
MAGNETOSTRICTIVE DEVICES

1. INTRODUCTION

Magnetostrictive materials convert magnetic energy to

mechanical energy, and vice versa. As a magnetostric-

tive material is magnetized, it deforms or strains. Con-

versely, when a magnetostrictive material is subjected to

stresses, its magnetization changes. The bidirectional cou-

pling between the magnetic and mechanical states of a

magnetostrictive material provides a transduction mecha-

nism that is used for actuation and sensing. The associated

changes in material properties can also be beneficial, for

example, to magnetically adjust the elastic modulus of a

magnetostrictive material. Magnetostriction is an inher-

ent material property that literally means “magnetically

induced strain.”

The history of magnetostriction began in the early

1840s when James Prescott Joule (1818–1889) positively

identified the change in length of an iron sample as its

magnetization changed. This effect, known as the Joule

effect, is the most common mechanism employed in mag-

netostrictive actuators. A transverse change in dimensions

accompanies the length change produced by the Joule

effect, so the net volume change of thematerial is zero. The

reciprocal effect, in which application of a stress causes a

change in magnetization, is known as the Villari effect.

The Villari effect is useful for sensor design.

The magnetostrictive effect is not limited to linear mag-

netostriction; however, it is present in all material ten-

sor directions. For instance, the Wiedemann effect is the

twisting that results from a helical magnetic field. The in-

verseWiedemann effect, also known as theMatteuci effect,

refers to the generation of a magnetic field due to shear

stresses. This effect is useful for magnetoelastic torque

sensing (1,2).

Early uses of magnetostrictive materials included tele-

phone receivers, hydrophones, magnetostrictive oscilla-

tors, torque meters, and scanning sonar. The first tele-

phonic receiver, tested by Philipp Reis in 1861, was based

on magnetostriction (3). These applications were devel-

opedwith nickel and othermagnetostrictivematerials that

exhibit bulk saturation strains of less than 100microstrain

(100 × 10−6 change in length per original length). The de-

velopment of terbium–iron–dysprosium alloys in the 1970s

capable of generating over 1000 microstrain at room tem-

perature, also known as “giant” magnetostrictive materi-

als, generated renewed interest in magnetostrictive trans-

ducer technologies. These alloys, credited to the US Naval

Ordnance Laboratory (NOL) under the name Terfenol-D

(Ter = terbium, Fe = iron, NOL, D = dysprosium), be-

came commercially available in the 1980s. Themost recent

class of magnetostrictive materials, based on iron–gallium

alloys or Galfenol (also developed at NOL), exhibit mod-

erate magnetostriction (≈400 microstrain) along with me-

chanical robustness not present in themechanically brittle

Terfenol-D alloys.

Commercial uses for magnetostrictive devices have

emerged since the early 1990s, for example, a motor that

is capable of converting 30 kW of electrical power to me-

chanical ultrasonic power at about 20 kHz (4) and flexten-

sional underwater sonar projectors that can be driven to a

source level of 212 dB (refer to 1 µPa at 1 m) (5). A high

force test rig for use by the US Air Force in fatigue test-

ing of jet engine turbine blades produces broadband forces

from 200 to 2000 Hz with peak-to-peak force of 14 kN

at 2 kHz (6). Taking advantage of the fast dynamic re-

sponse of Terfenol-D, the manufacturer of Terfenol-D in

the United States (Etrema Products (8)) developed an ac-

tive machining system for production of oval pistons for

small internal combustion engines. An ultrasonic fuel in-

jector driven by a Terfenol-D element was developed (7).

The high-frequency and high-power vibration generated

by magnetostrictive materials has been used to prevent

the clogging of nozzles in paper production and to im-

prove mechanical screening efficiency in mining (8). Mag-

netostrictive devices have also been used in the entertain-

ment industry. The Terfenol-D soundbugs, developed by

FeONIC, can turn walls, windows, or other flat surfaces

into speakers (9). Being a more recent material technol-

ogy, Galfenol alloys have not been implemented commer-

cially at a significant scale yet. Example research appli-

cations include the deposition of these ductile alloys epi-

taxially on a Si or Cu substrate for development of acous-

tic sensors (10) and force sensors based on thin Galfenol

films (11).

2. MAGNETOSTRICTIVE MATERIALS

All ferromagnetic materials exhibit magnetostriction;

however, in many materials, its magnitude is small. In

the early 1970s, the search for a material capable of large

magnetostriction at room temperature grew out of the dis-

covery that the rare earth elements terbium and dyspro-

sium exhibit magnetostriction (basal plane strains) on the

order of 1% at cryogenic temperatures. From 1971 to 1972,

Clark and Belson of the NSWC (Naval Surface Warfare

Center) (12) and Koon, Schindler, and Carter of the NRL

(Naval Research Laboratory) (13) independently and al-

most simultaneously discovered the extremely large room-

temperaturemagnetostriction of the rare earth–iron, RFe2,

compounds.

Partial substitution of other rare earths, such as dys-

prosium, for terbium in the Tb–Fe compound resulted in

improvements inmagnetic andmechanical properties. The

nominal stoichiometry of Tb–Dy–Fe that became known

as Terfenol-D is Tb�Dy1−�Fe�, where � = 0.27–0.3 and � =

1.92–2.0. Small changes in � and � can result in significant

changes in the magnetic and magnetostrictive properties

of the material. Decreasing � below 2.0 dramatically re-

duces the brittleness of the compound, but reduces the

magnetostrain. Increasing � above 0.27 does not signifi-

cantly affect the magnetostrain, but reduces the magne-

tocrystalline anisotropy, which effectively allows for in-

creased magnetostriction at lower fields and more efficient

energy transduction.

Nominal maximum magnetically- induced longitudi-

nal strain at room temperature for various materials are

shown in Table 1. Nickel has a negative magnetostric-

tion since it shortens in the presence of a magnetic field,

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright © 2016 John Wiley & Sons, Inc.

DOI: 10.1002/047134608X.W4549.pub2

http://dx.doi.org/10.1002/047134608X.W4549.pub2


2 Magnetostrictive Devices

Table 1. Nominal Magnetically Induced Strain of Selected Mag-

netostrictive Materials

Material Magnetostriction (µl/l)

Iron (14) −9

Nickel (15) −40

Alfenol (16) 150

Metglas 2605SC (17) 40

Terfenol-D (8) 1400

Galfenol (31) 400

whereas othermaterials including Terfenol-D exhibit posi-

tivemagnetostriction. In the case of iron, themagnetostric-

tion changes frompositive to negative, known as theVillari

reversal, as the field is increased (14).

Clark et al. (18) developed a magnetostrictive mate-

rial based on amorphous metal, produced by extremely

rapid cooling at rates around 1 × 106 ◦C/s of iron, nickel, or

cobalt together with one or more of the elements silicon,

boron, and phosphorus. These alloys, known commercially

as Metglas (metallic glass), have been processed to achieve

very high coupling coefficients, on the order of 0.95, and are

commonly produced in thin ribbon geometries. Metglas is

typically used for sensing applications and for converting

mechanical or acoustical energy into electrical energy. The

ease with which they can bemagnetized and demagnetized

and the low core losses of these alloys constitute a distinct

set of magnetic properties that have motivated investiga-

tion of metallic glasses and their applications (20).

Giant magnetostrictive materials are currently avail-

able in a variety of forms, including thin films, powder

composites, and monolithic solid drivers. Reviews of giant

thin filmmagnetostrictivematerial are available (2,21,22).

Giant magnetostrictive particle composites (GMPCs) con-

sist of a powdered magnetostrictive material (often

Terfenol-D) solidified in a resin or elastomeric matrix (23).

GMPCs have the advantage that the nonelectrically con-

ductingmatrixmaterial can be used to reduce eddy current

losses associated with AC operation, while also being con-

ducive to manufacture by casting in various geometries

with advantageous mechanical properties such as ductil-

ity andmachinability. Furthermore, devices using a driver

element made with GMPCs as opposed to monolithic ma-

terial may avoid the need for prestress mechanisms and

the bulky permanent magnets needed for biased AC op-

eration. The major disadvantage of GMPCs is a reduction

in output strain and strain rates related to the matrix–

Terfenol-D composition ratio (23–26).

Terfenol-D has been sputtered to form amorphous thin

films (27) and has been doped with holmium to min-

imize magnetic hysteresis losses (28). Another applica-

tion is magnetomemory materials that combine the mag-

netostrictive behavior of ferroelectric materials with the

high-strain attributes found in shape memory alloys. Cur-

rently, the Fe–Pd–Co magnetomemory system exhibits

magnetostriction several times that of the best giant mag-

netostrictive materials. Devices based on magnetomem-

ory may provide significant advances in magnetostrictive

sensing (29,30).

The iron–gallium alloys, or Galfenol (Fe1−�Ga�, 0.13 ≤

x ≤ 0.24), exhibit moderate magnetostriction (31) along

with a relatively low hysteresis loss, high tensile strength

(500 MPa), moderate corrosion resistance (32), and a

high Curie temperature (700 ◦C) (31). Galfenol can be

welded, forged, rolled, machined by conventional means,

and deposited to form nanoscale or microscale fibers

or films. In combination, these properties are unique

in relation to Terfenol-D and other conventional active

materials.

Addition of Co to binary Galfenol increases the Curie

temperature but reduces magnetostriction (33). Alloying

V, Al, or Cr with binary Galfenol improves the material’s

tensile strength and ductility, but Al–Galfenol alloys ex-

hibit much lower magnetostriction (34). Recent Galfenol

steel in which gallium is alloyed with carbon steel (35)

is less expensive and exhibits improved malleability (36).

Other iron alloys such as Fe–Al (16) and Fe–Be (37) have

also been considered. However, they exhibit relatively

small magnetostriction and the beryllium-containing ma-

terials are toxic.

