivalent circuit which can be modelled as a cur-
rent source with a parallel capacitor C as shown in figure 2(c)
(or equivalently a voltage source with series capacitor C).
Note that in these models C corresponds to the capacitor
formed by the piezoelectric material and its electrodes. Weak
coupling also makes compensating the electrical capacitance

Table 1. Summary of common piezoelectric materials.

Material ds3 (nC N’l) ds (nC N’l) References
PZT 0.63 —0.28 [12]
PMN-PT 1.25 —0.15 [13]
PNN-PZT 1.75 —0.44 [14]
LiNbO3 0.006 —0.001 [15]
AIN 0.004 —0.002 [16]
PVDF 0.02 —0.015 [17]
KNN-BNZ-AS-Fe 0.5 — [18]

on the mechanical side impractical. If the coupling factor
could be strengthened sufficiently, this would not only allow
higher power to be obtained, but would also enable tuning
of the mechanical resonance using reactive components in
the electrical load, as has been done with electromagnetic
harvesters [11].

The conventional general formulation of piezoelectricity is
based on the following two constituent equations:

S=sT+dE

D =dT+¢E, 2

where s and ¢ are the matrix material compliance at zero-field
and electric permittivity at zero-stress respectively and d is the
piezoelectric coupling matrix, with its transposition denoted
asd".

A list of piezoelectric materials typically employed for
energy applications is presented in table 1. The most com-
mon is lead zirconate titanate (PZT) which exhibits a d33 of
around 0.63 nCb N~!, one of the highest available in the
market [12]. Single-crystal piezoelectrics employ the elec-
trostrictive (relaxor) effect and can exhibit higher d values.
The typical lead magnesium niobate-lead titanate (PMN-PT)
exhibits constants higher than 1 nCb N~! in single crys-
tal form, e.g. 1.25 nCb N~! in [13]. Another electrostrictive
(relaxor) nickel-niobium-lead—-zirconate—titanate compound,
0. 1Pb(Ni]/3Nb2/3)O3 -0.9Pb(ZI'().42Ti().58)O3, coined PNN-PZT,
shows a ds3 of 1.75 nCb N~! in ceramic form [14]. The elec-
trostrictive type materials are usually more challenging to use
because of the high cost of single crystal and the requirement
for an additional polarisation field for the electrostrictive oper-
ation principle. In microgenerators, piezoelectric materials are
usually integrated in bimorph structures, exploiting their d3;
coefficient which is smaller than d33.

The use of Pb-free materials that are friendlier to the envir-
onment has also been considered, mainly using lithium niobate
compounds. In [19], a potassium lithium tantalate niobate ds3
of 0.6 nCb N—! was reported, while in [20] a 46 mm? LiNbO5
active material is used in an piezoelectric generator, demon-
strating 0.38 mW from a 34 m s—2, 1.1 kHz excitation. AIN
has also been employed and although it offers a low piezo-
electric coefficient, it is more practical to deposit and integ-
rate in a microfabrication process. An integrated AIN harvester
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Figure 3. Energy autonomous wireless sensor powered by a 85 W
AIN piezoelectric beam harvester from a 325 Hz, 1.75 g vibration.
By Elfrink et al, reproduced from [21]. © IOP Publishing Ltd. All
rights reserved.

powering a wireless sensor has been developed by Elfrink ez al,
demonstrating 85 ;W of harvested power from 325 Hz, 1.75 g
vibration [21]. A photograph of the complete system is shown
in figure 3.

Another important challenge is that ceramic piezoelectrics
are typically fragile, brittle and very hard. The latter results
in an elasticity mismatch with common structural materials
for micro-mechanics such as silicon, which reduces motion,
vibration or mechanical wave coupling to the environment.
High elasticity is also critical for applications involving large
motion displacement. Therefore, flexible piezoelectric mater-
ials are of special importance, even at a lower piezoelectric
coefficient range.

A typical example is poly-vinylidene-fluoride (PVDF),
which offers 0.02 and 0.03 nC N—! [17, 22] in its S-PVDF
isomer but with large strain capability. The combination of
stiff and flexible materials has lead to a class of piezoelec-
trics called macro fibre composites (MFC). The structure of
PVDF and MFC materials is illustrated in figure 4. Piezo-
electric nanowires have also been proposed in recent years,
with promising performance capabilities. Nanowire materi-
als include PZT [23] and ZnO [24]. A variety of challenges
such as device mass production, packaging and reliability
have proven challenging, making commercial energy harvest-
ing from nanowires a longer term prospect. A different type
of flexible, Pb-free piezoelectric material has been proposed
recently, based on KNN-BNZ-AS-Fe ceramic particles in a
polydimethylsiloxane (PDMS) flexible layer, showing a d of
0.5 nC N~!, integrated into a piezoelectric energy harvesting
device [18].

These piezoelectric materials are typically used as act-
ive layers in beam structures, accompanied with a proof
mass. These structures and their key features are discussed in
section 3 of this manuscript. A review of piezoelectric energy
harvesting devices can be found in [5].

negative

Polyimide
r'd

Acrylic
— ry
Copper
<— Epoxy

PZT

Figure 4. Top: PVDF polarisation. Bottom: MFC structure.

2.2. The electrostatic mechanism

Electrostatic transducers convert energy between kinetic and
electrical form through the electrostatic force between charged
bodies. This approach is especially well suited to MEMS,
because it can be implemented in many cases with stand-
ard MEMS materials, and is easily adapted to a quasi-2D
design. The similarity in structure to accelerometers is also
an advantage. Consequently, most true MEMS energy har-
vesters are electrostatic in operation. This mechanism is typ-
ically described using the example of two charged parallel
plates which can move with respect to each other, as shown in
figure 5. For a given system capacitance C and initial charge
Q, the electrostatic force Fres between the plates is [25]:

Fre= 53— 3)

where ¢ is the electrical permittivity of free space, ¢, is the
relative permittivity and A is the area of the plates. If one of
the plates is moved perpendicularly to the plate surface so that
the distance y between the plates is increased (figure 5(a)), Fes
will produce work against the motion. This work will be stored
in the capacitor as electrical energy. The same will occur if
the motion is parallel to the surface of the plates. This can be
understood by considering that the electric field will be rotated
by this motion and that the electrostatic force is parallel to the
field. A component of F in the x-direction arises, which pro-
duces work as the plate is displaced along x. The correspond-
ing geometry is illustrated in figure 5(b).
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Figure 5. Electrostatic transduction with two charged parallel
plates. (a) Motion perpendicular to the plates. (b) Motion in parallel
with the plates. (c) Constant charge generation. (d) Constant voltage
generation [26].

