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Comparison and Scaling Effects of Rotational Micro-Generators

using Electromagnetic and Piezoelectric Transduction

Hailing Fu*® and Eric M. Yeatman[®

Abstract: Rotational energy is widely distributed or easily acquirable
from other energy sources (fluid flow, machine operation or human
motion) in many industrial and domestic scenarios. At small scales,
power generation from such rotational ambient sources can enable
many autonomous and self-reliant sensing applications. In this paper,
three typical types of micro-generators (energy harvesters), namely
electromagnetic (EMREHSs), piezoelectric resonant (PRREHs) and
piezoelectric non-resonant rotational energy harvesters (PNRREHSs)
are discussed and compared in terms of device dimensions and
operation frequencies. Theoretical models are established for each
type to calculate maximum achievable output power as a function of
device dimension and operating frequency. Using these theoretical
models, scaling laws are established for each type to estimate the
achievable output. The EMREHSs have a strong scaling effect both on
device dimension (as L®) and on operating frequency (as w?), whereas
the PNRREHSs are less so (L>°w®®). PRREHs have a narrow band-
width as resonant harvesters, and are ideal for cases where the
excitation frequency is constant. This study provides a guideline for
selection and design of rotational energy harvesters (REH) when the
device dimension and operating frequency are defined. The proposed
scaling laws offer a convenient method to estimate the harvester
performance for different dimensions and operating frequencies.

Introduction

Nowadays, electricity plays an indispensable role for almost every
application in our daily life, ranging from domestic apparatus to
industrial machines. Generally, electrical power is harvested by
rotating generators using the electromagnetic transduction driven
by different types of turbines.!"! This paradigm is ubiquitous and
dominant in macro-scale generation systems to convert energy
sources such as fluid flow, fossil fuels and nuclear power into
electricity. However, at small-scales (e.g. <1 W), electromagnetic
(EM) conversion is not the only transduction for rotational (kinetic)
energy conversion. Several alternatives, such as piezoelectric,
electrostatic, ferroelectric and triboelectric, which are inefficient at
macro-scales, become effective and competitive.?!

Micro-rotational energy harvesters based on different conversion
mechanisms have been developed in the last two decades. The
most straightforward solution is to miniaturize the conventional
electromagnetic generators (EMG). A typical example is the
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electrical generators in kinetic wristwatches. First patented by
Berney in 1976 B, this technology has been developed and
commercialized in many Seiko kinetic watches. The harvester
generates rotation from human activities using an off-center rotor,
and the motion is then amplified by gear trains before generating
electricity using a micro-EMG. Kinetron is another innovative
organization specialized in micro kinetic systems, especially in
EMG design.®! These devices are designed for applications
including wristwatches, mobile phones and pedal illumination
systems. In watch applications, the claw-pole generator MG4.0 is
the most commonly used design. A 14-pole Sm,Co47 magnet and
1140 windings are integrated. The typical output power is 10 mW
at 15,000 rpm (©4.0 x 2.2 mm). Donelan et al developed a bio-
mechanical energy harvester generating electricity from walking
with minimal user effort.’®! The harvester used the relative motion
between upper and lower leg to generate rotation. After being
amplified by a gear train, the energy was converted into electricity
by an EMG. Similarly, Xie and Cai developed an in-shoe EM
harvester.I’l The foot-strike motion was amplified by a trapezoidal
slider, and then the linear motion was converted into rotation by a
gear train. 1.2 W was extracted at 4 km/h walking speed. These
devices are successful applications of EM rotational harvesters
for wearable devices. However, gear trains are normally required;
fabrication costs and system complexity need to be considered.

High rotational speeds are also achieved using other methods
without using gear trains. Researchers from MIT conducted an
extensive gas turbine program 10 years ago, in which they
developed millimeter-scale gas turbine generators aiming to get
10-50 W from a less than 1 cm?® device.l®! The generator was
designed to operate at 1,000,000 rpm, and rotation was produced
by a turbine with a compressor and a burner on a single chip.
However, no experimental results of a whole device were reported.
Other researchers focus more on the micro-turbogenerator
subsystem using external flow energy. Peirs et al developed an
axial-flow micro-turbine (®10 mm).[®! The harvester operated at
160,000 rpm with 16 W output. Holmes et al demonstrated an
axial-flux EMG (®7.5 mm).l'" The device was tested at 30,000
rpm with 1.1 mW output. Arnold et al presented the optimization
and characterization for a micro-EMG.['"! Different fabrication
methods were discussed, and the presented device (®10 mm)
produced 8 W at 305,000 rpm. Raisigel et al reported a $8 mm
planar generator consisting of a permanent magnet rotor and a
silicon stator with electroplated coils. ['3 The harvester generated
5 W at 380,000 rpm and 14.6 mW at 58,000 rpm. These
harvesters demonstrates promising harvesting capability at small
scales (mW to W), but high rotational frequencies are inaccessible
without gear trains or high-speed or high-pressure flows. These
conditions are also infeasible in many practical applications.

Explorations have also been conducted by researchers to adopt
the EM conversion in low-frequency rotation situations. Howey et
al developed a ®32 mm turbine for airflow energy harvesting. [3l



This device can operate at air speeds down to 3 m/s and
generated 4.3 mW at 10 m/s (corresponding to 4,000 rpm).
Similarly, Zhao et al developed two air-driven planar EMGs with a
low cut-in speed (1-2 m/s).l'1 Kishore et al developed an airflow
turbine with relatively large dimensions (the chord length is 75
mm) for wireless and portable devices with the cut-in speed of 1.7
m/s.l"®1 Romero-Ramirez developed micro-rotational EMGs for
human motion.['8! Multiple pole pairs and increased coil turns
were adopted to omit the use of gear trains.