For this survey of magnetostrictive devices, nickel,

Terfenol-D, and Galfenol will be emphasized, as these are

the most common commercially available materials used

in magnetostrictive transducer applications.

3. MAGNETOSTRICTIVE DEVICE TRANSDUCTION
BASICS

Magnetostrictive transducers operate on the simultaneous

conversion of electromagnetic and magnetomechanical

energies. A wound wire solenoid is used for conversion

between electric and magnetic energies, and a magne-

tostrictive material is used as the transducer driver

to convert between magnetic and mechanical energies.

For actuation, passing a current through the solenoid

converts electrical energy into magnetic energy. Maxwell’s

equations can be used to show that the magnetic field

seen by the magnetostrictive driver is proportional to the

current in the solenoid. The magnetic energy generated

by the solenoid simultaneously magnetizes and produces

strain in the magnetostrictive core. This same device

can also be used as a sensor. Application of a sufficient

force to strain the transducer magnetostrictive driver will

produce a change in the magnetization of the driver. In

turn, this changing magnetic energy can be measured

directly with a Hall probe or, as can be shown by using

the Faraday–Lenz law, it can be converted to electrical

energy in the form of an induced voltage in the solenoid

and then measured. A common magnetostrictive device

configuration is sketched in Figure 1.

Figure 2a shows room-temperature flux density data

for polycrystalline Fe18.6Ga18.4 driven with a 0.1 Hz mag-

netic field at several fixed stress values. The field-induced

strain, or magnetostriction, versus applied magnetic field

“butterfly” curves measured under the same conditions are

shown in Figure 2b. Figures 2c and d show the flux density

and strain versus low-frequency (1 Hz) AC stress inputs

for the same Galfenol material. The magnetic field–strain

curves are zeroed after applying constant bias stresses,
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Displacement

Permanent magnet

Wire solenoid

Magnetic end cap

Magnetostrictive material

Prestress spring washer

Magnetic �ux path

Casing

Output piston

Preload bolt

Figure 1. Components of basic magnetostrictive devices: magne-

tostrictive driver, magnetic end caps, permanent magnet, wound

wire solenoid, magnetic circuit, and prestress mechanism.

while other curves are zeroed at no bias fields or bias

stresses. Like Terfenol-D, Galfenol exhibits a rich perfor-

mance space for actuation and sensing as a function of

magnetic fields and stresses, although with less hysteresis

than Terfenol-D.

The efficiency with which a magnetostrictive material

converts magnetic energy to mechanical and vice versa is

often used as a key attribute to quantify the performance of

a magnetostrictive device. It is emphasized, however, that

the design of high-performancemagnetostrictive transduc-

ers also requires attention to the efficiency of conversion

between electrical energy and magnetic energy. Although

the practical input signals are voltage and current, it is the

resultingmagnetic field that generates the necessary mag-

netization of the magnetostrictive driver. This requires

careful design of the transducermagnetic circuit, including

incorporation of a closed magnetic flux return path. This

is a task that is typically undertaken with finite-element

(FE) analysis tools.

Furthermore, careful matching of the system power

supply to the input impedance of the transducer needs to

be considered when optimizing overall system efficiency.

The power supply rating in Watts is equal to voltage times

amperes and is given based on use with a specific load.

Electrostrictive transducer technologies, based on piezo-

electric and ferroelectric transduction, are electrically ca-

pacitive and as such they require high-voltage, low-current

sources (on the order of 1000V andmicroamperes).Magne-

tostrictive transducers, on the other hand, are electrically

inductive requiring moderate voltages (less than 100–200

V) and relatively high currents (up to tens of amperes) for

similar force outputs. Standard audio amplifiers can be

effectively used to drive magnetostrictive devices.

Magnetostrictive materials have a fast dynamic

response (39). In practice, the dynamic response of magne-

tostrictive devices is restricted to the low ultrasonic range

(≤100 kHz) due to AC losses (magnetic hysteresis and eddy

currents) and device-specific mechanical and electrical

resonances.
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Figure 2. Actuation response of solid Galfenol (Fe18.6Ga18.4) for mean bias stresses of 0.00, −1.64, −10.23, −20.44, −30.65, −40.88, −51.10,

and –61.31 MPa: (a) flux density versus field, and (b) actuation strain versus field (38); major loop sensing response of the same sample

for mean bias fields of 0.73, 1.42, 2.41, 3.88, 5.50, 7.17, 8.84, 10.51, 12.19, and 13.76 kA/m: (c) flux density versus stress, and (d) strain

versus stress. (38) All measurements were conducted at room temperature.
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4. MAGNETOELASTIC EFFECT

The magnetostrictive process relating the magnetic and

mechanical material states can be described with two cou-

pled linear equations:

� = �∕��

�
+ �∗

33
� (1a)

� = �33� + ��� (1b)

These equations assume isothermal conditions and linear

(Joule) magnetostriction. Incorporation of other orienta-

tions is possible by formulating these equations in ten-

sor form. The mechanical parameters are strain (�), stress

(�), and Young’s modulus at constant applied magnetic

field (��
�
); the magnetic parameters are applied magnetic

field (�), magnetic induction (�), and permeability at con-

stant stress (��); and the two piezomagnetic coefficients

are �33 = ��∕��|� and �∗
33
= ��∕��|� .

Equation 1a indicates that the strain of a magnetostric-

tive element changes with stress and applied magnetic

field. First, looking at the applied stress �, when a stress

is applied to amagnetostrictive sample, it will strain. If the

field� is held constant and the stress varied, the material

will contract if the stress is compressive and will expand if

the stress is tensile. The magnitude of the effect is scaled

by the inverse of the material’s elastic modulus ��
�
. Next,

an applied magnetic field � can also change the sample’s

length. If the stress is held constant, the effect of � in

the strain is proportional to the applied field scaled by the

piezomagnetic coefficient �33. The elastic modulus and the

piezomagnetic coefficients vary from one magnetostrictive

material to the next and often vary with operating condi-

tions. They need to be measured under carefully controlled

electrical and mechanical boundary conditions. Similarly,

the magnetic induction � will also vary with stress and

applied field per equation 1b.

Figure 3 illustrates the interaction between magnetic

moments (conceptually represented by elliptical magnets)

and applied mechanical loads (represented by a spring and

mass). Application of a negative saturation field (−�S) has

the same effect as a positive saturation field (+�S), rotat-

ing the moments so that the material expands against the

load and the magnetic induction reaches a maximum, sat-

uration value. When no field is applied (� = 0), the mass

load forces the magnets to collapse, resulting in zero net

magnetic induction and the shortest material length. At

intermediate fields (−�C and +�C), the magnetic moment

rotation and load are in an intermediate state where the

magnetic field attempts to align the moments longitudi-

nally and the mechanical load attempts to collapse the

moments. Figure 3f shows the flux lines associated with

alignment of the magnetic domains in the magnetostric-

tive driver.

A static compressive load is supplied in Figure 1 by

a spring washer to prevent the magnetostrictive driver

from undergoing tensile stress and potentially separating

from the output rod. The dynamic forces arising during AC

operation could have the effect of cracking the driver. This

is particularly important for Terfenol-D due to its lim-

ited tensile strength. It has been shown that annealing of

Galfenol can create sufficient internal prestresses (−200 to

(f)(a) (b) (c) (e)(d)

–HS –HC +HS+HCH = 0

Figure 3. (a)–(e) Simplified representation of a magnetostrictive

material for differentmagnetic field values. (f) Illustration of mag-

netic flux lines.

50 MPa) such that an external preload mechanism is not

necessary (42). A static magnetic field or magnetic bias

(�c) is typically employed to create a static magnetization

state and center operation in the high-slope regions (burst

regions) where a small change in input field generates a

large, approximately linear response. For instance, a bias

field �C of 6.17 kA/m and a prestress of −30.65 MPa are

able to shift the static state to the center of the burst re-

gion, as illustrated by the black dots in Figure 2a and b.

The bias field is often supplied by a permanent magnet as

shown in Figure 1.

5. MAGNETOSTRICTIVE ACTUATORS

Magnetostrictive actuator designs are distinguished by

their configuration and use of the magnetostrictive driver.

Common transducer classifications can be found in the lit-

erature (43,44). In most cases, the Joule effect in a magne-

tostrictive element is employed to produce a longitudinal

vibration in rods or radial vibrations of tubes or rings. The

most common design is the longitudinal vibrating Ton-

pilz in which a magnetostrictive rod provides axial out-

put (43). The tube-and-plate or tube-and-cone transduc-

ers use 1/4 wavelength magnetostrictive tubes to excite

blocks tuned to transfermechanical power to the surround-

ing medium efficiently. Other designs employ a number of

magnetostrictive elements fitted end to end to form a ring

or polygon (45). The simultaneous longitudinal excitation

of the elements causes the ring’s diameter to oscillate. The

flextensional design (44) employs a longitudinal vibrating

magnetostrictive element to excite an arched membrane,

commonly an oval-shaped shell. Transducer designs have

also been based on other magnetostrictive effects, such as

the Wiedemann effect twisting pendulum (2).