Effectively, if the motion results in a change of capacit-
ance, there will be conversion between mechanical and elec-
trical energy, as long as there is some initial charge in the sys-
tem. One of the most common operational approaches is to
keep a constant charge Q between the plates during motion.
This can be done by charging the plates at a position of max-
imum capacitance Cpax With a voltage Vi, supplying a charge
O = ChaxVin. Capacitance decrease to a minimum Chy;, will
result in voltage increase to Vi, = O/Cpin, and the charge O
can then be discharged at the higher voltage, thereby supply-
ing the harvested energy. This cycle of operation is illustrated
in figure 5(c). The harvested energy will be given by:

1 1
AEes = Ecminvout2 - Ecmaxvin2
1 C
= 7Vin2 e Cm X Cmin . 4
VT (Cina ) “4)

Another technique is to keep the voltage constant and
let charge flow in or out of the plates during capacitance
decrease or increase, respectively. This technique is illustrated

Induced charge Implanted charge Redistributed induced charge
B EE i RCENCENG )
oo el f i epeating v
Motion
D000 % <+“—> D000

® D D D D

Redistributed induced charge

Induced charge

Figure 6. Operation principle of electret harvester.

in figure 5(d). For both cases, a general expression for the elec-
trostatic force will be:

dE,, 1 Q% dC

F=—"S o 2 2
dy 2 C? dy ©)

As quantitatively described by equation (4), maximisa-
tion of energy per cycle of operation requires a high priming
voltage, high capacitance absolute values, and a high capa-
citance ratio. At small scales, high capacitance values can be
achieved by reducing the gap between the electrodes and by
using high e, dielectrics. However, relative motion between
the electrodes requires an air gap (high permittivity fluids
being generally impractical), which dominates the total per-
mittivity. For this reason, most electrostatic microgenerators
use dielectrics as conventional as SiO,. The critical factor for
capacitance maximisation is the air gap size rather than the
dielectric permittivity.

However, for the priming of electrostatic generators, solid
state dielectrics are particularly important, as they can form
electrets from which the required initial charging can be
provided. Electrets are dielectrics with trapped charge that
allows them to have (quasi) permanent polarisation, much like
the permanent magnetism of ferromagnetic materials. The life-
time of an electret’s polarisation can be 100 years.

A typical orientation for an electret-based device is shown
in figure 6 [27, 28]. The electret is placed between the two
capacitor plates. Its trapped charge creates an electric field
which is equivalent to charging the capacitor with a high
voltage (typically 100 V). Any capacitance—changing relative
motion of the plates, in-plane or perpendicular-to-plane, will
result in charge motion through the wires, delivering electrical
energy to a load resistance R. In this operating scheme, the
electret effectively provides the initial priming of the electro-
static harvesting device. Various geometrical implementations
of such devices have been proposed including in-plane shift-
ing electrodes [27], rotating electrodes [29], patterned elec-
trodes [30] and comb-like electrode structures [31]. A quant-
itative analysis of operation for such devices can be found in
[30]. An electret-based electrostatic microgenerator is shown
in figure 7 [32]. This device employs a corona-discharge
implanted CYTOP electret, a 0.1 g Si proof mass and Si-mould
fabricated parylene springs, delivering 1 W froma 2 g, 63 Hz
vibration.

An overview of electret materials and their fabrication
methods can be found in [9]. They involve the implantation
of static charge in materials such as polytetrafluoroethylene
(PTFE), CYTOP, parylene, SiO, and SizN4. A summary of
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Figure 7. CYTOP electret electrostatic microgenerator by Suzuki et
al, reproduced from [32]. © IOP Publishing Ltd. All rights reserved.

Table 2. Features of common electrets. Updated from [33].

Charge
Charge density Deposition implantation
Material (mCm™2)  technique technique
PTFE 0.54 Spinning Corona discharge
CYTOP 2.5 Spinning Corona discharge
Parylene 3.69 Room temperature Corona discharge
CVD
Si0,/Si3Ny 11.5 Atmospheric Corona discharge
pressure CVD

their typical features, updated from [33], is shown in table 2.
Features of key importance include their surface charge
density and corresponding voltage, lifetime and material/
fabrication compatibility.

Ceramics in general can provide larger charge density than
polymers. On the other hand, polymers are flexible and can
be fabricated at lower temperature. An overview of polymer
electrets can be found in [34]. The electret electrostatic har-
vesting concept allows the development of various motion
energy generation device concepts including bistable spring
structures [8], flexoelectric transduction [35], rotational har-
vesters for human walking [36] and their combination with
switched-inductor circuit interface topologies [37].

Beyond electret-based devices, electrostatic priming can be
provided by an active circuit, although a method for device ini-
tialisation is still required in this case. Another approach is the
direct use of a passive sensor with voltage output as the prim-
ing source of an electrostatic harvester [38]. The main chal-
lenge of this implementation is related to the voltage range
of common passive sensors which is usually lower than that
required for efficient operation of electrostatic harvesters.