In addition to EM conversion, piezoelectric (PE) conversion has
also been widely adopted in rotational energy harvesting. Initially,
researchers used rotational motion to induce a driving force close
to the sinusoidal form for transducers, and the harvesters operate
as resonant devices which have high output power at or close to
resonance, but limited output at non-resonant conditions.['”! Priya
et al demonstrated a piezoelectric windmill for airflow energy
harvesting. In this design, airflow energy was first converted into
rotation by a windmill.['® An oscillating force was applied on the
piezoelectric beams using direct impact generated by stoppers on
a rotating host. A prototype with 12 bimorphs generated 10.2 mW
at 6 Hz, but the direct impact is detrimental for the system stability
and may cause material degradation.['9]

To avoid direct impacts, Khameneifar et al used the gravitational
force of the tip mass on a PE beam to induce beam vibration from
rotation.[?® The beam was mounted on a rotational host, whose
rotational axis is perpendicular to the direction of gravity. A
maximum power of 6.4 mW at 22 Hz was extracted. Similarly,
Sadeqi et al presented a two-degree-of-freedom energy harvester
for broadband rotational energy harvesting.?'l The harvester was
a bimorph PE beam mounted on a flexible substructure. The
fundamental frequency (8.8 Hz) and the second natural frequency
(10.5 Hz) are close to each other, creating a wide operating
bandwidth. Apart from the gravitational force, another excitation
mechanism that is widely used in PE REHSs is magnetic plucking.
One successful implementation is the work from Karami et al.??
A PE rotary transducer was integrated into a miniature wind
turbine. Magnetic plucking was implemented by the magnetic
force between magnets on piezoelectric beams' free ends and
turbine blades. The magnetic force was alternating, creating a
sinusoidal excitation force on the PE beams. 5 mW was extracted
at 200 rpm. Similar designs with different design considerations,
such as harvester configurations 2%, magnet arrangements 24,
operating conditions 125 and cut-in speed ), were investigated.

In practice, the rotational speed is not constant in many situations,
such as flow-induced rotation or machinery motion. Therefore,
broadband harvesters are necessary, which cannot obtain from a
PE resonant REH. Designs to overcome the bandwidth issue
have been presented in the literature. Frequency up-conversion,
a way to convert low-frequency random vibration into transducer’s
vibration at resonance, has been studied extensively to achieve
broadband. In this mechanism, PE transducers are normally fixed
on a static host, and plucked by impacts 1 or magnetic force 1281,
Pozzi et al developed a knee-joint energy harvester to harness
human motion.??! The harvester used the relative motion between
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upper and lower leg to generate rotation. The PE beams on the
inner hub fixed to the upper leg were plucked by the plectra on
the outer ring mounted on the lower leg. An output power of 2.06
mW was extracted at 1 Hz walking speed. Also using mechanical
impact, Yang et al presented a PE wind energy harvester.5% 12
piezoelectric beams were installed at the circumference of the
rotating fan, forming a polygon shape. Seven elastic balls were
placed freely in the polygon structure as beam plectra. When the
fan rotated, the elastic balls impacted the beams due to the inertial
force or gravity.

Magnetic force is more attractive for system reliability due to its
non-contact nature, and has been used in many broadband REHs.
Pillatsch et al developed a scalable PE rotary harvester for human
body excitation.3!1 A cylindrical rotary proof mass was adopted to
actuate an array of 8 PE beams via magnetic attraction. At a
frequency of 2 Hz, a peak power output of 2.1 mW was obtained.
However, the proof mass rolled on two linear guiding rails, which
limited the travel range of the rotary motion. In a later version, they
used an eccentric semi-circular mass to replace the cylindrical
rotary proof mass. 2 The harvester collected a peak output power
of 43 pW at 2 Hz and 20 m/s? with the beam dimensions of 19.5
x1 x 0.37 mm?. Inspired by this design, the magnetic plucking
mechanism was applied into many other rotational scenarios,
including miniature airflow turbines 3, rotating systems B4 and
wearable devices 39,

Besides EM and PE conversion, there are other transductions,
including electrostatic and triboelectric. Due to the application of
electrets, external power is not needed for electrostatic harvesters.
Therefore, this conversion mechanism is becoming popular in
recent years. However, this mechanism is not yet widely adopted
in rotational energy harvesting, although according to the current
available reported devices ], this method is promising due to its
simplicity and high performance. Limitations could be the charge
density of electrets and achievable capacitance. Triboelectric
conversion is another possible option for rotational energy
harvesting.®”! A few devices have been developed from Prof
Wang's group at Georgia Tech.8l These devices demonstrated
possible solutions for kinetic energy harvesting. However, more
consideration should be given on high output impedance, input
requirements, mechanical reliability and output stability.

While rotating energy harvesters have been demonstrated using
a number of transduction methods, there are currently no
established principles by which to select the most suitable method
in a particular application. This paper presents a theoretical study
and comparison of three key types of REHs. Their theoretical
achievable output power is analyzed. A comparison with specific
structural parameters is presented to illustrate the general trend
of harvester performance for different dimensions and operating
frequencies. Scaling effects for each type are examined using the
theoretical models. The results illustrate the differing sensitivity of
the harvester types to device dimension and operating frequency.
This work presents a detailed comparison of different REHs, and
also provides a guidance for REH design when there are specific
requirements for device dimensions and operating frequency.