Prior to the 1940s, thematerials conventionally used for

many transducer applications were the magnetostrictive

elements nickel, cobalt, iron, and their alloys permendur,

permalloy, and others. In the 1940s and 1950s, the emer-

gence of piezoelectric ceramics barium titanate and lead

zirconate titanate (PZT) led to higher efficiency transducer

designs. The twofold increase in coupling coefficient of PZT

over that of nickel provided higher transducer acoustic ef-

ficiencies and larger output powers in a number of appli-

cations. With the development of giant magnetostrictive

materials in the 1970s, even higher transducer efficien-

cies are now achievable. The superiority of Terfenol-D over
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piezoelectrics in high-power applications has been exten-

sively demonstrated. Moffett et al. (46) present a the-

oretical comparison of the power-handling capability of

Terfenol-D and PZTs. Moffett and Clay (47) later demon-

strated the superior performance of Terfenol-D over PZT

in a barrel-stave flextensional transducer in which the ac-

tive motor was either Terfenol-D or PZT, with the rest

of the device design otherwise unchanged. The Terfenol-D

transducer had an FOM (figure ofmerit) of 60W∕(kgkHzQ),

where � is the quality factor, about four times that of the

PZT transducer, and an 8 dB higher source level through-

out a wider frequency bandwidth. Akutsu (48) reported

a comparison of displacement versus output force rela-

tionships between PZT and Terfenol-D. Galfenol actuators

have been shown to achieve a maximum energy density of

around 3 kJ∕m3, but at limited strokes (49).

5.1. Device Performance

Magnetostrictive transducer performance has been quan-

tified in several ways. The technique selected usually de-

pends on several factors, including the intended use of the

transducer and allowable resources. Performance quan-

tification must involve analysis of the material properties

under as-run conditions, that is, material properties of the

active driver element based on measurements taken in the

transducer under loads typical of a given application.

Magnetostrictive material properties are intrinsically

related to the material magnetization, stress, and tem-

perature distribution in the transducer. This relationship

is strongly coupled, so changes in operating parameters

affect material properties and vice versa (50). Typical

material properties considered when analyzing magne-

tostrictive transducers include Young’s modulus, me-

chanical quality factor, magnetic permeability, saturation

magnetization and magnetostriction, magnetomechanical

or piezomagnetic coefficient, and magnetomechanical cou-

pling factor. Measurements of a transducer performance

provide magnetoelastic parameters that are characteristic

of both the magnetostrictive driver and the transducer it-

self. For instance, the magnetomechanical coupling factor

quantifies the ratio of the coupled magnetic–elastic energy

over the squared root of the product of the individual

energies:

� =
�me√
�m�e

=
��33�√

���2�2∕��
�

=
�33√
��∕��

�

(2)

When considering not just a magnetostrictive driver

but a complete transducer, the magnetic and electric

components have the effect of reducing the magnetome-

chanical coupling factor below that for the driver alone

(40). On the other hand, the saturation magnetization

and magnetostriction are properties of the driver material

itself, not the transducer. Calculation of other material

properties can be found in Reference 41 and 51–53.

To illustrate, we discuss in the following sections six

key transducer performance indicators: (i) strain-applied

field (� −�) characteristic curve, (ii) transducer electrical

impedance mobility loops, (iii) transducer-blocked force,

(iv) output energy and energy densities, (v) output power

limitations, and (vi) figures of merit.

Figure 4. Strain-applied magnetic field relationship at 0.7 Hz

and no magnetic bias (54).

Strain-Field Characteristic Curve. Static or quasi-static

strain versus magnetic field curves are useful for perfor-

mance and characterization. The magnetic field intensity

is, for a given input current, determined by knowledge

of the solenoid characteristics, and the mechanical out-

put is measured with displacement sensors such as an

LVDT (linear variable differential transformer). Typical

strain measurements at different mechanical preloads are

shown in Figure 4. A strain-applied field characteristic

curve aids in choosing the optimum polarization field for

achieving quasi-linear performance and for avoiding fre-

quency doubling. Additionally, it can be used to estimate

�33 coefficients.

Of the two linear constitutive piezomagnetic equations,

equation 1b implies a definition for the strain coefficient,

�33 = [��∕��]� , which can be calculated from measure-

ments such as those of Figure 4. Given the nonlinear and

saturated response exhibited by the data, �33 can be es-

timated from the slope of a straight line drawn over the

steepest region of the curve, often known as the “burst”

region. By forgoing the last 10% of achievable strain at the

saturation and low field ends of the curve, much higher ef-

ficiency performance can be achieved. Trade-offs in quanti-

fying a �33 based on measured data arise, whereby if addi-

tional displacement is required (assuming space and cost

constraints allow for it), one may opt for using a longer

sample operating in the burst region rather than driving

a shorter sample to saturation. This would provide two

device designs using drivers of the same magnetostrictive

material with potentially very different �33 coefficients.
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Thismethod for characterization of �33, however, should

be interpreted for use as measured (i.e., a DC measure of

the transducer output). The differential values of �33 vary

not only with � and � (see Figures 2 and 4) but also with

the magnetic bias, stress distribution in the material, and

operating frequency (53,54). Hence, the strain-field char-

acteristic curve is of little use in assessing transducer dy-

namic operation, where the preceding factors play a sig-

nificant role. In such cases, methods based on dynamic

excitation of the transducer are preferred (53).

Transducer Electrical Impedance Mobility Loops. The
total transducer electrical impedance, the electrical volt-

age measured per input current as a function of fre-

quency, is important for transducer design, analysis, and

control. As discussed in detail by Hunt and Blackstock

(3) and Rossi and Roe (55) among others, the electrical

impedance is the sum of blocked and mobility impedances.

The blocked impedance is the voltage per current associ-

ated with a transducer in which the output motion is re-

stricted to zero, or “blocked”. Themobility impedance is the

difference in the total (measured) and blocked impedances

and is a result of “mobility” or the force and velocity on the

mechanical side of the vibrating transducer.

One use of impedance function information is to ob-

tain fundamental resonant and antiresonant frequencies

and the two associated elastic moduli for themagnetostric-

tive transducer driver. The resonant condition occurswhen

the magnitude of the mobility component of the measured

impedance is maximum and is represented by the diam-

eter of the mobility impedance loop in the Nyquist rep-

resentation (56). The resonant frequency �r is associated

with the open-circuit (constant field) elastic modulus of the

material ��
�

so that �r ∝
√
��
�
. Similarly, the maximum-

diameter point of the electrical admittance loop (�e = 1∕�e)

represents the antiresonant frequency �a associated with

the short-circuit (constant induction) elastic modulus ��
�
.

This relationship is such that �a ∝
√
��
�
.

The short-circuit modulus ��
�

represents the stiffest

material condition, which occurs when all available mag-

netic energy has been transduced into elastic potential en-

ergy. When energy is transferred from the elastic to the

magnetic side, the effectivemodulus decreases to the value

��
�
. The two elastic moduli are related by the magnetome-

chanical coupling factor � (0 ≤ � ≤ 1) (57):

��

�
= (1 − �2)��

�
(3)

Similarly, the intrinsic or uncoupled magnetic permeabil-

ity �� in equation 1 is reduced to a value corresponding to

the constant strain permeability �� because of the energy

conversion from themagnetic to the elastic side. Clark (57)

provided further details and proved, through energy con-

siderations, that both permeabilities are also related by �,

�� = (1 − �2)�� (4)

Utilizing the simplified construct in Figure 3, holding

the magnetic induction � constant while allowing � and

� to vary implies that the ellipses will not rotate, staying

locked at fixed orientations. Hence, the transducer will

Output displacement
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Figure 5. Representation of a linearized force versus displace-

ment characteristic curve.

appear stiffer to an external force than if � was held

constant, but � and � were allowed to vary. Alternatively,

holding strain � constant while varying � limits the

potential change in �; thus, the material looks less

permeable under operating conditions of constant strain

than constant stress.

Ultimately, the electrical impedance provides informa-

tion on how the energy is transferred between the mag-

netic and mechanical domains of a transducer. Knowledge

of resonances �r and �a permits calculation of elastic mod-

uli, magnetic permeabilities, and the magnetomechanical

coupling factor (58).

Blocked Force. Figure 5 illustrates the static char-

acteristic force versus displacement relationship of a

magnetostrictive transducer. Under linearized conditions

obtained under a bias magnetic field and prestress, as de-

scribed by equation 1 it can be shown that the relationship

is a straight line, although this is not the case in practice

under high-signal conditions. As the transducer tries to do

work against an increasing load force, its output displace-

ment decreases. The blocked force is defined as the load

against which the transducer can no longer work. At this

load, the transducer displacement is reduced to zero, and

the transducer output is blocked. At the other end of the

load curve, if the load force is zero, the transducer will be

able to elongate to its maximum (saturated) displacement.

This condition is referred to as free displacement.

Under blocked conditions, � = 0 and equation 1 yields

� = −�∗
33
���

�
(5)

where � is the stress exerted by the load on the mag-

netostrictive driver. This stress is equal and opposite to

the stress exerted by the driver on the load, which for a

driver with cross-sectional area � gives an expression for

the blocked force of the form:

�B = �∗
33
���

�
� (6)

Because the saturation displacement �H is achieved at zero

force (� = 0), equation 1 implies

�H = �∗
33
�� (7)

where � is the length of the driver. Combination of equa-

tions 6 and 7 gives that the blocked force is

�B =
�H

�
��

�
� (8)
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Figure 6. Schematic representation of an actuator of stiffness �T
loaded with an elastic load of spring constant �L.

which can be expressed as the product of stiffness and

displacement:

�B = �T�H (9)

with �T = ��
�
�∕� representing the stiffness of the mag-

netostrictive transducer element. Equations 7 and 8 thus

define the extreme points of the load curve (Figure 5), that

is, the free displacement and blocked force, respectively.

Defining the saturation strain as �s = �33� , the blocked

force becomes �B = ��
�
��s, which only depends on mate-

rial properties and the cross-sectional area. In contrast,

the maximum deflection depends on a material property

and driver length.

Output Energy and Energy Densities. A linear elastic load

of stiffness �L is assumed to act on a Terfenol-D driver

of stiffness �T, as depicted in Figure 6. Since there is no

energy loss, the potential energy applied to the load is

�M =
1

2
�L�

2 (10)

where � is the displacement at the rod end.

