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Abstract

Energy harvesters convert vibrations into usable eledtanergy thus providing sustainable power sources
for wireless and portable devices. Although much of thediiere on smart material harvesters focuses on
piezoelectric materials, this article deals with the méition of magnetostrictive materials such as Galfenol
(iron-gallium) and Terfenol-D (iron-terbium-dysprosilias vibration energy harvesters. Because the power
delivery depends on the configurations of energy harveatetshe properties of vibration sources, no single
performance metric is suitable for providing a comparisetwieen harvester materials. In this article, var-
ious performance metrics are considered and a quantittivgoarison of existing magnetostrictive energy
harvesters is established for both axial-type and bentyipg-harvester designs.

1. Introduction

Power reduction in integrated circuits enables wireless@enetworks in a variety of applications includ-

ing health monitoring systems, space systems, and vehjisterss. Key technologies behind the wireless
sensors such as the central processing unit (CPU) and themaaccess memory (RAM) have experienced
rapid development in the past few decades, as shown in Aigpdever, current wireless devices are usually
driven by electrochemical batteries, which are only silgtdbr short-term operations due to the constrained
battery size and the limited power density. For long-termliaptions, batteries require time-consuming
recharging or replacement.

Energy harvesters convert structural vibrations into lesakectrical energy thus complementing and in
some cases replacing batteries. The amplitude and fregoéuibration sources vary significantly in differ-
ent environments of interest. For instance, vibrationgiges are in low frequencies and low amplitud@s;
vibrations in household appliances such as microwave ovavs moderate frequencies and amplitutfes.
Multiple types of vibration energy harvesters, such asteletagnetic and electrostatic device$,14-16
have been developed in the literature using passive migtefartain smart materials can be an attractive
energy transduction technology due to the fast frequengyorese and solid state operation. Much of the
literature on smart material harvesters focuses on pieetsel materials. However, piezoelectric materials
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are brittle thus requiring complicated protection meckars. The reliability of piezoelectric materials are
also limited because of depolarization.

Magnetostrictive materials coupling mechanical and magresmergies have recently been investigated
in energy harvesting applications. These materials comaechanical stress into magnetization change,
which can be converted into stored voltage using electrantciitry. Some magnetostrictive materials, such
as Galfenol (iron-gallium) and Alfenol (iron-aluminumyeamechanically robust and can be conventionally
machined into a desired shape. Unlike existing piezoetebtrvesters, which require additional power
management circuits, magnetostrictive energy harvestdribit relatively low output impedance, thus are
able to directly drive electrical loads.

This article reviews the state of the art of magnetostrctibration energy harvesters. Energy har-
vesting mechanism is presented in Section 2. Typical heewesnfigurations and associated performance
metrics for axial force excitation and base excitation amamarized in Section 3. Following the proposed
performance metrics, Section 4 provides a quantitativepasison of existing energy harvesters based on
magnetostrictive materials, especially Galfenol andéresf-D.

2. Energy harvesting mechanism

A typical magnetostrictive harvester consists of mectanimagnetic, and electrical systems, which are
coupled via two mechanisms. The magneto-mechanical cau@iprovided by magnetostrictive materials.
According to the Stoner-Wohlfarth (SW) approximatfotthe magnetostrictive materials are assumed to be
a collection of non-interacting magnetic domains wherdeatibits a local magnetizatidvls, as shown in
Fig. 2.

The bulk magnetization is determined by the stress- and-fieldced domain orientation. When the
mechanical energy dominates, as shown in Fig. 2(a), magaetnhains prefer the basal plane which is per-
pendicular to the stress direction thus inducing zero budiginetization. When magnetic energy dominates,
magnetic domains are forced in parallel to the field diregtibus creating the maximum bulk magnetization
Ms, as shown in Fig. 2(c). When the mechanical and magnetiggaee comparable, as shown in Fig. 2(a),
any variation in mechanical input can rotate the magnetinaips thus causing varying magnetization. For
small coaxial stress and magnetic field perturbations, tdmimear magneto-mechanical coupling can be
linearized as

AB = dAT + uoAH,

1
AS= sOAT 4+ dAH, @

whered is the piezomagnetic constasf? is the elastic compliances is the magnetic permeabilithH
is the magnetic field incremeriT is the stress incremeriB andAS are the corresponding increments of
flux density and strain along the input direction, respetyiv

The electro-magnetic coupling connecting magnetic anttridesystems is provided by coils around the
magnetostrictive components. According to Faraday’s thevelectrical voltag®’ induced by the varying
mechanical input is