Classification and Theoretical Modelling

Due to the fact that EM and PE transduction are the main methods
used in REHSs, the focus of this work is on the comparison of EM
and PE harvesters. Based on the conversion mechanism and
frequency dependence, REHs can be broadly classified into three
categories, including electromagnetic (EMREH), piezoelectric
resonant (PRREH) and piezoelectric non-resonant rotational
energy harvesters (PNRREH), as shown in Fig. 1. For EMREHS,
the rotating magnet leads to the variation of magnetic flux linkage
in static coils, generating electricity. For PE harvesters in Fig. 1
(b) and (c), in both cases, each PE beam operates at its own
resonant frequency. However, the harvester can be classified as
resonant or non-resonant depending on the relation between the
plucking of the beam by the rotating host and the beam’s own
vibration. The system is called resonant if the plucking frequency
is synchronized with the beam vibration; otherwise it is non-
resonant. For PRREHs, PE beams are excited by beam plectra,
or exciters in an impact or a contactless manner. The excitation
force on the beam is in an equivalent form of a sine wave which
has the same frequency as the beam resonant frequency. For
PNRREHSs, the beam excitation mechanisms are the same as
PRREHSs, but the excitation frequency f. of the rotating host is
much lower than the resonant frequency f; of the beams. Although
the plucked beams oscillate at resonance after each plucking, the
whole system operates in a non-resonant mode (f. < f).
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Figure 1. Schematic of three typical types of REHs. (a) Electromagnetic, (b)
piezoelectric resonant and (c) Piezoelectric non-resonant.

Based on the design, EMREHSs could also be resonant or non-
resonant harvesters similar to Fig. 1 (b) and (c) if they incorporate
a plucked, vibrating element. For example, by installing magnets
on the cantilever beams in Fig.1 (b) or (c) and mounting stationary
coils around these vibrating magnets, a resonant or non-resonant
EMREH is obtained. This design has been extensively studied in
vibration energy harvesting, where kinetic energy typically has the
characteristics of high vibration frequency and low magnitude. In
the vibration source case, a resonant or non-resonant EM
harvester can be more suitable than a conventional EM generator
design. However, the traditional EM generator design in the
rotation source case is more effective — the vibrating elements are
unnecessary (unlike in the PE case) and add unwanted
complexity. Therefore, for EMREHS in this study, we mainly focus
on harvesters based on conventional EM generator design.
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Electromagnetic rotational energy harvesters

For EMREHS, there are generally two types of structures in terms
of magnetic flux orientation, i.e. radial-flux and axial flux structures,
as shown in Fig. 2. Radial-flux structures (Fig. 2(a)) are widely
adopted in macro-scale power generation due to the high design
flexibility and conversion performance. We consider geometries
where a permanent-magnet rotor rotates inside the stationary
armature windings; for simplicity we exclude generators with the
permanent magnets in the stator, or with field windings rather than
permanent magnets, as the scaling laws for these are similar.
When device dimensions reduce to millimeter scale and below,
radial-flux structures become undesirable due to limited magnet
size, device fabrication difficulty (large coil area and reasonable
coil turns and also structure compactness).

On the other hand, axial-flux structures have a good compatibility
with micro-fabrication. The design and fabrication of coils and
permanent magnets are relatively easy and flexible to achieve
high flux linkage in coils and compactness in structure. Therefore,
this design is widely used in applications where the device
dimensions are on centimeter or millimeter scales. Power density
is the priority in this design.®® As shown in Fig. 2.(b), this type of
harvester has a relatively high diameter-thickness aspect ratio
(the "pancake" geometry). Both the rotor (permanent magnets)
and stator (coils) are capable of utilizing the whole diameter.
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Figure 2. General EM generator designs: (a) radial-flux generator and (b) axial-
flux generator.

For axial-flux generators, there are plenty of possible design
configurations in terms of coil shapes, coil layers and rotor-stator
number, as shown in Fig. 3. For coil fabrication, wire winding is
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Figure 3. Design variables and possible configurations for axial-flux EMREHSs:
(a) planar coil design and key parameters, (b) multiple layer coil design (c)
harvester with one rotor and two stators.



the typical method for conventional macro-scale EMGs. For EM
harvesters, micro-fabrication technologies are available, including
silicon-based fabrication and laser cutting. Multi-layer coils (Fig.
3(b)) can be fabricated to improve the output. Harvesters with one
rotor and two stators are also possible (Fig. 3(c)). This type of coil
shape is chosen in this study, as this shape has been optimized
and used by several researchers in Ref [10], [13], [15] and [40].
For EMREHSs, there are several key design considerations and
practical limitations.

(1) Absolute value of magnetic flux density B and flux gradient.
High B values require a high residual flux density (a reduced gap
between magnets and coils). High magnetic flux gradient is
necessary to achieve a high flux density variation (dB/dt) for a
specific rotational frequency (increased output voltage).

(2) Coil area and coil turns. Axial-flux structures allow the coil to
be planar, and a large portion of the cross-sectional area of
devices can be filled, as shown in Fig. 3(b). Multi-layer coils can
be integrated to alleviate the limitation of coil number in one layer,
but the attenuation of magnetic field due to the increase of coil
thickness should be considered.

(3) Output voltage. For EMGs, one significant issue is the low
output voltage. Beeby et al. studied the effect of coil diameter and
coil turns on output power and output voltage for vibrating
harvesters.*" For a certain coil volume, the increase of coil turns
by decreasing coil diameter augments the output voltage, but the
output power is essentially the same because of the increased
impedance. Therefore, by optimizing the coil diameter and coll
turns, the output voltage can be improved.