One can separate the total displacement of the magne-

tostrictive driver into an active component and a passive

component. The active component is the free displacement

of the driver, �H = �33��. The passive component is the

elastic response �el, which opposes �H as a result of the

transducer doing work against an external load (possibly

including work against a prestress mechanism). The net

displacement is � = �H − �el (59). The tip of the driver is sub-

jected to a total force � , where the passive displacement is

�el = �∕�T and the total tip displacement is

� = �H −
�

�T
(11)

For a linearly elastic external load, the force acting upon

the driver end is � = �L�. Substitution of this expression

into equation 11 yields

� = �H −
�L�

�T
(12)

or, equivalently, after defining � = �L∕�T

� =
�H

1 + �
(13)

Finally, substitution of equation 13 into equation 10 and

letting �L = � �T yields

�M =
�

(1 + �)2

(
1

2
�T�

2
H

)
(14)

Defining �0 = �T�
2
H
∕2 as the intrinsic energy of the magne-

tostrictive driver,�M∕�0 is plotted in Figure 7 as a function

Figure 7. Normalized mechanical energy output is maximized

for stiffness matching between the magnetostrictive driver and

the combined transducer and external load stiffness characteris-

tics (59).

of �, where it is apparent that the energy is maximum for

� = 1. This situation indicates that stiffnessmatching is de-

sired to achieve maximum output energy. It is emphasized

that in some prestress mechanism designs, a spring or a

set of washers is placed in series with the magnetostrictive

driver. The spring stiffness has to be accounted for in cal-

culations of stiffness matching. As noted previously, the

driver stiffness is directly related to the elastic modulus

��
�
, which can be measured in different ways (50,52).

Actuator Power Limitations. As discussed in References

60 and 61, the power output near resonance may be stress

or field limited, depending on whether the mechanical

quality factor � is greater or smaller than the optimum

value. This optimum � hovers around unity for Terfenol-

D (46). Hence, a low � raises the maximum power limit

of the transducer near resonance. In addition to the abil-

ity to handle more power, a low � means a broader op-

erational bandwidth. This situation may or may not be

desirable because at low �, the transducer is less able to

filter out unwanted modes of vibration that might lead

to harmonic distortion. This highlights some of the com-

promises present in designing a transducer’s mechanical

quality factor. Figure 8a depicts a typical radiated power

limit � curve indicating typical performance trade-offs at

frequencies near transducer resonance for a Terfenol-D

transducer, and Figure 8b shows an equivalent circuit rep-

resentation of the transducer based on linear behavior.

Figures of Merit. The single-most important transducer

FOM is the magnetomechanical coupling factor � (eq. 2)

(57). This is particularly true in the low-signal linear

regime, where �2 quantifies the fraction of magnetic en-

ergy that can be converted to mechanical energy per

cycle, and vice versa. Improvements in manufacturing

techniques have helped increase the magnetomechanical

coupling factors reported in bulk Terfenol-D. Values of

� ≈ 0.7 are commonly reported for Terfenol-D (� ≈ 0.3 for
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Figure 8. (a) Radiated power versus quality factor � shown as

the minimum of the stress-limited output �s and the field limited

output �f . (b) Van Dyke transducer equivalent circuit represen-

tation for the magnetostrictive device used to predict (a), where

� = current, �b = blocked inductance, � = gyrator ratio, �m =

open-circuit compliance, � = force, � = mass, �m = mechanical

resistance, and �r = radiation resistance (60).

nickel), while recent studies report a value of � = 0.75 for

Galfenol (49). A transducer’s coupling factor will be lower

than that of its magnetostrictive core due to magnetic, me-

chanical, and thermal losses inherent to other aspects of

the device design and its components.

Under ideal lossless conditions, the resonance and an-

tiresonance frequencies of the electrical impedance func-

tion in Figure 9a–c represents �r and �a as defined by the

mobility impedance. In Figure 9b, the prestress is constant

at 1.0 ksi (kilopound per square inch) and in Figure 9c

the magnetic field is constant at 75 Oe. In the presence

of losses, �r and �a shift slightly from the resonance and

antiresonance points. Based on electroacoustic principles

(3), it can be demonstrated that � is directly related to the

system resonant and antiresonant frequencies, �r and �a.

Assuming no losses,

�2 = 1 −

(
�r

�a

)2

(15)

The � dependence on AC field intensity and magnetic bias

condition is clearly demonstrated in References 50 and

62. In a lossy magnetic circuit, however, this relationship

is somewhat different, although the essential aspects are

preserved (51). The effect of losses can be minimized by

carefully designing the magnetic path and by using lam-

inated material for the driver and all components of the

magnetic circuit flux path by using either radial or longi-

tudinal slots as appropriate. The penalty is typically in-

creased complexity in manufacture and modeling.

Transducers intended for underwater use are often

rated according to the desired characteristics of these de-

vices: high power � , low resonant frequency �0, low mass

� (or volume � ), and low quality factor �. Hence, the

definition FOM = �∕��0� is commonly found in the lit-

erature. Claeyssen et al. (63) presented a comparison of

several Terfenol-D and PZT devices with FOM ranging be-

tween 10 and 655 J∕m3, where a Terfenol-D flextensional

has a remarkable 655 J∕m3 figure of merit. A similar PZT

device reached only 15 J∕m3; the difference is caused exclu-

sively by the much smaller strain output of the PZT since

the acoustical power radiated is proportional to the strain

squared (63).

5.2. Types of Devices

In order to illustrate the needs and issues of different ap-

plications, we classify magnetostrictive transducers into

three broad categories:

1. High-power, low-frequency applications: These ap-

plications are typically associated with underwater

acoustic generation and communications. The de-

signs discussed here are the flextensional transducer,

the piston-type transducer, and the ring-type trans-

ducer.

2. Motion generation: In this category, we include trans-

ducers designed to do work against external struc-

tural loads. The motion may be linear, such as in the

inchworm or Kiesewetter motors, rotational, or bend-

ing.

3. Ultrasonic applications: This category involves a

fairly broad range of actuators ranging from surgi-

cal applications to ultrasonic joining.

Despite the differences among the three categories,

there is intrinsic commonality to all magnetostrictive de-

vices based upon the magnetomechanical nature of the

device. First of all, it is often desirable to achieve linearity

in the performance. Because magnetostrictive materials

respond nonlinearly to applied magnetic fields (hysteresis,

quadratic response at low field, saturation at high fields),

it is common practice to subject the material to mechanical

and magnetic bias (known as bias conditions). A magnetic

bias is supplied with permanent magnets, located in series

or parallel with the drive motor, and/or with DC currents.

The mechanical bias is applied by structural compression

of the driver with either bolts or via the transducer struc-

ture itself, such as in flextensional transducers.

Second, maximum effectiveness is obtained at mechan-

ical resonance, where dynamic strains of peak-to-peak am-

plitudes higher than the static saturation magnetostrain

can be achieved. Dynamic strains are of primary impor-

tance in low-frequency, high-power transducers, namely,

those for sonar and underwater communications.

Among the other technological issues that affect the

design and operation of magnetostrictive transducers are

thermal effects, transducer directionality (determined by

ratio between size and acoustic wavelength), resonant op-

eration, and power source.
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Figure 9. Measured Terfenol-D transducer electrical impedance functions. (a) Nyquist representation indicating diameter of mobility

loop for use in determination of �r . (b) Impedance for 1.0 ksi prestress at varied AC drive levels. (c) Impedance functions for 25 Oe drive

level at varied initial prestress settings (62).

5.3. Low-Frequency Sonar Applications

Efforts to develop smaller sonar transducer systems capa-

ble of delivering increasingly higher acoustic power out-

put have existed since the inception of sonar technology.

Terfenol-D has proven attractive for underwater sound

projection given its output strain, force, and impedance-

matching characteristics. Not surprisingly, much of the re-

search effort on magnetostrictive underwater devices has

been performed by the US Navy, where Terfenol-D was

originally developed.

The quest for more powerful sonar units forced re-

searchers to increase either the size of the radiating sur-

face or the vibration amplitude of the device. As a con-

sequence, the former issue brought the re-emergence of

a transducer principle first developed in the 1930s, the

flextensional transducer. Magnetostrictive flextensional

transducers offer high power at low frequencies. The

power output of Terfenol-D flextensionals is about 25 times

larger than that of PZT flextensionals because the dynamic

strains are approximately 5 times larger and the power

output is approximately proportional to the square of the

strain (63). By comparison with the Tonpilz transducer,

flextensionals present the advantages of providing a larger

radiating surface per volume, using less active material,

and requiring lower voltages. Technological challenges in-

herent to flextensionals are stress-induced fatigue, hy-

drostatic compensation, and prestressing for use in deep

submersion. The Tonpilz-type transducer typically packs

high power in a compact size. Moreover, because these

transducers use an oversized piston for acoustic field gen-

eration, the diameter of the active element and magnetic

circuit components can be increased without change in

overall transducer diameter. A variation of the Tonpilz de-

sign is that with two-end radiating surfaces, which have

an impact on the radiated acoustic field’s directivity pat-

tern. Square-ring transducers are used in either omnidi-

rectional or directional mode. They provide low-frequency

acoustic emissions.

A discussion of actuator devices for sonar applications

is presented next. The discussion addresses the threemain

types of devices: the flextensional, the ring-type, and the

piston-type.

Flextensional Actuators. Flextensional transducers radi-
ate acoustic energy by flexing a shell, usually oval-shaped,

caused by the longitudinal extension and contraction of

a cylindrical drive motor mounted in compression inside

the shell. These transducers are capable of producing high

power at fairly low frequencies. Their history dates back

to 1929 − 1936, when the first flextensional device for use

as a foghorn was first built and patented by Hayes at the

NRL (64).