In electrostatic MEMS actuators, the hyperbolic increase
of electrostatic field with decreasing gap distance results
in an instability that causes sudden attraction to the point
of minimum separation. This is called the pull-in effect

and disturbs motion control for MEMS devices. In MEMS
microgenerators, the induced field opposes the motion and
therefore cannot lead to such an effect. However, in the poten-
tial case of using active pre-biasing techniques to increase
damping in electrostatic devices, the pull-in effect should be
considered. A review of pull-in instability effects for MEMS
actuators can be found in [39].

2.3. The electromagnetic mechanism

In electromagnetic transducers, the effect of electromagnetic
induction as described by Faraday’s law is employed. Relat-
ive motion between a magnet and a coil results in magnetic
flux variation which inducts an electromotive force across the
coils. The motion is damped and the corresponding energy is
transduced into electrical. The varying magnetic flux source
an also be the field around alternating electrical currents, such
as in electrical power transmission lines. In this case, the oper-
ation principle is similar to that of a transformer. Finally, elec-
tromagnetic transducers in microsystems are used in inductive
and far field electromagnetic power transfer. Electromagnetic
transduction is used in the vast majority of macro-scale elec-
tric generators. However, it does not scale well into the micro-
domain. This is due to a number of factors, including the dif-
ficulty of implementing a planar design suitable for MEMS
fabrication; the difficulty of effectively guiding magnetic flux
in such a planar or quasi-planar configuration; and the limited
number of turns achievable in micro-scale coils, which results
in low output voltages which cannot be efficiently rectified.
A further challenge is heat dissipation from micro-scale coils,
although this is more significant for actuators, since the power
levels in energy harvesters are typically (and unfortunately)
low.

For sensing applications, the design of electromagnetic
transducers is oriented towards high accuracy, sensitivity, sig-
nal to noise ratio and overall optimised measurement of the
effect/quantity of interest. Examples include motion, flow,
proximity, sound, force, receiving antennas and others. For
energy microsystems, including energy harvesters and actu-
ators, maximum power transduction is often the priority. Con-
sequently, a different operation point and transducer design is
desirable. More specifically, coils are required to operate such
that they provide maximum power and are therefore connected
to impedance matched loads, instead of high impedance signal
acquisition circuitry such as analogue to digital converters. In
turn, this means that the coil impedance is far more import-
ant in energy microsystems than in sensing systems. This dif-
fers from the case of traditional transformers, where the power
consumption at the primary coil is important and therefore
transduction efficiency rather than maximum power transfer is
the priority. In microsystems, power delivery is more import-
ant as the energy source is usually at macro-scale, and can be
considered as effectively inexhaustible, i.e. minimally affected
by the presence of the microsystem. Indeed, this complicates
the discussion of ‘efficiency’ in micro-mechanical generators,
since there is not a finite supply of power that the device seeks
to convert. Instead, a measure of ‘effectiveness’ can be defined
[40], which measures the output power as a function of input
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Figure 8. The rotor of a MEMS electromagnetic turbine energy
harvester. The full microturbine is shown in the inset. Courtesy of A
S Holmes.

motion and device size. The transducer size is generally the
critical parameter for micro-generator power output for a given
source. Therefore, electromagnetic microsystem transducers
need to be designed for maximum power delivery per trans-
ducer mass or volume. This is also the case for many non-
mechanical micro-energy sources, such as the inductive power
line energy receiver introduced in [41].

Most macro-scale generators employ rotational motion,
which is beneficial for generators and motors alike. In micro-
mechanics, low loss bearings are difficult to implement, and
consequently most devices use vibrating motion and flexures
rather than sliding or rolling bearings. In harvesters that have
rotational input motion, the rotation can be converted to oscil-
lation via some translation mechanism. Such methods are dis-
cussed in section 3.5 of this paper.

However, high performance permanent magnets have partly
tackled this challenge in particular applications such as micro-
turbines for fluid flow [42] and rotational motion [43] energy
harvesters. An SEM image of the laser micromachined SU8
rotor of a MEMS turbine by Holmes er al is shown in
figure 8 [44].

The most common hard magnet in electromagnetic har-
vesters is neodymium iron boron (NdFeB), with a residual
magnetic flux density between 1 T and 1.41 T, and coercivity
between 760 kA m~' and 1030 kA m~' [45]. Samarium cobalt
(SmCo) is another commercially available rare earth mag-
net with residual magnetic flux density between 0.83 T and
1.16 T, and coercivity between 600 kA m~! and 840 kA m~!
[45]. NdFeB is more common due to higher strength and
lower cost. On the other hand SmCo has a Curie temper-
ature of 1000 K, significantly higher than that of NiFeB
(580 K), and it is therefore preferable for high temperature
applications [45].

Both NdFeB and SmCo are manufactured by sintering
which involves heating a powder form of the material to
high temperatures (though below the melting point), restrict-
ing their integration into MEMS design and manufacturing

Figure 9. Vibration harvester featuring micromachined Ni springs
and Cu coils, and an externally assembled 35 mg NdFeB permanent
magnet. Reproduced from [56]. © IOP Publishing Ltd. All rights
reserved.

processes. Hence, most electromagnetic harvesters use
commercially purchased and externally assembled NdFeB
as permanent magnets [46—55]. Examples include both the
microturbine of figure 8 and the vibration harvester presented
in figure 9 [56]. The latter is based on MEMS fabricated coils
and springs but it relies on manual placement for its 35 mg
NdFeB permanent magnet. Reviews of various implementa-
tions, including performance comparison tables can be found
in [7, 33].

MEMS integration of permanent magnets by sputtering for
NdFeB and SnCo [57-59], and by electrodeposition for CoPt
and FePt compounds [60-66] has been demonstrated with
promising potential. The deposited materials are magnetized
by the application of a strong field, which can be several Tesla,
during [5] or after deposition [6]. A review of techniques for
magnetic material integration into MEMS device can be found
in [7].