In order to understand the power generation capability of EMGs
considering these key design limitations, a theoretical study is
established based on the design in Fig. 2(b) and 3. Harvesters
with one rotor and one stator are adopted. In this study, we
assume the rotational source is not affected by the REH.
Therefore, the damping effect on the source is not considered in
characterizing EMREHs. However, such a damping effect should
be considered in situations where the impact of the REH on the
rotational sources is significant. For the topology introduced
above, the maximum flux linkage is [%

Dy =Py Np *N.B A, (1)

where B, is the magnet remnant flux density, S, is a geometrical
factor (<1) determined by coil-magnet arrangements, 4. is the
average area enclosed by each coil, N, is the number of turns for
each spiral and N, is the number of pole pairs.

Assuming the flux linkage @, varies with time sinusoidally, the
rms output voltage can then be written as
Vims = 1/\/2 “Nyw - Dy, (2)

where w is the rotor angular speed. The theoretically achievable
output power is then given by

Pmax = I/T'?'I’IS/(4RC)’ (3)
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where R, is the coil internal resistance. The maximum achievable
output power is obtained when the load resistance is equal to the
internal coil resistance. This resistance can be calculated as 42

Re=pcLy/Ay = npckc(raz - Tiz)t/Aaﬂ 4)

where p, is the conductor resistivity, L,, is the total length of the
wire, A,, is the cross section area of the wire, r; and r,are the coils’
inner and outer radius, t is the thickness of the coils, and k. is the
fill factor. In wire wound transformers, copper fill factors in the
range of 0.5-0.6 can be achieved.*3l For micro-fabricated coils,
the fill factor will be lower, because the spacing needed for each
turn is larger than that for wire-winding coils. The number of turns
can be estimated using

Nt = Lw/Lm = kc(ro o ri)t/AWl (5)

where L, is the mean length of each turn.

More detailed theoretical modelling of general EM harvesters,
including damping and nonlinear effects can be found in [44].

Piezoelectric resonant rotational energy harvesters

PE transduction has been extensively applied in vibration energy
harvesting. These harvesters typically use the inertia of an over-
hanged beam and tip mass to introduce vibration from base
excitation. %1 However, in rotational situations, the host motion is
generally low-frequency and continuous. Acceleration variation is
not as significant as in the vibration case. PE harvesters excited
by inertial force from rotation is not the typical design for REHs.
Other mechanisms using tip excitation, such as magnetic plucking
481 or direct impact 7], are employed. The tip force generated from
rotation plucks the piezoelectric beams, and electricity is collected
from their subsequent oscillation.

Based on the frequency response, PE rotational harvesters can
be classified into two categories: resonant and non-resonant, as
shown in Fig. 1(b) and (c). For piezoelectric resonant rotational
harvesters (PRREHSs), the excitation force is in a harmonic form
and multi-exciters are designed on the rotating host to amplify the
effective rotational frequency. The plucking frequency generally
matches the resonant frequency of the PE beams. Therefore, this
type of harvester is suitable for conditions where the rotational
speed is constant.

Two general designs for PRREHSs are shown in Fig. 4, using direct
impact or magnetic plucking. Other beam configurations are also
possible in order to optimize the harvester performance. For
magnetic plucking, the plucking force can be affected by
environmental magnetic field or ambient ferromagnetic materials.
Material selection should be considered in order to stabilize the
performance. For the direct impact method, the constant and
repetitive impacts on the brittle ceramic material is detrimental to
system reliability. In addition, there are several practical limits for
these harvesters as well.

(1) Maximum excitation force. This force is limited by the elastic
limit of PE materials. Using materials with higher elastic limit or
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Figure 4. Possible implementation of PRREHSs: (a) direct-impact actuated
PRREH '8 29 and (b) magnetic-force plucked PRREH 12432,

tapered beams could improve the maximum allowable force. In
addition, appropriate protecting mechanisms, such as mechanical
stoppers to limit the beam vibration amplitude, can be adopted to
increase the system reliability.

(2) Material fatigue. PE materials are brittle. Long-term operation
is an important factor in design. A safety factor should be included
to avoid material failure.

(3) Number of PE beams. The number of beams affects the power
conversion performance. It is ideal to integrate as many beams
as possible to make the most of the space, but the complexity of
the conditioning circuits should be considered. Synchronization
methods which enable the beams to vibration in phase can
potentially reduce the complication, and combining multiple power
conditioning circuits in a single integrated circuit would be
appropriate for a high volume product.

In order to evaluate the performance of PRREHS, a theoretical
model is built. Assuming the tip excitation force is in harmonic
form, it can be described as

Fyp = Foel®t, (6)

where F, is the amplitude and w is the plucking frequency. The
amplitude F, is constrained by the maximum stress, i.e. tensile
strength (o;), that the PE beam can withstand.

According to distributed-parameter theory, the dynamic equation
of PE beams under tip excitation is [

*v(x,t) a5v(xt) v(x,t) %2v(x,t)
Y ax* +ol axior TG T
ds(x)  ds(x-L)
—ov(e) [ - D = R 8- L), 7)

Where YI is the bending stiffness, v(x,t) is the beam transverse
deformation, c¢; and ¢, are the internal damping and the viscous
deformation damping respectively, m is the mass per unit length,
6(x) is the Dirac delta function, 9 is the PE coupling term in
physical coordinates, V(t) is the voltage across the PE beam, and
L is the length of the beam. The transverse displacement can be
obtained by separation of variables.

e Omy (), 8)

where ¢,(x) is the mass-normalized eigenfunction of the rt"
vibration mode, and n,.(t)is the model mechanical coordinate
expression. The mechanical equation can be further reduced to

v(x, t) =
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the modal coordinate by substituting Eq. (8) into Eq.
multiplying ¢,-(L) and integrating over the beam length:

(7) by

d?n, dny
10 4 28,0, O 4 02, (6) = 9,V(0) = @r(l) - Fep(T),  (9)

where ¢, is the modal damping ratio and w, is the undamped
modal frequency of the " mode shape. The damping ratios {, are
normally calculated using the logarithmic decrement method from
experimentally measured beam displacement curves.*?l The
deduction process from Eq. (7) to Eq. (9) can be found in Ref. [48].
For cantilever beams, the maximum stress g, happens at the
fixed end of the beam on the surface farthest from the neutral axis.
The stress should be kept lower than the tensile strength o of the
material to maintain the reliability of the device. The maximum
stress can be calculated from
E‘h  E-hd?v(xt)

Om =" =—"—"""—"75 <o
m2p 2 0x? ly=o T

(10)
where p is the bended beam curvature. In order to obtain
maximum output power, a large input force is desirable, but the
maximum stress generated by the input force should be lower
than the tensile strength of the material. The maximum force F/;;**
can be calculated using Eq. (10). Normally, a safety margin (e.g.
a safety ratio of 2) is set to limit the maximum stress lower than

the limit to ensure the system reliability.

For PE transducers, an equivalent electric circuit is a current
source in parallel with the internal capacitance. The electrical
equation of PE beams can then be written as

V(f)+2r 10, dnr(t) =0,

c. v®

+
P oat

(11)

where C, is the internal capamtance, 3, is the PE constant, h; is
(hy + hs)/2, R, is the load resistance and b and L are the beam
width and length.

The maximum achievable average output power can be then
calculated using

to+2Ty2 (:)
Prax = Np e ftoo dt,

where N, is the number of PE beams. The number of beams is
determined by the beam configuration and the maximum bending
displacement. In order to obtain the maximum output power, the
optimal load resistance (R, = 1/(2nf,.C,), where f, is the beam
resonant frequency) is used in Eq. (12). If the rotation frequency
from the host is much lower than the resonant frequency of the
beam, configurations that allow the beam to be longer should be
adopted, and the number of exciters should be increased to
ensure the harvester to operate at resonance.

(12)

Piezoelectric non-resonant rotational harvesters

For rotational energy sources, the operating frequency is typically
inconstant. In many cases, such as car wheels and miniature air
turbines, PRREHSs are not suitable due to their narrow operating
bandwidth. Therefore, non-resonant harvesters with wide
operating bandwidth are desirable. The common topology for
PNRREHES is illustrated in Fig. 1(c).



Compared with PRREHSs, the number of exciters in PNRREHSs is
reduced, so that the excitation frequency (f,) is much lower than
the resonant frequency (f;.) of the PE beams, e.g. f,>10f,. The
operating principle is indicated in Fig. 5. The beam is first plucked
by exciters on the low frequency rotor, and then vibrates freely at
its resonance. The beam oscillation has dampened before the
next excitation comes. This mechanism is called frequency up-
conversion, by which the low frequency rotation is converted to
high-frequency beam vibration.

Beam
Vibration

Displacement

Figure 5. Displacement of exciter in the beam length direction and beam
vibration, showing the operating principle of PNRREHSs.

An advantage of PNRREHSs is that the rotation and beam vibration
are decoupled by this transient plucking for each excitation cycle.
The kinetic energy is transferred to the beams during plucking.
Once the energy is stored in the beam deformation, the beam is
released from the plucking force, and the energy is gradually
converted into electricity by PE transducers. By this mechanism,
PNRREHSs exhibit a wide operating bandwidth.

In order to evaluate the performance for different scales and
operating conditions, the maximum achievable output power is
estimated. As illustrated in Fig. 5, the beam vibration pattern in
each excitation cycle is the damped free vibration. The transverse
displacement of the beam at the free end (x = L) is

v(L, t) = Age *“ntcos [wd -mod (t, Zf) - 90] <oy, (13)

where ¢ is the beam total damping ratio and mod(x,, x,) is the
function for the modulo operation.

Considering that the excitation frequency is much lower than the
beam resonant frequency, the first vibration mode is, then, the
dominant component. Therefore, in the following calculation, only
the first mode is considered. The model mechanical coordinate

expression 1, (t) can then be written as
71(t) = Boe $“ntcos [wd - mod (t,%") - 60] < By, (14)

where B, is the initial amplitude.

From Eq. 9 and Eq. 10, the maximum stress can be rewritten as

_ Ehdei)
mT o dx?

(15)

‘@) < or.
x=0

The maximum initial amplitude of the model coordinate 7, (t) to
get the maximum output power can be denoted by

-1
m_ ﬂ(m )
m =
E-h \ dx? ly—go

(16)
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Therefore, the maximum vibrating condition for the PE beam is
determined to get the maximum output power. The dynamics of
the PNRREH can be obtained by solving Eq. 11 and Eq. 13. The
maximum achievable output power can be calculated from Eq. 12.

Scaling Effect for Different Classifications

The achievable power of REHSs is affected by device dimensions
and by rotational frequency of the sources. In order to understand
the performance variation for different classes, the scaling effects
are examined. Considering that the aim of energy harvesting is to
provide an alternative to conventional batteries, the dimensions of
harvesters should be comparable to batteries. Hence, the scaling
analysis focuses on the millimetre to centimetre scale. In addition,
as the aim of this study is for low-frequency rotation sources, the
rotational frequency is confined below 20 Hz (1200 rpm).