Several factors limited the effectiveness of the early

flextensional devices. Hayes’s original design lacked a

preload mechanism, which limited the strain and force
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Figure 10. (a) Brigham and Royster classification scheme for

flextensional transducers (66,67). (b) Pagliarini and White classi-

fication scheme for flextensional transducers (71–73).

capability of the transducer and lead to fatigue-related

failure. The parallel development in the late 1920s of the

ring transducer, a relatively cheaper and more rugged

device with similar electroacoustic efficiency, severely

undermined the budget destined for research on flexten-

sionals. The flextensional concept was a high-power, high-

efficiency transducer being used in the wrong field. It was

not until the 1950s that flextensionals started to be consid-

ered for underwater applications, leading to a 1966 patent

by Toulis (65). This device was nearly identical to Hayes’s,

except for the explicit intention for underwater projection

and the use of a piezoelectric stack for driving the device.

Interestingly enough, the flextensional transducer is usu-

ally credited to Toulis (66).

Flextensional transducers are identified by class. There

are two different classification schemes, as shown in Fig-

ure 10a and b and at least two proposed variations of those.

The reader is pointed to the references for further details.

In the classification scheme of Brigham and Royster

(66,67), the radiating surfaces of class I flextensionals are

formed by revolving an ellipse around its long axis with

the magnetostrictive driver mounted on compression in-

side, along the major axis. A variant of this design known

as the University of Miami flextensional has flat surfaces

as described in Reference 66. The class II flextensional is

essentially a modified class I in which, in order to accom-

modate more active material, the major axis is extended in

both directions. The extra amount of activematerial allows

more power handling without changing the fundamental

resonance of the oval radiator. One strong limitation of

the flextensional design is the narrowband response. To

overcome this limitation, a class III design has been pro-

posed. The shell of the class III flextensional consists of two

class I shells of slightly different sizes grated together. The

two closely spaced resonances help to broaden the acous-

tic bandwidth beyond that of the class I design. The most

common shell geometry is that of the class IV flextensional.

Typically, the shell is convex in shape, although there are

variants, such as the flat-oval shell or the concave shell of

Merchant (classified type VII by Rynne) (68,69). Finally,

the class V consists of two shallow spherical caps attached

to either side of a vibrating ring or disk (sometimes called

clam shell). This design is often credited to a 1959 Abbott

patent (70), although this design had been described by

Pallas in 1937 (44). The Abbott patent shows a ceramic-

driven unit with either concave or convex spherical shells.

Note that in the Brigham–Royster scheme, classes I, IV,

and V are basically distinguished by shape. On the other

hand, classes I, II, and III are differentiated by end use

(i.e., class II is a high-power version of class I, and class

III is a broadband version of class I).

The Pagliarini–White scheme classifies flextensionals

in four classes (I–IV), based exclusively on shell geome-

try (71–73). Class I and class II are similar to Brigham–

Royster’s classes I and V. Class III is known as the barrel-

stave flextensional, and class IV is the typical oval-shaped

shell similar to Brigham–Royster’s class IV. Jones (72)

and Rynne (69) have presented their own classification

schemes by subtly modifying the previous schemes.

It is characteristic of flextensional transducers to have

two types of radiatingmodes: a low-frequency flexingmode

or modes (74) associated with bending of the shell, and a

higher frequency breathing mode, in which the whole shell

expands and contracts in unison. As the name implies,

the desired mode of vibration is a flexural one. However,

the breathing mode is acoustically more like a monopole;

thus, it is usually of higher efficiency and improves the

effective system magnetomechanical coupling factor. This

higher mode has a strong effect on the parameters used to

describe the flexural modes. Under hydrostatic pressure,

the shell geometry determines whether the flexing mode

occurs in-phase or-out-of-phase with respect to the longi-

tudinal vibration of the driver. The former case is char-

acteristic of the class IV flextensional, whereas the latter

case is characteristic of Merchant’s barrel-stave design.

In the class IV design, the hydrostatic pressure act-

ing on the shell tends to unload the magnetostrictive

driver. This presents a technological challenge that defines

the compromise between acoustic power and submersion

depth. This problem has been addressed in different ways,

including depth compensation, mechanical filtering, and

change of the shell geometry to concave instead of convex

(Merchant).

In summary, flextensional devices designed for use with

magnetostrictive drivers offer several advantages over

other transducer materials such as PZTs, but success-

ful demonstrations of their practicality for actuation are

fairly recent. One such work reports a Terfenol-D-powered

acoustic projector operated at a depth of 122 m (400 ft)

driven to a source level of 212 dB (Ref. 1 µPa at 1 m) (5).

It has been shown (46,63) that good magnetomechanical

coupling and efficiency characteristics are possible in flex-

tensional devices. Design considerations such as magnetic

circuit design, unloading of the magnetostrictive driver
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caused by submersion depths, effects of cavitation at shal-

low depths, and stress-induced fatigue in the shell have

been studied in detail (5).

Piston-Type Actuators. High dynamic strains are instru-

mental in achieving high acoustic power radiation. As with

many other transducer designs, the availability of giant

magnetostrictive materials such as Terfenol-D makes it

possible to design more powerful underwater piston trans-

ducers with little or no bulk penalty. It has been suggested

(63) that because of the need for much less active ma-

terial, the cost of a Terfenol-D-driven piston transducer

would be lower than, for instance, that of an equivalently

rated piezoelectric flextensional transducer. The simpler

design and the lack of bending parts likely to suffer fatigue-

induced failure also indicate some of the advantages of

piston-type designs over conventional flextensional trans-

ducers. The Tonpilz transducer (Tonpilz is German for

“sound mushroom”) is simple in principle, as illustrated

in Figure 11a. The magnetostrictive rod is surrounded by

a drive solenoid, which provides the magnetic field exci-

tation. The magnetostrictive element actuates upon an

inertial mass (“tail” mass) and has a front radiating sur-

face that generates the desired soundwaves. Themagnetic

path is completed by magnetic couplers and a magnetic re-

turn path cylinder. In fact, the magnetic circuit can have

many possible configurations. For instance, some designs

use cylindrical permanent magnets and ferromagnetic end

pieces known as a “barrel magnet” configuration instead

of the “stacked magnet” configuration shown in Figure

11a. Each configuration has a specific set of merits, which

means that the optimum magnetic circuit configuration

should be identified based upon the particular application

requirements (75). As a rule of thumb, rods shorter than

20 cm and with diameters under 2.5 cm produce higher

magnetic coupling, on the order of 5%, when employed in a

barrel magnet configuration over a stacked magnet config-

uration. However, when longer and thicker rods are used,

saturation and end effects are more likely to occur in the

barrel magnet configuration. The stacked magnet config-

uration does have the potential for significantly increas-

ing the systems’ resonant frequency due to stiff pole mag-

nets located in series with the magnetostrictive element.

Typical permanent magnet materials currently in use are

Alnico V, samarium–cobalt, and neodymium–iron–boron,

while the magnetic return materials currently used are

laminated steel and ferrites.

Magnetostrictive Tonpilz radiators have been shown to

produce high source level outputs and very high FOMs.

Steel (76) described a Tonpilz transducer in which six

hexagonal cylinders of Terfenol-D are arrayed forming a

tube inside which there is a prestress rod. The transducer

itself is mounted on its central node in such a way that

the magnetostrictive tube and the head mass form a so-

called balanced piston design. The vibration of head and

tail masses is almost symmetrical (with the same velocity

but in opposite directions). The advantage of this design is

that the Terfenol-D tube is isolated from hydrostatic pres-

sure and freed of undesirable shifts in resonant frequency

as a result of changing preloads. However, balanced pis-

ton operation occurs only near resonance, so the device is

a narrow bandwidth transducer.

Hybrid magnetostrictive/piezoelectric transducers de-

signed at the NUWC (Naval Underwater Warfare Center)

(77) are capable of broadband operation by virtue of its dou-

ble resonance configuration. The transducer consists of a

series arrangement of a tail mass, an active driver, a center

mass, a second active driver, and a headmass. Because the

velocities of the piezoelectric and magnetostrictive drivers

are 90◦ out of phase with each other, self-tuning similar to

that in the balanced piston design is obtained. In addition,

the improved coupling coefficient of this device translates

into better acoustic response at even lower frequencies

than in conventional Tonpilz transducers of similar size

and weight.

Meeks and Timme (78) presented a Tonpilz vibrator

consisting of three Terfenol-D rods spaced 120◦ apart,

head and tail masses, and a center rod for mechanical

and magnetic biasing. The transducer was not as pow-

erful as more recent units, but it was useful for demon-

stration of the potential of Terfenol-D for this type of

application.

Claeyssen and Boucher (79) developed a set of mag-

netostrictive transducers capable of very high acoustic

power output. An initial design, called the quadripode,

uses four rods to vibrate the radiating piston at an in-

water resonant frequency of 1200 Hz. A follow-up design,

named quadripode II, has better effective coupling and

broader operational bandwidth, thanks to modifications in

the headmass and prestress rod. Both transducers feature

a forced cooling device. A transducer based on three rods

instead of four, called Tripode, was also developed that pro-

duces twice the power output as the four-rod transducers

(3.8 versus 1.6 kW), packed in less than half the volume

(2.2×104 cm3 versus 5.1×104 cm3). Hydrostatic compensa-

tion permits deep submersion up to 300 m. The source

level of the Tripode device at resonance (1.2 kHz) is 209 dB

(Ref. 1 µPa at 1 m), and the FOM is 24 J∕m3 (63). Another

design is the double-ended vibrator; a radiating piston re-

places the tail mass so that the transducer is symmetric

around its midpoint. This transducer competes favorably

against the flextensional in the 300 Hz range because of its

simpler, cheaper design, the lack of fatigue-related prob-

lems, and the lower voltages required for operation. More

details on this device can be found in Reference 63 and 79.