Furthermore, the challenge of employing effective mag-
netic materials into micromachining processes has still limited
the flux density availability. In addition, the environmental
flux available in the small scale is still fundamentally lim-
ited. To address this challenge, the use of soft magnetic
materials with high magnetic permeability as flux guides has
the potential of achieving high flux densities in microsys-
tems. Geometrical structures such as flux funnels have
been proposed for millimetre-scale transducers demonstrat-
ing flux density amplification in the ten-to-one range [67].
An example case is the power line magnetic field energy har-
vesting power supply shown in figure 9 [41]. Integrating high
permeability materials into microfabrication processes may
enable high performance electromagnetic micro-transducers
for energy as well as sensing and actuating microsystems
in the near future. Candidate materials include conventional
ferrites, nanocrystalline structures, ferrite films [68] as well
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Figure 10. Operating principle of a triboelectric generator with two
insulators of different electron affinities and induced charge flow on
two conducting electrodes. (a) Initial contact results in charge
exchange due to affinity difference. (b) Separation or reduction of
overlap area leads to increased charge induction at electrodes.
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as printable [69] and electrodeposited [70] soft magnetic
materials.

2.4. The triboelectric mechanism

Triboelectricity is the effect of static charge exchange between
the surfaces of two different materials when they come to
contact, due to different electron energy distribution. This dis-
tribution difference is expressed as a different overall elec-
tron affinity (energy required for release from the material
field). Charge accumulation depends on affinities as well as
on the mechanical energy that is input for making contact
and separating the two surfaces. A list of charge accumu-
lation per Joule of contact work for different materials can
be found in [71], and a systematic experimental study of
charge densities using liquid mercury as a reference is reported
in [72].

To form a triboelectric generator, at least one of the two sur-
faces is typically chosen to be insulating. Charge accumulation
can then increase the electrostatic forces at the contact, thereby
enhancing electromechanical coupling. The charge accumula-
tion in the insulator is exploited inductively to move charge in
conductive electrodes. The operating concept of charge induc-
tion in this orientation is similar to that of electrostatic gen-
erators. Repeated contact/separation or contact sliding modes
can be implemented. A conceptual description of operation for
a triboelectric generator with two insulating materials of dif-
ferent affinities and charge induction on two conducting elec-
trodes is illustrated in figure 10.

The 2nd electrode can be either internal to the device, or
an external environmental surface such as the human body in
a so-called single-electrode operation scheme. Nanostructures
are usually employed to increase contact area. A recent review
of nanopatterning methods for triboelectric generators can be

found in [73]. The implementation of electrodes for induct-
ive exploitation of charge accumulation is a key element in
their design [74]. Various implementations have been repor-
ted for applications including wearable microsystems [75]. A
review of triboelectric nanogenerator textile technologies can
be found in [76].

2.5. Comparison

The broad range of differences in prototype architecture, fab-
rication methods, testing conditions, and target application,
makes a fair and useful comparison very difficult to achieve,
especially across the transduction mechanisms. Furthermore,
in most device cases functionality beyond laboratory tests and
in real environments has only recently started being repor-
ted. Instead of an exhaustive figure of merit comparison, a
table with three indicative implementations for piezoelectric,
electrostatic an electromagnetic transduction is presented in
table 3. A comparison of key features for each mechanism is
presented in table 4. For state-of-the-art comparative tables the
reader is referred to recent reviews [4-9].

3. Transduction structures

In the case of micromechanical generators, the environmental
energy can come as a varying force applied directly on the
microdevice such as a strike [78], a strain on a surface [79]
or a pressure [42], as a varying force field such as an elec-
tric or magnetic field around electrical infrastructure [80], or
as varying acceleration, such as vibrations or irregular human
body motion [81]. In most of these cases, some kind of force
or motion translation is required, from the environmental form
to a form suitable for the transduction mechanism used.

The most commonly used method for coupling external
acceleration to an electrostatic, piezoelectric or electromag-
netic transduction mechanism is through the use of an internal
proof mass which moves on a flexible suspension with respect
to the device frame. In piezoelectric devices, this is typically
combined with a unimorph, or bimorph, structure to increase
the force on the active material. Furthermore, a variety of elec-
tromechanical techniques for translating motion between lin-
ear and rotational form are employed.

In the following subsections, the key features of these meth-
ods are summarised. A review of various motion translation
mechanisms proposed for energy harvesting can be found
in [82].

3.1. The use of a proof mass

In this concept, a proof mass that is attached to the frame such
that it can move inside the device is used. An external force can
be applied either directly to the proof mass or to the frame. The
two device types are illustrated in figure 11. Taking the device
frame as reference for motion, in the 1st case the force acceler-
ates the proof mass, producing work which can be transduced
to electrical energy. In the 2nd case the force accelerates the
frame, so with respect to the frame, an inertial force appears
on the proof mass. The work of this inertial force is used to
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Table 3. Performance of three indicative MEMS energy harvesters.

Mechanism Reference Power Proof mass Conditions
Piezoelectric Elfrink et al [21] 85 uW 0.1g 17.5ms™2,325 Hz
Electrostatic Suzuki et al [32] 1 uW 0.1g 20m s_z, 63 Hz
Electromagnetic Shin et al [77] 165 uW 0.05¢ 4ms~2, 46 Hz

Table 4. Comparison of features for microgenerators based on different transduction mechanisms. Green, amber and red indicate high,

medium and low, respectively.
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Figure 11. Typical model of a motion energy harvesting system.
(a) Direct force harvester and (b) inertial force harvester.

transduce energy. A general formulation of equations for iner-
tial microgenerators, including piezoelectric, electrostatic and
electromagnetic transduction can be found in [33].

With a harmonic input motion but without assuming har-
monic motion of the proof mass, an upper limit of the power
for motion energy harvesters can be calculated as a function
of device size (maximum internal displacement amplitude Z;,
mass m) and the source motion (vibration frequency w and
vibration amplitude Y) [40]. The maximum force that Fr
can apply is the mass m times the external acceleration w?Yy,
otherwise the internal motion will cease. The energy extrac-
ted is this force times the internal displacement 27, and this
can be obtained twice (once in each direction) for each period
T = 2m/w, giving a maximum power:

Prnax = %Yozluﬁm. (6)
Using this equation, one can assess the viability of particu-
lar motion harvesting applications. Note that this is an abso-
lute limit for inertial harvesting devices—it cannot be over-
come by improved transduction methods, or by nonlinear
motion structures such as frequency up-conversion methods.