Electromagnetic rotational energy harvesters

For scaling analysis, the relative ratios of dimensions are retained.
However, there are exceptions. The coil wire cross sectional area
Aw of the coil wire and the magnets remnant flux density B are
assumed to be constant. The minimum achievable wire diameter
is a limiting factor in terms of fabrication. In order to achieve more
coil turns, small wire diameter should be adopted. For flux density,
if the magnet material and the relative gap between magnets and
coil are constant, Bris constant as well. The scaling effect can be
examined based on the theoretical model build in Section 2.1.

According to Eq. (2) — (5), the scaling laws can be established.
Assuming that the pole pair number N, and the geometrical factor
8, are the same for different scales, only Ac, 1o and r; are affected
by scaling, the scaling law can be built as

Ny < L2, Vins & L*w, Ny o L2, R, L3 and Ppgy % Lw?, (17)

where L is the characteristic dimension and w is the rotational
frequency. This scaling law shows how the maximum achievable
power is affected by both the device dimensions and the operating
frequency. The device dimensions have a more significant impact
(L%). Since the scaling is more rapid than L3, even the power
density (P/L%) is dropping rapidly with decreasing size.

The validity of the scaling laws can be examined by comparison
to the theory from Trimmer.% In this paper, he derives that the
magnetic force is proportional to L° between a wire with constant
current and a permanent magnet, and the output power is
proportional to the magnetic force (P = Fv = Fwr). In our case,
the current is inconstant; from Eq. (17), the current is proportional
to Lw, and r is proportional to L. If the varied current is considered,
the same scaling law for dimension can be obtained.

In order to quantitatively study the scaling behaviour, a set of
parameter values is given in Table 1. The rotor diameter Dy is the
characteristic dimension, and other dimensions are dependent on
this value. The diameter varies from 5 to 20 mm. The maximum
achievable output power is estimated using Eq. (1) to (5). The
result is illustrated in Fig. 6. As the diameter decreases from 20



mm to 10 mm, the output power drops from 220 yW to 7 yW at 5
Hz. A similar trend is illustrated for the rotational frequency. The
output power is 1.26 mW at 12 Hz for the diameter of 20 mm,
while the output power at 6 Hz is only 315 pW.

Table 1. Design parameters for electromagnetic rotational energy harvester

Symbol Description Values

Dr Rotor diameter 5—-20 mm
Br Remnant flux density 08T

Np Number of pole pairs 5

ri Inner radius of coil annulus 0.25- Dr
ro Outer radius of coil annulus 0.5.- Dr

th Thickness of the device 0.2. Dr
Gre Gap between magnets and coils 0.2 th

8o Geometrical factor 0.02

pcu Resistivity of copper 1.7 x10°Q-m
Dw Diameter of coil wire 0.08 mm
keu Filling factor 0.6

Qutput Power [mwW]

20

10 15

10

5 5 )
Harvester Diameter [mm]

Rotational Frequency [Hz)

Figure 6. Output power of EMREHS as a function of diameter and frequency.

Piezoelectric resonant rotational energy harvesters

For PE harvesters, the system dynamics are more complex than
EMREHSs. There is no explicit solution for the output power as a
function of device dimension and operating frequency. In order to
study the scaling effects, the performance is calculated using
several specific sets of harvester parameters. The scale law is
then extracted from the calculated output. These multiple data
sets are used to guarantee the universality of the scaling law.

Before studying the scaling law, one parameter needed to be
investigated first is the dimension scaling effect on the mechanical
damping of PE beams. This parameter is normally acquired from
experiments, but it is impossible to test the values for all scales.
The scaling effect on damping ratio has been studied by several
researchers.5"l There are four main contributing factors for the
damping forces, including air damping, squeeze effect, internal
structural friction and support loss. The dominant factors at micro-
scale are air damping and internal structural damping.5™ The
total mechanical damping ratio can be written as:®'@l
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Em = Ea_b + Ea_m + fin' (18)

where ¢, , and ¢, ,, are the air damping ratio of the beam and
proof mass respectively and &, is the internal structural damping
ratio. For this type of harvester, there is typically no proof mass
for the direct-impact excitation method (Fig. 4(a)), and the tip
magnet can be regarded as the proof mass (Fig. 4(b)). The
governing equations for these factors are shown below:

(3,u7'rb+0.7571 meuw-bz)
fap = RO TILHMCE) (19)
3umam+0.751,/2pq, w-a%,
R (20)
fin = —2—-1 (21)

- mp+mpy 2’

where u is the viscosity of air (1.846 x 10°Pa-s), b and h are the
beam width and thickness, a,,, b,, and c,, are is the length, width
and height of the proof mass, p, is the density of air, m;,, and m,,,
are the weight of the beam and proof mass and 7 is the structural
damping coefficient determined by material properties.

From above equations, the scaling law for mechanical damping is
not directly achievable. In order to study the scaling effect, a
common piezoelectric ceramic beam, M1100 Johnson Matthey, is
chosen to quantitatively study this effect. Main structural and
material parameters for the model are summarized in Table 2. In
this table, we assume the beam dimension scales with the
diameter of the harvester. Different relative relations (o and B) will
be studied to ensure the scaling law to be generic.

Table 2. Parameters for piezoelectric rotational energy harvesters: (a)
resonant and (b) non-resonant.

Symbol Description Values

Dr Rotor diameter 5-20mm

L Length of beam Dr

b Width of beam a- Dr

hp Thickness of beam B- Dr

amX bm X Cm Dimension of proof mass (axaxa)- Dr

Pp Density of piezoelectric material 7700 kg/m?