Piston-type magnetostrictive transducers genearate

limited strokes. Chakrabarti and Dapino (80,81) imple-

mented a compact and simple displacement amplifier that

operates on the principle of fluid amplification. This design

was demonstrated for vehicle mount actuators, achieving

a 2 mm stroke up to 200 Hz, but it is applicable to high-

power sonar.

Ring Actuators . Ring transducers employ the radial vi-

brations of tubes or plates. This concept was first developed

in the late 1920s (44). The interest in ring transducers

during those early days was based on the ruggedness and

lower cost compared to other available transducer tech-

nologies. One example of those early magnetostrictive de-

vices is the radially vibrating cylinder patented by Hayes

in 1935 (82).

The ring transducer concept was extensively re-

searched, not only with magnetostrictive materials as the
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Figure 11. Typical magnetostrictive transducers. (a) Tonpilz actuator. (b) Ring actuator.

active driver but also with piezoelectric ceramics (83).

Today, the better coupling factor and lower elastic mod-

ulus of the rare earth–iron alloys gives these materials an

edge over conventional piezoelectrics.

For instance, the square ring transducer (84) can gen-

erate either omnidirectional or directional sound propaga-

tion at low frequencies. Four Terfenol-D rods are arranged

forming a square; the radiating surface consists of four

curved pistons attached to each corner of the square, as

shown in Figure 11b. A similar principle was utilized in

the octagonal ring transducer discussed in Reference 85.

The dipole mode is accomplished by switching the mag-

netic bias on two of the rods and maintaining a constant

direction of the AC magnetic field on all four rods. This

feature translates into a transducer having two effective

resonant frequencies and Q values, one for each mode of

operation.

5.4. Motion/Force Generation Devices

There is growing interest in the use of magnetostrictive

devices as a source for motion and/or structural forces.

A variety of magnetostrictive motors have been designed,

with the objective of providing accurate actuation at a

given force rating over a range of operating frequencies.

Conventional electromagnetic and hydraulic devices are

commonly used in combination with gear boxes for mo-

tion conversion, and as a result are prone to mechanical

play and bulkiness. Magnetostrictive motors produce out-

puts comparable to many conventional systems without

the need for a gearbox interface, thereby avoiding many of

the added system design issues (mass, volume, wear, play,

backlash, etc.).

In this section we classify magnetostrictive motors as

linear rotational, or bending depending on the type of mo-

tion provided by the device.

Linear Motors. The simplest type of linear motion de-

vice, a piston actuator, was presented in Figure 1. Piston

devices output mechanical strains and forces over band-

widths from DC to over 5 kHz. Piston actuators have been

employed in a variety of applications, ranging from lin-

ear positioners and control of valves to achieving active

vibration control in structures in single-ended configura-

tions (86–89) and as active struts in double-ended config-

urations (90). The stroke of these devices is limited to the

strain of the magnetostrictive driver element. The stroke

can be increased by going to a longer device or using any of

a variety of simple motion amplification devices, with the

drawback of introducing play.

Magnetostrictive motors capable of displacement

strokes greater than the core saturation strain include

the elastic wave motor (EWM), or Kiesewetter motor (91).

The EWM consists of a cylindrical Terfenol-D rod moving

in inchworm-like fashion inside a stator tube (Figure 12).

The magnetostrictive core is snugly placed inside the sta-

tor tube; the stator is in turn surrounded by several short

coils located along its length. As the first coil is energized,

the magnetostrictive element lengthens locally, while its

diameter decreases by virtue of the volume invariance of

the magnetostrictive effect. When the field is removed,

the rod clamps itself again inside the tube. By energiz-

ing the coils sequentially along the length of the stator, it

is possible to induce a displacement � per cycling of the

coils as indicated in Figure 12. The step � can be adjusted

by varying the magnetic field intensity generated by the

coils. The speed of the motor is regulated by the speed at

which the coils are energized and by the shielding effects of

eddy currents. Normally, the coils are excited with a sin-

gle traveling pulse, but increased speed can be achieved

by multiple-pulse excitation. Reversal of the direction of

motion is achieved by reversing either the bias polariza-

tion or the direction of the traveling pulse. The device load

handling rating is constrained by either the interference

forces generated between the core and the stator tube or

the blocked force capability associated with core elonga-

tion. A prototype designed for use in the paper industry

develops 1000 N of force, 200 mm of stroke, and 20 mm/s
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Figure 12. Principle of operation of the Kiesewetter inchworm

motor. Energized solenoids are marked in black; passive solenoids

are white.

speeds (92). Other areas of application for this device are

valve control and precision positioners. The EWM has also

been utilized for active control of the profile of aircraft

wings. The proof-of-concept device in Reference 93 facil-

itates fuel savings in aircrafts of 3–6%, by changing the

profile of the “smart trailing edge” at speeds of 0.4 mm/s

and strokes of 25.4 mm.

A variant of the inchworm principle uses fixed-position

and translating transducer elements to simultaneously

clamp and unclamp adjacent sections of a load shaft (Fig-

ure 13). When the translating clamps are engaged, pusher

transducers are actuated to move the translating clamps

from their resting position. When the fixed position clamps

are engaged, the pusher elements return the (now un-

clamped) translating elements to their resting position.

The fixed position clamps maintain the load shaft position

during the return portion of the translating clamps’ mo-

Load shaft

Pusher transducer

Fixed position 

clamps

Translating 

clamps

d

Pusher transducer

Figure 13. Principle of operation of the discrete inchworm actu-

ator.

tion cycle. By sequential clamping and unclamping, bidi-

rectional linear motion of the load shaft is induced as il-

lustrated in Figure 13. The device load handling rating is

constrained by either the clamping forces generated be-

tween the load shaft and clamping transducer elements or

by the blocked force capability associated with the pusher

transducers.

The design of Figure 13 is often implemented utilizing

piezoelectric clamps and magnetostrictive pusher trans-

ducers, or vice versa. The resulting hybrid device presents

a resonant RCL load to the supply amplifier(s). The re-

duced reactive power load helps to simplify the amplifier

design. The 180◦ phase lag between the piezoelectric stacks

and the 90◦ phase lag between the inductor current and

the capacitor voltage provide natural timing for the clamp-

ing, unclamping, and linear motion actions. A prototype

(95) achieves a stall load of 115 N and no-load speeds of

25.4 mm/s. A similar idea (96) uses a magnetostrictive bar

as a load shaft, allowing a very compact design. When used

in conjunction with a dedicated switching power drive, the

predicted speed of the motor is 7.8 mm/s at a frequency

of 650 Hz and force of 130 N. Other examples of linear

magnetostrictive motors are the push–ends of the slider

rapidly shrink towardspull actuator by Kvarnsjo and En-

gdahl (97), the oscillating level actuator by Cedell et al.

(24), and the broadband shaker by Hall (41).

Zhang et al.(94) proposed a new driving strategy for mi-

crorobotics that achieves long stroke and fine positioning

resolution without implementing large numbers of coils or

complicated clamping mechanisms (Figure 14). The inter-

play of inertia and frictional forces propels the slider along

the stator pipe, as shown in Figure 15. A sawtooth wave

current energizes the coils wound around the Galfenol el-

ement. As the driving current slowly increases, the fric-

tion force between the stator pipe and the slider dom-

inates; the right mover slowly elongates while the fric-

tional part remains clamped. When the driving current is

abruptly shut down, the inertia of the slider dominates,

such that both ends of the slider rapidly shrink toward the

center (slippage effect). Continuous movement is achieved

by repeating this operation, and inverse movement can

be achieved by changing the current direction. This linear
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Figure 14. Configuration of Galfenol linear motor for microrobots. (Reprinted with permission from Reference 94. Copyright 2009,

Elsevier.)
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Figure 15. Schematic structure and propelling principle of linear

Galfenol motor.

motor achieves amaximum speed of 0.56mm/s for a 1 kHz,

0.15 A sawtooth driving current (94).

Rotational Motors. The magnetostrictive principle has

been employed in rotational motors as well. Several ar-

eas such as the aerospace and automotive industries ben-

efit from the higher controllability of the “smart material”

motors compared to conventional hydraulic or electromag-

netic devices. In particular, there is a need for high-torque,

low-speedmotors, in which the inchworm technique is par-

ticularly suitable. A device having these characteristics,

capable of a maximum torque of 3 N ⋅ m and speed of 3◦/s,

was presented by Akutsu (98). An inchworm prototype was

presented by Vranish et al. (99), a design capable of very

high torque of 12 N ⋅ m at speeds of 0.5 rpm and precision

microsteps of 800 µrad. Despite the great positioning accu-

racy and high holding torques, to date the inchworm-type

devices sometimes lack in efficiency. To overcome this, a

resonant rotational motor based on a multimode stator

has been proposed by Claeyssen et al. (100). Two linear

Terfenol-D actuators are used to induce elliptic vibrations

on a circular ring (stator), which in turn transmits rota-

Figure 16. Modes of vibration of the rotational motor of

Cleayssen et al. (100).

tional motion to two rotors pressed against the ring (Fig-

ure 16). The prototype did not achieve the expected defi-

ciencies, but at 2 N ⋅ m of torque and speeds of 100◦/s, the

potential of this idea has been demonstrated.