Figure 12. Maximum power for motion harvesters versus size for
two different excitation frequencies, with size and power
requirement of various applications superimposed [40].

The only exceptions are where the input motion is rotational
rather than kinematic [83]. In that case resonant rotating
devices and gyroscopic devices offer potential for large power
density increases, but neither has been yet demonstrated in
practice.

In figure 12, the maximum power is plotted as a function
of device size for frequencies in the range expected for human
motion, acceleration w?Yy of 10 ms~2 and a proof mass dens-
ity of 20 g cm™3 occupying half of the device volume. By
comparison with the power requirements and size of a typ-
ical laptop, cellphone, watch and sensor node, one concludes
that human motion harvesting is not enough for the st two
applications, while there is substantial promise for the last two.
Indeed, the watch application has already been commercial-
ised in high volumes, and sensors powered by harvesting are
becoming more common.

3.2. The cantilever beam

In sensor, actuator as well as in energy microsystems, a sus-
pended proof mass is typically mounted to the device frame
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Figure 13. SEM image (top) and photograph (bottom) of parylene
springs used in an electrostatic harvester, enabling a 257 Hz
resonance frequency and a 0.6 mm displacement. © [2006] IEEE.
Reprinted, with permission, from [86].

through a beam. The geometry of the beam is usually designed
such that the desirable stiffness, motion range and damping
coefficient are achieved. The ability to integrate piezoelectric
materials, high capacitance and magnetic materials is of vital
importance for the design of piezoelectric, electrostatic and
electromagnetic transducers. For example, meander patterns
can be used to increase the beam effective length, thereby redu-
cing k and, in turn, the resonance frequency. The same patterns
are also beneficial for achieving a high coupling capacitance
for electrostatic devices, although additional fork-like struc-
tures are also used for this purpose. MEMS parylene springs
fabricated using high aspect ratio Si moulds, used in an elec-
trostatic device by Suzuki and Tai are shown in figure 13 [84].
An important challenge is to obtain low stiffness in the desired
motion axis while maintaining high stiffness in orthogonal
directions.

While such MEMS beam structures can have complicated
designs, their elastic behaviour can often be calculated at 1st
approximation, by considering a single cantilever beam of
effective length L and rectangular cross-section w x t. If E is
the modulus of elasticity (Young’s modulus), the longitudinal
and bending stiffness can be calculated to be [85]:

w-t
klongitudinal =E- T @)
Ewt3
krectangular = m (®

3.3. Resonance challenges

We have seen in section 2.1 that for piezoelectric devices
in particular, operation at resonant frequency can assist in
coupling greater energy into the electric circuit. More gener-
ally, if the maximum internal displacement is greater than the
external motion amplitude, resonance is necessary to achieve
the full internal displacement range, so as to maximise power
according to equation (6). This is likely to be the case only
for high frequency external motion, particularly for a micro-
mechanical device. Where the external motion amplitude is
much bigger than the device dimensions, such as for human
body motion, resonance does not offer this advantage. Fur-
thermore, most ambient motion does not occur over a narrow
or fixed frequency range but is broadband and stochastic in
nature, which indicates that harvesting devices should be sim-
ilarly broadband. Another challenge with micro-mechanical
devices is that the small dimensions naturally lead to high res-
onance frequencies, while ambient vibrations tend to occur at
low frequency (<100 Hz).

This effect can be studied by calculating the resonance fre-
quency range for a practical set of geometrical dimensions
[33]. Resonance frequency calculations as a function of beam
thickness for a 10 mm long and 2 mm wide beam are shown in
figure 14 for some common MEMS spring materials. A proof
mass of 0.1 g was assumed corresponding to the mass of a
8000 kg m—3, w-side cube. It is apparent that for low resonance
frequency, beam thicknesses below 50 pym are required, even
for elastic materials such as polyimide, For silicon, a beam
thickness below 20 pm is needed for resonance below 10 Hz.

The effect of device scaling on resonance frequency is
shown in figure 15, where a device with w = L/5, 7 = L/200
and m = 8000 kg m—3 w? is assumed. Proportional scaling
of all dimensions leads to increase of resonance frequency.
Polymers reduce the resonance frequency by an order of mag-
nitude, but the fabrication of single beam resonators below
10 Hz at sizes smaller than 10 mm remains a challenge.

The elastic modulus and tensile strength of the spring
materials that are common in energy harvesting devices are
given in table 5 [33]. To achieve low resonance in the MEMS
scale, suitable elastic materials could be used. PDMS has a
very low Young’s modulus but is viscoelastic (it behaves as a
very viscous liquid), therefore it would be challenging to use



J. Micromech. Microeng. 31 (2021) 114003

M E Kiziroglou and E M Yeatman

1000
/4
- = —: .-
% T
- .=
0 ,/, T
< 100 / 2 —
-
S e —— =
g 4
(o -
o /
e g
g Steel
g 10 — — -Si[100] —
o
3 =« = Aluminium
(14
SU-8
= = «Polyimide
1 ! !
0 50 100 150 200 250 300

Beam Thickness (um)

Figure 14. Beam resonance versus beam thickness calculations for
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Figure 15. Calculated beam resonance for a beam with length L,
width w = L/5, thickness 7 = L/200 and proof mass
m = 8000 kg m~> w>.

in a solid state device. On the other hand, beams made by sil-
icon nanowires exhibiting spring constants two orders of mag-
nitude smaller than bulk silicon have been reported [87], but
further k reduction and integration challenges have yet to be
addressed.