Ps Density of substrate material 1500 kg/m?®

esr Piezoelectric constant -22.2V-m/N

ds1 Piezoelectric charge constant -315 x 10" m/V
&133 Relative dielectric constant 4500

Ys Young’s modulus of substrate 140 GPa

or Tensile Strength 80 MPa

(a) Resonant

Ne Number of exciters Variable

Nb Number of beams Based on Vibration
(b) Non-resonant

Ne Number of exciters Variable

Nb Number of beams Based on Vibration

As the structural damping coefficient n is constant for the same
material operating in the same conditions, it can be calculated
from one mechanical damping test, and then applied to other
dimension scales. From Ref. [49], a damping ratio of 0.0175 was
measured. According to Eq. (18) — (21), the structural damping
coefficient can be calculated, and the value is 0.0355 Pa s for a
bimorph beam with carbon-fiber as substrate (M1100). This value
is used in the following calculation for different scales.



Based on the above equations and structural parameters, the
scaling effect on mechanical damping is calculated and shown in
Fig. 7. As shown in Fig. 7(a), the internal structural damping is
constant and the dominant factor in the range (5 - 20 mm) that we
focus on. The air damping is much weaker and increases with the
decrease of beam dimension. The total damping remains almost
constant in this dimension range, and therefore this scaling effect
can be ignored. In Fig. 7(b), different relative ratios of beam
dimensions are considered, which demonstrates the universality
of the scaling effect on mechanical damping in this range. The
total mechanical damping in this dimension range (5 — 20 mm)
can be regarded as constant.

0.030 0.20

| (a) —— Air Damping on Beam| (b) a—.06 f-0.015
E’D 025 T +  Air Damping on Mass [ 20.16 < 0.9 B-0.012
B ook —— Structural Damping = s a=0.12 f=0.0075
£ g - Total Damping Eos | - o=0.13 [=0.006
a [P i 1 T ]
0015 | %
38 | ) g s !
Sivol0 . Analysis £ 0.08 (1 Analysis
5 1 zone 5 SOl
= 0.005 | § 0.04 ‘,‘Sé -

i, i g - 3 0
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J Y ¥ U . 0.00 v i v t . t v
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Harvester Dimension [mm] Harvester Dimension [mm)]

Figure 7. Scaling effect of harvester dimension on mechanical damping ratio.
(a) Variation of damping factors again dimension for a particular beam
dimension ratio a=0.06 and p=0.01 and (b) Scaling effect on total mechanical
damping ratio for different beam relative dimension ratios.

Due to the complexity of the governing equations of PRREHS, the
scaling laws for the maximum output power are not explicitly
illustrated. In order to acquire these laws, the performance of for

WILEY-VCH

different scales and rotational frequencies is quantitatively studied
first. The calculation is based on several specific data sets, as
listed in Table 2. The power output for a=0.06 and p=0.015 is
illustrated in Fig. 8(a). It is shown that PRREHs have a narrow
bandwidth and therefore should operate in conditions where the
rotational frequency is constant or varies in a narrow range.

For PRREHSs, the resonant frequency is determined by the
dimension of the transducers when the material parameters are
fixed. Therefore, the rotational frequency is also a dependent
variable of the harvester dimension. In order to examine the
scaling effect on both the resonant frequency and the output
power, these values are selected from Fig. 8(a) and depicted in
Fig. 8(b) and (c). Different relative dimension ratios are adopted
to examine the universality of the scaling law. Based on the
calculation, the scaling laws for PRREHSs can be expressed as

wy, < L7 and P, « L2, (22)

where L is the characteristic linear dimension (Dr in this study).

Compared to EMREHS (P4, < L°), PRREHs are less affected by
the dimension scaling effect, to the extent that power density
(P/L®) actually increases with decreasing size. The bandwidth of
PRREHSs is limited due to the requirement of resonant vibration.
In addition, in order to match the resonant frequency, multiple
driving magnets are required to amplify the typically low rotational
frequency. The implementation of driving magnets at small scale
(e.g. um scale) is difficult, especially when the resonant frequency
(wp, o< L™t is high.
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Figure 8. Scaling effect of harvester dimension on mechanical damping ratio. (a) Variation of damping factors again dimension for a particular beam dimension
ratio 0=0.06 and p=0.01 and (b) Scaling effect on total mechanical damping ratio for different beam relative dimension ratios.

Piezoelectric non-resonant rotational harvesters

For PNRREHS, the excitation frequency and the beam resonant
frequency are decoupled by the frequency up-conversion method.
Therefore, their operating bandwidth is wider, and the rotational
frequency is not determined by the harvester dimension. The
performance of PNRREHSs is studied for different dimensions and
rotational frequencies. The parameters used the same as those
for PRREHSs with a difference in the number of beam exciters. The
output power as a function of harvester dimension and rotational
frequency is illustrated in Fig. 9(a). The variation of output power
has a similar trend to that of EMREHS. In order to understand the

difference of the impact of the operation frequency and device
dimension variation on the output power, the scaling law for output
power of PNRREHSs are studied for different harvester dimensions
and rotational frequencies.

Fig. 9(b) depicts the output power of PNRREHSs as a function of
harvester diameter. The power is proportional to the harvester
diameter (Dr) to the power of 2.5. Output power for different
harvester diameters as a function of rotational frequency is shown
in Fig. 9(c). The power is proportional to the rotational frequency
to the power of 0.5. Different relative beam dimension ratios are
investigated to ensure the stability of the scaling law on the output
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Figure 9. Output power and scaling laws of PNRREHSs. (a) Output power versus harvester diameter and rotational frequency, (b) scaling effect of harvester

dimension and (c) scaling effect of rotational frequency («=0.06 and p=0.015.

of PNRREHSs, as illustrated in Fig. 10. Logarithmic coordinates are
adopted for each axis, and the output power for different beam
relative dimension ratios is parallel to each other, so the stability
of the scaling law is verified. Based on the above analysis, the

scaling law for PNRREHSs is
Pmax o LZ'S(DO'S,

(23)

where L is the characteristic linear dimension (D;) and w is the
driving rotational frequency.
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Figure 10. Output power versus rotational frequency and harvester dimension
for different relative dimension ratios of PNRREHSs.