0B oT
V= —NcAcE = —chAcE, 2)

whereA. is the coil’'s cross section arid. is the total number of turns. Equations (1) and (2) apply titnbo

stress sensors and energy harvesters. For sensing appkcahe priority in system design is to improve
the linearity between the voltage and the excitation stre§s. For energy harvesting applications, system
design focuses on maximizing the electrical power genérétd) when the harvester is connected to a
storage impedance.
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3. Configurations and performance metrics

Following the aforementioned energy harvesting mechantsra types of magnetostrictive energy har-
vesters have been developed for axial excitations and ba#fate®ons, respectively. Performance metrics
describing the power delivery in each excitation type haxentproposed.

3.1 Axial-type

Atypical axial-type magnetostrictive energy harvest@rasented in Fig. 3. AC-DC converters and charging
circuits have been designed to charge batteries or capsitoro simplify the discussion, most studies
attached a resistd®_ to the coil and equated the energy harvesting capabilitgdgdule heat dissipated on
R..

The performance of the axial-type energy harvesters isllysilescribed by the energy conversion effi-

ciencyn and
_ Wour

; 3)
Wi
whereW,; is the electrical energy dissipated & andW, is the total mechanical energy input. For
impulsive excitations,

_ [ _ ,
Wout—/o R dt; W, = 0.5RDo; (4)

whereV| (t) is the voltage acrod), , Fy is the amplitude of the impulsive force, abg is the initial deflection

due to the applied forc®. For periodic force excitations,

oV (t)?
R

whereTy is the period of the input stress abt) is the corresponding displacement induced by the input
forceF(t).
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Figure 3. Typical configuration of axial-type magnetogivie en-
ergy harvesters.
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harvesters.

Base excitation

The other performance metric for the axial-type harvest¢neé power densiti?D, which describes the
output power generated by a unit volume of magnetostrictia¢erials® 252731 The power densityD is

Wout

PD=_—"-
TOVa7

(6)

whereV, is the volume of active material.
3.2 Bending-type

The axial-type energy harvester needs to be installed ifotepath. In contrast, the bending-type energy
harvesters, as shown in Fig. 4, are able to scavenge usefitiedl energy from any vibrating surfaces.
Base excitation causes bending in the cantilever beam iafipaghen the excitation frequency is around
the beam’s resonance. Stress due to the bending is convettethagnetization change, which is then
converted into electrical voltage on the coil. The energweasion efficiency) and power densitD have
been applied to the evaluate the bending-type harvest@rgwuous studies.

However, performance of the bending-type harvesters alssron the properties of vibration sources.
To eliminate the source dependence, a normalized poweitgéi3m is defined a%

PDporm = PD-% = —2£ 0 7
norm A% TOVaAO’ ( )

whereA is base acceleration amplitude afyds the excitation frequency.

4. Selected harvester designs

4.1 Axial-type

Implementing the configuration in Fig. 3, Berbyukpplied a 6.35 mm diameter and 50 mm long Galfenol
rod as the active component. A maximum energy conversioniaxifiy of 6% and a maximum power
density of 284 mWcm?® were observed from a 60 Hz, 55 MPa amplitude sinusoidal atiaks. Deny
implemented a 7 mm diameter and 10 mm long Terfenol-D rod easdtve component. The maximum
power density and energy conversion efficiency are 190.1/omi¥ and 19%, respectively, when a 750 Hz,
7.3 MPa sinusoidal axial stress was applied.

The axial-type magnetostrictive harvester has been imghed to scavenge electrical energy from
impulsive sources, such as human walkig:3%-3?and vehicle tire$2> Commercial products generating
electrical energy from ocean waves have reported to redgceléctricity cost to 2-4 cents/kWH.



One of the drawbacks associated with the axial-type hawéstthat a large axial force is required.
Staley and Flataid-?? installed the axial-type harvester underneath a long leseti beam, as shown in
Fig. 5. Magnified by the leverage, the inertia force due totihenass can induce large axial stress, thus
causing significant flux density variation in the magnetotte rod. The other drawback is that the power
output from an axial-type harvester is limited at high freacies due to the mechanically-induced eddy
currents?® Berbyuk and Sodhafiinserted a 15 mm diameter and 50 mm long laminated TerfenaleD
into a coil, as shown in Fig. 3. The maximum energy conversiticiency was improved to 25% at 500 Hz.
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Figure 5. Axial-type magnetostrictive energy harvestet ttan
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scavenge energy from base excitations.