Ueno et al. (101) proposed a new Galfenol-based minia-

turemotor, as shown in Figure 17, consisting of four square

Galfenol rods with wound coils, a permanent magnet, and

a spherical rotor (iron ball). The permanentmagnet located

in the center is used to provide a DC bias magnetic field

and to hold the rotor to the edges of the rods. The principle

of the rotational movement is similar to the linear mi-

cromotor illustrated in Figure 15. Two sawtooth currents

with a 180◦ phase difference are applied to a pair of oppos-

ing coils (see in Figure 17b). As the driving current slowly
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Figure 17. (a) Miniature spherical motor (101). (b) Magnetic flux path and rotor positions at no driving current (top), and current of 180◦

flowing to opposing coils (bottom). (Reprinted with permission from Reference 94. Copyright 2009, Elsevier.)

increases, the top coil generates a magnetic field acting

along with the dc bias, and thus the Galfenol rod on the top

expands. The Galfenol on the bottom reciprocally shrinks,

since the coil-induced magnetic field acts against the DC

bias. The friction force rotates the rotor counter clockwise.

When the driving current suddenly drops to 0, both rods

rapidly return to their original shapes, but the rotor stays

in position due to the slippage effect between the iron ball

and the rods. Similarly, the rotor can rotate into or out of

plane by controlling the other pair of opposing coils. This

rotationalmotor with two degrees of freedom is able to gen-

erate an angular velocity of 35◦/s and amaximum torque of

0.2 mN m.

A proof-of-concept hybrid magnetostrictive/

piezoelectric rotational motor is illustrated in Fig-

ure 18 (102). A piezoelectric stack clamps a piece of

friction material onto the rotating disk, while two magne-

tostrictive rods move the clamp tangentially to the disk to

achieve rotational motion. The direction of induced motion

is bidirectional, determined by the direction of excitation

of the oppositely connected driving solenoids. Once again,

the inductive and capacitive nature of the transducer’s

electrical impedance is used to minimize the reactive

power requirement on the power amplifiers, and the

timing is naturally determined by the time lag between

inductors and capacitors. Thus, operation near electrical

resonance is ultimately desired. This design has been

shown to achieve near 4 rpm at excitation frequencies

between 650 and 750 Hz and voltages between 30 and

40 V.

Bending Actuators. Because Terfenol-D is brittle and

can bear little tensile or torsional load, the material has

been embedded into flexible matrices to enable bending

actuators (103). A disadvantage of this approach is that

magnetomechanical coupling property differs from the

monolithic layer and depends heavily on the prestress and

Magnetostrictive

rod

Magnetostrictive

rod

Piezoelectric

stack

Clamp

Steel disk

Figure 18. Hybrid piezoelectric and magnetostrictive rotational

motor (102).

particle orientations in the resin, which are difficult to

measure. Galfenol has high mechanical strength, and thus

can be directly machined as beams or sheets that toler-

ate significant tensile and shear stresses. Shu et al. (104)

and Chakrabarti and Dapino (105) developed a unimorph

beam structure that consists of a thin active Galfenol layer

bonded to a passive nonmagnetic stainless steel layer. The

Galfenol layer (polycrystalline Fe81.6Ga18.4) tends to elon-

gate along the magnetic field direction, while the passive

layer (nonmagnetic 316 stainless steel) restricts the defor-

mation of the Galfenol layer, thus inducing bending of the

tip. Both the resin with sparse Terfenol-D particles and

the Galfenol sheet can be bonded to structures to actively

compensate for structural vibration (106).

5.5. Ultrasonic Devices

Ultrasonics is the science of acoustic waves with frequency

above the human audible range, nominally above about

20 kHz. This definition is somewhat arbitrary, since most
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sound propagation phenomena behave the same at sonic

and ultrasonic frequencies. However, the distinct features

of ultrasonic devices merit a separate study from other

types of transducers. For instance, a challenge in the gen-

eration of airborne ultrasound is the difficulty associated

with coupling the energy generated by the electroacoustic

device into the medium due to the large impedance ra-

tio mismatches between the transducer and the medium

(on the order of 10−5). At very high frequencies in the

megahertz range, ultrasonic energy can be concentrated

by shaping a thin-film transducer into a bowl shape. The

center of curvature represents the energy focus. An alter-

native way, usually employed at frequencies in the tens

of kilohertz range, is by using a half-wavelength metal

horn (the length of the horn is one-half the wavelength

of elastic waves at the transducer’s resonant frequency).

The tapered shape of the horn produces an increase in the

displacement, velocity, and pressure amplitudes, as illus-

trated in Figure 19 (107). Note that each profile has its

own modal characteristics, thus the right shape must be

carefully chosen for a given application.

Traditionally, the most common magnetostrictive ma-

terials used for ultrasonic applications were pure nickel

and iron–cobalt alloys, such as Permendur (49% iron,

49% cobalt, 2% vanadium). The magnetostrictive mate-

rial is shaped so that good closure of the magnetic flux

is achieved, and several laminates of the material are

stacked together to minimize eddy current losses. The

power losses due to eddy currents are proportional to the

square of the operating frequency, so at ultrasonic regimes

their significance is high. The material is as usual driven

with solenoids. These transducers are normally operated

at the half-wave fundamental frequency, which means

there is a node in the center plane of the magnetostric-

tive element. This plane, where no motion is produced,

is used as a mounting point for the transducer assembly.

Alternatively, an elastic mount can be used as shown in

Figure 20 (108).

Devices similar to that of Figure 20, with or without

a coupling horn are being used in diverse applications

such as cleaning of intricate or hard-to-reach parts,

emulsification and homogenization of immiscible liquids,

atomization of liquids or inks, particle agglomeration,

degassing of liquids, catalysis of chemical reactions,

machining, welding of plastics and metals, medical

therapy and surgery, metal casting, dispersion of solids

in liquids, and foam control (109–112). The underlying

principle behind each of these processes can be related

to cavitation effects, heat generation, mechanical ef-

fects, diffusion, stirring, and chemical effects. Of these

effects, cavitation is perhaps the one that plays an

integral role in most processes. As the sound wave

propagates within the medium, individual particles are

alternatively subjected to compression and refraction,

although their relative positions do not change. For large

sound wave amplitudes, the magnitude of the negative

pressure in the rarefaction areas, associated with the

low-pressure half-cycle of vibration of the transducer,

produces micrometer-size gaseous cavities to be formed.

These cavitation bubbles grow until an unstable state is

reached during the high-pressure half-cycle of operation,

Figure 19. Geometry, velocity, and stress profiles of horns for

amplifying the displacement output of ultrasonic transducers. (a)

Stepped. (b) Conical. (c) Exponential. (d) Catenoidal. (e) Fourier

(107). (Reproduced with permission, copyright © John Wiley &

Sons.)
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Figure 20. (a) Ultrasonic transducer with coupling exponential

horn (108). (b) Laminates used to build a ultrasonic magnetostric-

tive stack.

in which the bubbles collapse giving rise to huge pressure

gradients as the liquid rushing from opposite sides of the

bubble collides. The implosion event generates a microjet

that impinges at high velocity on the surface to be cleaned.

It has been calculated that locally the pressure rises to

about 10 ksi, with an accompanying temperature rise of

about 10, 000 K (109). The combination of high speeds,

pressure, and temperature, together with conventional

cleaning agents, frees contaminants from their bonds with

the surface.

Magnetostrictive transducers utilizing nickel as the

active element are currently used for industrial clean-

ing and degassing of liquids, at operating frequencies of

20–50 kHz (Blue Wave Ultrasonics, PMR Systems, Pillar

Power Sonics). For dental and jewelry applications, the op-

erating frequencies exceed 50 kHz. Although piezoelectric

transducers are sometimes preferred for megahertz-range

ultrasonic generation, the ruggedness and durability of

magnetostrictive devices constitutes a very desirable char-

acteristic. In addition, magnetostrictive materials do not

need to be repolarized when accidentally heated beyond

the Curie point, as is the case with piezoelectrics.

Details on ultrasonic half- and quarter-wave prototype

transducers using a GMPC (giant magnetostrictive pow-

der composite) material can be found in Reference 24.

The half-wavelength unit was tested for liquid atomiza-

tion, whereas the quarter-wavelength unit was used for

ultrasonic washing and, when coupled to a 10:1 horn, for

welding of plastics and cutting of wood.

Both nickel and PZT materials are “high-�” materi-

als, that is, their characteristic response exhibits a sharp

peak at resonance, providing a very narrow range of fre-

quencies over which the material is capable of transduc-

ing large amounts of energy. The output and efficiency

decrease drastically at operating frequencies away from

the fundamental resonant frequency. This effect can prove

Driver bDriver a

Rotating

shaft
Tip motion

Figure 21. Terfenol-D ultrasonic rotational motor. (after Refer-

ence 98.)

very limiting in applicationswhere the system resonance is

prone to varying, such as due to load changes. On the other

hand, Terfenol-D is a low-� (� ≤ 20) material and hence it

overcomesmuch of the bandwidth limitations of nickel and

PZTs. Hansen reports (110) current progress in Terfenol-

D-driven ultrasonic transducers for surgical applications

(348 µm displacement at 1 MHz), and for degassing of liq-

uids for the bottling industry. Ultrasonic welding and en-

graving using Terfenol-D are also being studied. A 15 kW,

20 kHz ultrasonic projector is currently being developed in

an Etrema-NIST research effort (113). The projected areas

of applicability of the device are devulcanization of rubber

for recycling, catalysis of chemical reactions, and ultra-

sonic treatment of seeds to improve yield and germination

efficiency.