Furthermore, advanced MEMS structures such as high
aspect ratio, spiral and meander spring patterns [88, 89].
As well as the separate integration of a large proof mass
[81] have been proposed and used. An SEM image of a
24 pm x 500 pm x 9500 pm Si spring by Pike ef al is shown
in figure 16 [89].

The possibility of eliminating the spring structure by
employing a detached proof mass concept, has also been
explored in which the mass can freely move by inertia inside

1

Table 5. Elasticity properties of materials used for MEMS springs
in energy generators [33].

Young’s modulus Tensile strength

Material (GPa) (MPa)
Aluminium alloys [90] 69-73 90-570
Copper alloys [90] 130 220-1310
Stainless steel [90] 193-204 415-1790
Glass, borosilicate [90] 70 69
Silicon [111] [90, 91] 187 —
Silicon [100] [90, 92] 130 130
PMMA [90] 2.24-3.24 48-72
PET [90] 2.76-4.14 48-72
PTFE [90] 0.40-0.55 21-34
Polystyrene [90] 2.28-3.28 36-52
Polyimide [93] 2.5 230

SU-8 photoresist [93] 4.02 34

PDMS [93] 0.36-0.87 x 1073 2.24
Parylene-C [94] 32 70

Figure 16. SEM image of high-aspect ratio Si spring enabling a
very low frequency oscillator operational fabricated for a seismic
sensor operating in the 0.05-10 Hz range. The spring dimensions
are 24 pm x 500 pm x 9500 pm. Courtesy of W T Pike.

a container. The elimination of springs results in non-resonant
devices, at the cost of energy waste as the mass hits the
boundaries [38, 81]. Another approach is to use non-linear
spring structures to broaden the efficient oscillation bandwidth
of the micro-generator. Methods include the application of a
secondary field [95], angled spring beams [96], coupling mul-
tiple springs [97], beam buckling [92], bi-stable systems [98]
and the use of a sliding proof mass for self-tuning [99]. An
image of a non-linear spring used in an electrostatic micro-
generator by Nguyen et al is shown in figure 17 [96]. The
beam angle results in an axial (i.e. along the beam length)
stress component, which increases with displacement in one
of the deflection directions (from bottom to top in figure 17).
After a right-angle threshold, this stress is reversed, con-
tributing a negative component to overall stiffness. In this
way, a highly non-linear force—displacement characteristic is
achieved.

Finally, so-called frequency up-conversion methods can be
used to convert low frequency broadband input motion to
higher frequency resonant vibration of a transducer structure
such as a piezoelectric beam [100], typically using mechanical
or magnetic plucking. This has the further advantage that the
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Figure 17. Non-linear spring and interleaving beams in a broadband
electrostatic harvester, from Nguyen et al. Reproduced from [96]. ©
IOP Publishing Ltd. All rights reserved.

input circuit can be more effectively optimised since the elec-
trical signal is at fixed frequency. A comparative overview of
frequency broadening mechanisms proposed for energy har-
vesting can be found in [101].

3.4. The bimorph

Bulk piezoelectric materials are usually too stiff to be used as
the cantilever body. The high stiffness leads to high resonance
frequency, which is usually impractical for energy generation.
In addition, a large curvature leads to forces beyond fracture
tolerance. For this reason, multilayer structures are typically
employed, with one active and one passive, softer layer (uni-
morph) or two active and one passive layer (bimorph). In this
way, lower total stiffness and large cantilever displacement can
be achieved. The cantilever displacement is transformed to a
much smaller range strain in the piezoelectric layer. The uni-
morph and bimorph structures are illustrated in figure 18 left
and in its inset, respectively.

To calculate the relationship between the deflection of a
cantilever beam yp;, and the longitudinal contraction of the
piezoelectric layer AL, the cases of bending due to an external
force applied at the tip, and due to an applied field in the active
material are distinguished. In the 1st case, shown in figure 18
right, top, the beam shape has a polynomial form with a cubic
and a quadratic term, as discussed in section 3.2. Assuming
a very thin piezoelectric layer, an expression of piezoelectric
contraction AL as a function of beam tip deflection y, can be
derived:

3t
AL = —y..
4LybL

©))

The 2nd case regards mostly actuation applications.
Assuming a zero force on the cantilever tip, a piezoelectric
contraction AL’ will cause a beam arc of constant curvature
and a beam tip deflection yy . Setting € as the total arc angle,

bimorph structure
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Figure 18. Geometry of a unimorph and deflection due to a force
applied to its tip (right top) and due to the application of voltage
(right bottom). The structure and polarisation of a bimorph is shown
in the inset (left top).

a geometrical analysis yields:

. Lo

YbL:7

= %AL’ . 10)
This expression is different from the 1st case of force induced
deflection by a factor of 3/4, reflecting the curvature differ-
ence, but has the same geometrical dependence.

In energy harvesting, the transverse polarisation generated
by the longitudinal stress of the piezoelectric is used. The
material is poled such that this coupling corresponds to the
ds) coefficient. By neglecting the effect of polarisation to the
elasticity of the piezoelectric, and conversely the effect of
strain to permittivity, an expression of the voltage V. as a func-
tion of beam deflection yy, can be calculated. The polarisation
and the voltage will be:

3t
P:dSIT:d3]EmybL (11)
dy 1 E 37
== (12)

In practice, the relative elasticity of the piezoelectric mater-
ial, electrodes and bulk cantilever layers affect the neutral
stress plane and consequently, the effective thickness 7 in
equations (11) and (12). Therefore, while these equations
are instructive on the unimorph/bimorph operation principle
and design conception, detailed transducer design is typically
based on finite element simulation of the coupled elasticity and
piezoelectricity models, using equation (2). Interface engin-
eering between the active and the supporting layers is key to
achieving high overall transduction coupling. A review of can-
tilever beam piezoelectric microgenerators can be found in [5].