4.2 Bending-type

Most axial-type magnetostrictive energy harvesters nedktplaced in the load path and exhibit limited

performance at high frequencies. On the contrary, the bgAgpe are ideal for scavenging energy from

any vibrating surfaces. Depending on the configuration @ftlagnetostrictive cantilever, existing bending-

type magnetostrictive harvesters can be sorted into fdegodes: a single layer magnetostrictive beam, a
bimorph beam, a composite beam, and a unimorph beam, as a&héiqn 6.
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Figure 6. Cantilever beam configurations o B, o 4 4 4 a4
bending-type magnetostrictive energy harveste

(a) single magnetostrictive layer; (b) magnetostric- \_|ﬁ_z._|_/
tive bimorph; (c) magnetostrictive composite beam

when the coil is wound around the magnetostrictive 2] Magnetostrictive layer

layer only; (d) magnetostrictive unimorph when the gy Djamagnetic layer
coil is wound around the entire beam.

Zucca et aP® studied a single-layer magnetostrictive beam as showngn@ta). Since half of the
magnetostrictive layer operates in compression and ther btdf is in tension. Stress-induced flux density
in each half compensate each other. Thus, the output povilee single-layer configuration is negligible.

Ueno and Yamada first proposed a bimorph configuration, as shown in Fig. 84thich consists of
two parallel Galfenol beams. The gap between the two Gdlfiegers provides enough space for a pair
of pickup coils. Each Galfenol beam is away from the mid-plamd thus operating purely in tension or,
alternatively, purely in compression. Similar to the atigle harvesters, such tensile or compressive stress



is able to induce electrical voltage on a pair of coils. Expental results have shown that the energy
conversion efficiency of a Galfenol-based bimorph harvesa@ reach 16%. However, the output power
from the bimorph configuration is constrained, due to thdigide flux density variation associated with
the shear deformation and the saturation induced by thédestiess.

To eliminate the saturation effect, Kita et!8lhas recently developed a composite beam structure which
consists of a diamagnetic layer and a magnetostrictiver,|@ageshown in Fig. 6(c). The cantilever beam
is initially deflected due to its body weight. Due to the pedlection, the magnetostrictive layer always
operates in compression and is able to induce flux densitgtiar in a full cycle. Experimental results
show that the maximum energy conversion efficiency is irsgddo 35%.

Wang and Yuaf! eliminated the shear stress by creating a unimorph beanrevihe magnetostric-
tive materials are directly bonded to a passive layer, asnsho Fig. 6(d). However, most of these uni-
morph harvesters were tested too close to the electronmiagmetker in previous studié8.?”-31 Deng and
Dapind—® improved experiments by shielding the unimorph from thekshand enhanced output power
density through electrical impedance matching. The mampower density and normalized power den-
sity are 6.88 mWcm?® and 14.88uWs>/m°, respectively, under a 3 f& amplitude, 139.5 Hz sinusoidal
base excitation.

5. Summary

Energy harvesters that scavenge usable electrical enengydmbient vibrations are able to provide sus-
tainable power sources for current wireless sensor netvdihis article reviewed the state of the art of the
vibration energy harvesters based on magnetostrictiveratt.

Depending on the stress state in the magnetostrictive coempothis article categorized existing mag-
netostrictive harvesters into the axial-type and the begtiype. The axial-type harvesters are able to gen-
erate significant electrical power over a broad frequenogaea However, the output power level drops
dramatically at high frequencies due to the eddy currerst. Ibtence, lamination is required to further ex-
pand frequency bandwidth. The axial-type harvester alsasi¢o be installed in the load path, which is
not always possible in practice. Certain mechanicallyssblmagnetostrictive materials such as Galfenol,
Alfenol, and Metglas enables the bending-type harvestdrdan scavenge electrical energy from any vi-
brating surfaces. Four different bending-type magnettste harvesters were investigated in this article.
The composite beam provides the maximum energy converfficiercy and the unimorph configuration
is able to provide the maximum output power density.

One of the key limitations of the bending-type harvesteh# the device generates significant amount
of energy only near system resonance. Future studies skgpldre bandwidth enhancement techniques,
for instance, combining bistable structures with magrigtiive unimorph harvestefsThe other key lim-
itation is that a colil is always necessary to convert magresiergy to electrical energy. To eliminate the
bulky coil from magnetostrictive systems, previous stadiave developed magnetoelectric compokités
and manufactured micro-scale magnetostrictive syst@rfs28 Future studies should investigate potential
solutions following these paths.
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