Hereto, the scaling effects in terms of harvester dimension and
rotational frequency on the output power of three types of REHs
are discussed, as summarized in Table 3. These scaling laws can
be used to estimate the performance of the same harvester
design on different dimension and operating frequency scales. In
addition, from the scaling laws we can find that the performance
of EMREHSs is more sensitive to device dimension and rotational
frequency than the other types. PRREHSs are designed to operate
at resonance, and the scaling effect of harvester dimension has
the lowest influence on the output power. However, due to the
narrow bandwidth, these harvesters are not suitable for conditions
where rotational frequency varies in a wide range. For PNRREHS,
the scaling effect of both parameters is relatively low. Therefore,
these harvesters are, in principle, more feasible for small-scale
and low-frequency applications.

Table 3. Scaling effect of harvester dimension and rotational frequency on
the output power of three types of rotational energy harvesters.

Output Power Device Dimension (L) Rotational Frequency (w)

5 2
Pemrer L w

2
Prrren? L -
Prnrren 123 w®®

a PRREHSs are normally designed to operate at resonance, and w,,
is proportional to L71.

m— EMREH
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Figure 11. Performance comparison of three types of harvesters for different
harvester dimensions and rotational frequencies. The results from Fig.6, Fig.8
(a) and Fig. 9 (a) are combined.

In Fig. 11, the performance of the three types of harvesters are
compared using the specific data sets discussed above. Due to
the fact that the calculation is conducted using specific design
parameters, the figure shows the general trend of performance
variations for different types. Given that there are different designs
and material properties available %2, the boundaries shown in this
figure cannot be used as a universal criteria for determining the
best design for a particular dimension and frequency region.

However, we can still find some useful guidelines for other
researchers for rotational energy harvester design. PRREHSs have
the dominant performance over a narrow bandwidth at resonance.
When harvester dimension and rotational frequency increase, the
performance of EMREHSs increases dramatically. This explains



the overwhelming application of electromagnetic conversion at
macro scale. However, the performance decreases rapidly with
the decrease of dimension and frequency. Compared to EMREHS,
PNRREHs has a significant advantage for low-frequency and
small-scale conditions, even when the operating frequency varies
in a wide range. For the specific data set used in Fig. 11, EMREHSs
are ideal to operate for device diameter larger than 10 mm and
driving rotational frequency larger than 10 Hz. The advantage of
PNRREHSs becomes significant when the device diameter is less
than 10 mm and the rotational frequency is below 10 Hz, and the
output power is generally below 1 mW. This also indicates that for
rotational energy harvesting at small scale and low frequency,
PNRREHSs are desirable.

Conclusions

As an essential enabler for pervasive and autonomous wireless
sensing, rotational energy harvesting has drawn great attention in
recent years. In this paper, we present a theoretical comparison
of three key types of rotational energy harvesters, including
electromagnetic (EMREH), piezoelectric resonant (PRREH) and
piezoelectric non-resonant (PNRREH). Theoretical models were
established for each type considering the device dimension and
operating frequency. Power generation capabilities are examined
using specific design parameters to illustrate the performance
variations in terms of device dimension and operating frequency.

Scaling laws for device dimension and operating frequency on
harvester output power are investigated based on the theoretical
analysis. EMREHSs have strong dimension and frequency scaling
effects (P x L°w?) compared to the others, whereas PNRREHs
are relatively insensitive to the device dimension and frequency
variation (P « L>*w%5). PRREHSs are ideal to operate at resonant
(these harvesters have a narrow operating bandwidth), and have
the lowest dimension scaling effect (P « L?).

Based on the comparison of the output power for the three types,
the ideal operating zone for each type is identified using several
specific optimized sets of design parameters. EMREHs are
desirable to operate at high operating frequency at macro-scale
(e.g. > 10 mm & > 10 Hz). PNRREHSs are ideal for micro-scale
cases operating at low frequency (e.g. < 10 mm & < 10 Hz).
RRREHSs are designed to operate at resonance. The operating
frequency needs to be constant or vary in a narrow range. Further
optimization, such as coil optimization for EM harvester or beam
arrangement optimization for PE harvesters, can be conducted to
input the performance and ideal operating range of each type.

The theoretical comparison and scaling laws established in this
paper provides a guideline for selection and design of rotational
energy harvesters with specific device dimension and operating
frequency requirements. The proposed scaling law also offers a
handy method to estimate harvester performance for different
device dimensions and operating frequencies.
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FULL PAPER

Three key types of micro-generators
(energy harvesters), namely
electromagnetic (EMREHS),
piezoelectric resonant (PRREHs) and
piezoelectric non-resonant rotational
energy harvesters (PNRREHS) are
discussed and compared in terms of
device dimensions and operation
frequencies. Theoretical models are
established to calculate maximum
achievable output power as a function
of device dimension and operating
frequency. Scaling laws are
established for each type based on the
theoretical models. The EMREHSs have
a strong scaling effect both on device
dimension (as L®) and on operating
frequency (as w?), whereas the
PNRREHSs are less so (L>%w?%).
PRREHs are narrowband and ideal for
constant excitation frequency cases.
This study provides a guideline for
selection and design of rotational
energy harvesters for different device
dimensions and operating frequencies.
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