In actuator applications bimorphs are used to amplify the
strain motion and achieve a larger actuation stroke. The geo-
metrical gain obtained is given by equation (10). In energy



J. Micromech. Microeng. 31 (2021) 114003

M E Kiziroglou and E M Yeatman

collection applications the motion translation expressed by
equation (11) allows the combination of a large proof mass
displacement with a large force on the piezoelectric material.
This is particularly beneficial for irregular or impulse motion
applications, where storing energy in mechanical oscillation
form allows energy transduction by damping over multiple
oscillation periods.

3.5. Translation between linear and rotational motion

A critical issue for kinematic inertial harvesters (i.e. with lin-
ear internal motion) is that the proof mass may be preven-
ted from moving during a significant faction of time by the
end-stops of its limited range. This problem can be overcome
by having a rotating proof mass. This will require a bear-
ing, and although for low-speed motion the bearing quality
is less critical, this does place limits on miniaturisation and
prevents a full MEMS implementation. If the centre of mass
is displaced from the centre of rotation, then the mass will
rotate in response to rectilinear external motion, and this is
the basis of the oldest energy harvesters, the fully mechan-
ical self-winding watches of the 19th century, with their semi-
circular proof masses. More recently, such structures have
been integrated with transducers to produce electrical gen-
erators. While the first of these used electromagnetic trans-
duction, this necessitates high ratio gear trains to increase
the transduction speed, in order to overcome the low voltage
problem discussed above. However, the use of plucked up-
conversion devices has made piezoelectric transduction prac-
tical for these harvesters, greatly decreasing device cost and
complexity.

A different kind of linear motion source that is often trans-
lated into rotation is fluid flow, for which turbine mechan-
isms are typically employed, in combination with an inductive
generator [44]. An alternative is the beam plucking mechan-
ism [102] mentioned above. However, flow induced vibra-
tion mechanisms may also be suitable. Such mechanisms have
been studied in the large scale, including pressure fluctuation
[103], vortex induction [104], fluttering, buffeting and gal-
loping devices [105, 106]. Such effects can be used for har-
vesting as well as flow sensing, through the vibration fre-
quency dependence on flow speed [91, 107]. Small scale
implementations are limited, but motion amplification mech-
anisms such as the pole-to-beam structure proposed in [108]
could lead to a new range of micro-generators for fluid flow
applications.

4. The mechanical—electrical interface

Apart from motion adaptors and transducer materials, micro-
electromechanical energy generators also include electronic
circuitry to feed the generated electrical power into the desired
target system, such as a wireless microcontroller sensor. This
stage is typically called power management, and it can include
impedance matching, rectification, charge pumping, voltage
boost or buck conversion, storage and regulation. It can also
include active driving of the transducer for better performance,

such as pre-biasing of piezoelectrics or synchronized switch-
ing. An analysis of the rectification and DC-DC conversion is
beyond the scope of this paper, but the concepts of impedance
matching, pre-biasing and the synchronized switching tech-
niques are briefly discussed below.

4.1 Impedance matching

Because of the transient nature of ambient energy, it is import-
ant to extract the maximum power from such sources (unlike
extraction from batteries, where the energy remains stored
until extracted). To achieve this, a maximum power transfer
operating point is often required, and an impedance match-
ing circuit is typically used, which aims at presenting an
impedance Z;, equal to the conjugate of the transducer output
impedance Zo: Z;, = Z{. The transducer reactance must be
cancelled by a load reactance of equal magnitude and oppos-
ite sign, to eliminate reactive voltage drop which otherwise
reduces power transfer. In this way, the power reaching the real
part of Z¢ is maximised. In practice, this real part includes a
voltage buck/boost converter, energy storage and the energy
user system, e.g. a sensor node. The real input resistance
presented by such a circuit can be dynamically controlled to
match that of Zg. This technique is called maximum power
point tracking (MPPT) and can be implemented by switching
an inductor between an input and a storage capacitor to achieve
the desirable voltage level at the transducer input. For electro-
magnetic, piezoelectric and electrostatic motion transducers
the real output resistance is relatively constant and therefore
MPPT for the real impedance parts is often not essential. How-
ever, the reactive part is typically variable as it depends on
frequency. Therefore, configurable reactive impedance match-
ing is desirable in a wide range of energy microgenerator
applications.

This method has been used to cancel the inductive out-
put resistance of electromagnetic harvesting coils with large
inductance, using tuned capacitors in series [67]. In analogy,
piezoelectric transducers are capacitive and would benefit
from an inductive reactance cancellation component. In energy
harvesting applications, however, the operating frequency is
relatively low, leading to a requirement for an impractically
large inductor, e.g. 25 H for a 100 Hz motion and assuming
a 100 nF transducer capacitance [109]. However, for applica-
tions involving higher frequencies, such as acoustic receivers,
the approach of inductance cancellation may be interesting to
explore.

4.2. Pre-biasing

In piezoelectric transducers, the coupling between an imposed
strain and the generated surface charge occurring (see
section 2.1) can be enhanced by the application of an addi-
tional field that opposes the development of piezoelectric
charge. The charge redistribution due to strain requires more
energy under such an electric field, since a higher stress is
required to counter the increased electrostatic forces. This
additional stress is purely coupled to the piezoelectric (i.e.
geometrically asymmetric charge displacement) component of
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electrostatic elasticity, and therefore it increases the piezoelec-
tric effect.

In terms of energy transduction, the effect of pre-biasing
can be analysed as an electrostatic effect, by modelling the
piezoelectric material as a capacitor C with the ability to gen-
erate a piezoelectric charge Op = P A, where P and A are the
corresponding polarisation and area, respectively. The charge
Op is generated by a strain S in response to a stress T = F/A,
where F is the applied force, with a piezoelectric constant d
such that:

Op=d-T. (13)

For every elementary strain dS imposed, an elementary
charge dQp is added to the capacitor. The corresponding added
energy will depend on the voltage V at which this charge is
brought: dE = V dQp. This demonstrates that if a given Qp is
raised at higher voltage, by the application of an external field,
an increase of energy generation is possible. The application
of a given T and resulting S on the material, in the absence of
initial charge, results in an energy stored in the capacitor:
%
2C°
If Cis pre-charged with an initial charge: Qg = C Vg, the total
energy addition by raising the additional piezoelectric charge
QOp will be equal to the energy difference between the initial
and the final states:

_(Qp+ Q) QF 03 +2000k
B 2C '

2C 2C
This shows that the energy gained by pre-biasing is equal to

the product of the pre-biasing voltage times the polarisation
charge:

1
E, = EQPVP = (14)

Ep 15)

AE = Q"CQE = Vi Op. (16)
The energy (and hence power) increase factor will be:
) Ok VE
CpPB E + Op + Ve (17)

In practice, this can be implemented by charging a piezo-
electric structure to a pre-biasing voltage of suitable polarity
at the two displacement extremes, via a bridge of switches.
Inductors are typically used for efficient charge transfer [110].
Power increase factors as high as section 4.3 have been exper-
imentally demonstrated by this method, after accounting for
pre-biasing circuitry losses [111]. Some monitoring method is
needed to control switch timing, and this can be challenging if
the motion is not harmonic.

The concept of improving transduction by actively apply-
ing a favourable field could be conceived also for inductive
transducers. In that case, coil current flow could be actively
switched through a capacitor to increase the current value at
which a given magnetic flux is transduced. The employment of
such a method requires further study to evaluate additional cur-
rent flow losses, but could potentially be beneficial for applic-
ations involving high Q inductors.

4.3. Synchronized switch harvesting on inductor (SSHI)

Another technique to improve performance through generat-
ing piezoelectric charge at a favourable voltage is the SSHI
concept introduced by Guyomar et al [112]. In this tech-
nique, the polarity of voltage on the piezoelectric transducer
is reversed at the points of maximum strain, through an
inductor that is switched accordingly. Several variants of this
approach have been proposed, with some adding subsequent
power processing including rectification, buck/boost conver-
sion and voltage smoothing/regulation into the circuit design
and performance analysis [113—-115]. An overview and ana-
lysis of various circuit implementations has been presented
in [109].

5. Other applications and trends

Although energy harvesting from ambient vibration domin-
ates the use of micro-mechanics in power generation, there
have been other types of devices investigated. A well known
and early example was the MEMS gas turbine project at MIT
[116]. This was a high-speed fuel-burning turbine of mm scale,
with anticipated power output in the 10 W. Although fully
working devices were not realised, important advances were
made in design, fabrication methods (etching, wafer bond-
ing) and high temperature materials. Another generator type
which has been widely explored at the MEMS scale is the
fuel cell. While fuel cells do not inherently involve motion,
they may incorporate micro-mechanical components, such as
pumps [117], or valves [118]. Finally, there has recently been
growing interest in supplying energy to autonomous devices
by acoustic power delivery (e.g. [119]). Since ultrasonic fre-
quencies are generally used, the motion amplitudes are at the
sub-micron level and the receivers are therefore solid state
piezoelectric or electrostatic transducers, rather than micro-
mechanical oscillators.

An important prerequisite for research and development
of microsystems in general is the availability of microfabric-
ation tools, laboratories and services accessible for research
and prototyping. In previous decades, such infrastructure was
provided by microelectronic research laboratories, largely
supported by the CMOS industry. In recent years, the reduc-
tion of lithography resolution to the nanometre scale has
restricted the interest, and hence the availability of micro-
scale fabrication tools and labs. The industrial success of
MEMS accelerometers led to their fast integration into CMOS
motion processing units, which further contributed to pro-
totyping restrictions. As a consequence, although microgen-
erator devices have shown remarkable progress in concept,
their MEMS-scale implementation has seen a partial innova-
tion plateau. On the other hand, the emergence of larger-scale
prototyping techniques including additive and subtractive 3D
printing, sintering and laser micromachining techniques offer
new possibilities for integrated rapid prototyping of microsys-
tems. These techniques can potentially offer a new class of pro-
totyping tools. The increasing research and industrial interest
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in micro-actuators and particularly micro-robotics is expec-
ted to support the accessibility and know-how evolution of
such techniques. These developments may benefit the integ-
ration of a wide range of recently emerged microgenerator
concepts into energy autonomous microsystems in the near
future.

The functional description of figure 1 suggests a design
approach in which different mechanical motion translation
concepts are considered as a separate block that can be com-
bined with different transduction mechanisms (active materi-
als) and a suitable power management interface that can inter-
act with the material or even with the mechanical structure
(e.g. for switching or tuning). This offers a co-design space
for overall system performance optimisation but also allows a
modular route to new operating concepts and novel features.
An example can be found in the employment of piezoelec-
tric beams as MOSFET gate drivers for synchronised, active
rectification of an electromagnetic energy harvesters proposed
in [120].

In practice, the main limiting factor in industrial adoption
of energy harvesting microsystems is the requirement for spe-
cific device designs, tailored to a very narrow set of environ-
mental specifications, such as the availability of vibration at a
specific frequency, direct sunlight or a large temperature dif-
ference across the device. This leads to a demand for custom-
ised and high cost research and development for each poten-
tial application. In spite of significant research advancement
in broadening these environmental requirements, microgener-
ator prototypes tend to operate at lower performance in real
application conditions. To address this limitation, a combina-
tion of energy harvesting and wireless power transfer could
potentially be adopted. A microgenerator can be designed
for off-peak normal operation within a broad environmental
energy source range, providing a certain relatively low duty
cycle energy autonomy level to a wireless microsystem. When
required or possible, the same microgenerator can be driven
to its optimum power reception point, by acoustic, vibration,
inductive or optical wireless power transfer, to increase overall
power autonomy reliability and predictability, or to allow reli-
able and practical testing of a wireless system network. This
combination of energy harvesting and wireless power trans-
fer could expand the applicability of energy autonomy to a
wide range of wireless microsystems and present a promising
opportunity for motion microgenerators that can exploit both
resonant and off-resonance operation.
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