Another field of high research and commercial interest

is that of ultrasonic motors. The use of ultrasonic motors

is being extensively explored in robotics, aerospace, auto-

motive, and consumer applications. One visible example at

the consumer level is the ring-type ultrasonic motor used

for autofocusing camera lenses. Many kinds of ultrasonic

motors have been developed, but two main categories can

be distinguished (114): the vibrating driver type, and the

progressive wave type. The vibrating driver uses the ellip-

tical motion of a PZT driver, whereas the progressive wave

motor uses the frictional force between the PZT driver and

translator. Either type presents attractive features such as

fine controllability, good efficiency, and compact size. How-

ever, the driving force is restricted by the friction gener-

ated between the moving surfaces, and most importantly,

by the shearing strength of the PZT. To overcome these

limitations, Akutsu (98) developed a rotational actuator

using Terfenol-D to achieve large amplitude elliptical vi-

brations, high torque, and fine angular controllability. The

motor, illustrated in Figure 21, has a speed of 13.1 rpm,

and maximum torque of 0.29 N ⋅m at a rotational speed of

1300 Hz.

It has been shown (115) that it is feasible to produce re-

motely powered and controlled standing wave ultrasonic

motors (SWUMs) using thin-film rare earth–iron alloys.

The motor is completely wireless, and the excitation coil

can be placed away from the active rotor. This represents

a unique feature, not possible to achieve with piezoelec-

tric technology, which can be used for intrabody distri-

bution of medication, micropositioning of optical compo-

nents, and actuation of small systems such as valves,
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electrical switches, and relays. A linear motor with these

characteristics producing speeds of 10–20 mm/s and a ro-

tational unit producing 1.6 µN⋅m of torque at 30 rpm were

built.

5.6. Other Actuator Applications

A number of additional applications take advantage of the

relatively large strains and force characteristics of magne-

tostrictive materials: wire bonding clamp for the semicon-

ductor packaging industry (119); dexterous force reflection

device for telemanipulation applications (120); hearing aid

device based on the generation of low amplitude vibrations

to bone, teeth, and similar hard tissue using Terfenol-D

(121); magnetostrictive borehole seismic source (122); sys-

tem for high-frequency, high-cycle fatigue testing of ad-

vanced materials using a magnetostrictive actuator (123);

and magnetostrictive fuel injection valve (24). A review of

additional actuators is given by Restorff (124).

In addition to position or force control, magnetostric-

tive actuators can be used to take advantage of the mod-

ulus change of these materials due to magnetic domain

rotation, known as the Delta-E effect (125,126). Scheidler

et al. (128) experimentally proved that the Young’s modu-

lus of Galfenol (polycrystalline Fe81.6Ga18.4) varies with re-

spect to both applied magnetic field and stress. The Delta-

E effect can be used in structural stiffness tuning and

vibration isolation. Scheidler and Dapino (127) utilized

ultrasonic additive manufacturing to embed a Galfenol

sheet into a passive aluminum matrix. The bending stiff-

ness of the Galfenol–aluminum composite can vary by

49% by controlling the magnetic field through the Galfenol

sheet (127).

6. MAGNETOSTRICTIVE SENSOR APPLICATIONS

Magnetostrictive sensors rely on changes in magnetoelas-

tic properties to convert the change in a physical param-

eter into an electrical signal that can be processed and

transmitted. Position, torque, force, magnetic field, and

other physical properties can be detected with these mate-

rials.

6.1. Sensing Effects

Magnetostrictive sensors can be divided into three groups

based on how themagnetomechanical properties of the sys-

tem components are used to measure the parameters of in-

terest: (i) passive sensors, (ii) active sensors, and (iii) com-

bined sensors. Passive sensors rely on the material’s abil-

ity to change as a result of environmental stimuli to make

measurements of interest. Passive sensors use the magne-

tomechanical effect such as the Villari effect to measure

external load, force, pressure, vibration, and flow rates.

Active sensors use an internal excitation of the magne-

tostrictive core to facilitate the measurement of core at-

tributes that change in response to an external property.

For example, the magnetic permeability of Terfenol-D is

sensitive to temperature. With suitable calibration, tem-

perature can be determined by measuring changes in the

strain produced through excitation of a Terfenol-D sample

with a known applied magnetic field.

Designs that employ two coils, one to excite the mag-

netostrictive component and one for measurement, are

known as transformer-type sensors. The most common

active sensors are the noncontact torque sensors. These

sensors employ variations on a general theme of using a

magnetostrictive wire, thin film, or ribbonwrapped around

or near the specimen that is subject to a torque. The change

in the magnetic induction can then be related to the torque

acting on the specimen.

Finally, combined sensors that use Terfenol-D as an

active element to excite or change another material have

been developed. They will allow measurement of the prop-

erty of interest. For example, a fiber optic magnetic field

sensor uses the change in length of a magnetostrictive ele-

ment in the presence of a magnetic field to change the opti-

cal path length of a fiber optic sensor. There are numerous

examples of combined sensors, including those to measure

current, shock (percussion) and stress, frost, proximity,

and touch. Stress can be measured using photoelastic ma-

terial, and highly accurate displacement measurements

can be made with the help of a magnetostrictive guide.

Fiber optics and diode lasers have been used with mag-

netostrictive elements to measure magnetic flux density

(magnetometers) (122). Magnetostrictive sensors often re-

quire pickup coils to generate an electrical signal from

magnetic flux density variation. Recent studies presented

bonded laminated Terfenol-D to piezoelectric layers and

created magnetoelectric materials that can directly con-

vert stress in themagnetostrictivematerials to electric sig-

nals (129). NDE (nondestructive evaluation) applications

have also been developed, such as a corrosion sensor for

surveying insulated pipes. Applications are discussed later

in terms of the measured property or quantity: torque,

magnetic field, damage/corrosion, motion, force, and mis-

cellaneous characteristics.

6.2. Torque Sensors

Torque measurement is needed in a variety of applica-

tions and industries, including the automotive industry

and high-speed machining. Magnetostrictive torque sen-

sors are traditionally based on the inverse magnetostric-

tive effect (Villari effect), where a torque-induced change

in stress in the target causes a change in the magneti-

zation of a magnetostrictive element in the sensor–target

system. This change in magnetization can be measured di-

rectly (passive) or as a change in permeability with active

excitation (active). A thorough overview of torque sensor

technology, focusing on magnetostrictive torque sensors,

is given in Reference 130.

Noncontact Torque Sensors. A practical torque sensor

configuration is the noncontact torque sensor. The change

in stress in a ferromagnetic shaft is measured by detect-

ing the change in permeability of a ferromagnetic element

flux linked to the shaft. Figure 22 shows the basic de-

sign components, which include a C-shaped ferromagnetic

core with an excitation coil and a detection coil. Two vari-

ables in the sensor system are the excitation coil current
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Figure 22. Noncontact torque sensor with excitation and detec-

tion coils around the legs of a C-shaped ferromagnetic core (54).

� and the air gap between the shaft target and the sensor

core. Noncontact torque sensors are advantageous because

implementation is simple and fast. The system is stable,

accurate, and sensitive. Fleming studied various proper-

ties of these sensors, including nonlinearities caused by

sensor element properties, the effects of magnetic satura-

tion, and excitation frequency (131).

Thin-Film Torque Sensors. An alternative torque sensor

configuration is to apply the magnetostrictive material di-

rectly to the target. This idea was developed by Yamasaki,

Mohri, and their collaborators, who used a wire explosion

spraying technique to adhere thin layers of Ni, Fe–Ni,

and Fe–Co–Ni to shafts (132). In this method, the con-

ductive wire is exploded at a high temperature into fine

particles that adhere strongly to the shaft. The wire ex-

plosion technique results in a sufficiently strong adhesion,

which they report increased sensor reliability relative to

competing technologies that rely on epoxies to fix magne-

tostrictive material to a surface. When the shaft is twisted,

stress in the film causes a change in its magnetization-

applied magnetic field hysteresis loop. When two such

regions of magnetostrictive material are surrounded by

coils connected in a multivibrator bridge circuit (133)

a change in voltage caused by a change in the torque

can be detected. A linear, nonhysteretic relationship be-

tween the bridge circuit output voltage and the torque

was obtained, with Ni and Fe42–Ni58 providing the greatest

sensitivity.

A second system using a 300 µm thick Ni layer applied

by plasma jet spraying was investigated by Sasada et al.

(134). The instantaneous torque on a rotating shaft was

related to the magnetic circuit permeability measured us-

ing a pair of U-shaped magnetic heads positioned at ±45◦

from the shaft axis. The sensitivity of the measurements

to the air gap between the shaft and the magnetic heads

was examined, and a self-compensating method was pre-

sented. A relatively linear sensitivity of 500 V/(Nm) with

little hysteresis was measured. In addition, the output re-

sponse of the sensor was found to be nearly independent

of the rotational frequency.

Bonding a thin ring of circumferentially polarized mag-

netostrictive material creates a near-perfect linear mag-

netic field with respect to input torsional stress (135).

Garshelis and Conto (136) attached two magnetostrictive

rings whose polarization directions are opposite to improve

Sensing coils

Bobbin

Excitation coil Torque
Torque

Figure 23. Noncontact measurement of torque on drill employ-

ing one excitation coil and two sensing coils one over the shank

and one over the flutes (139).

sensitivity. Galfenol has higher magnetomechanical cou-

pling thanNi or Ni alloys and thus greater potential torque

sensing. Mahadevan (137) and Dapino hot formed a poly-

crystalline Galfenol sheet to a ring, where the magnetic

domains initially have no preferred moment orientations.

The ring-shaped Galfenol strip was bonded to a shaft using

strain gauge adhesive. The varying permeability induced

by torsional stress was measured by a fluxgate that con-

sists of a driving coil and sensing coils. The maximum

sensitivity achieved is ≈6.25 µV/µ�.

Sensor Shafts. These applications are examples of tak-

ing advantage of the magnetostrictive effects of the

target material itself. In the first example, the in-process

detection of the working torque on a drill bit is related to

the drill permeability. An excitation coil surrounds part

of the drill including the shank and the flutes, as shown

in Figure 23 (138). Two sensing coils, one positioned over

the flutes and one over the shank, are connected in se-

ries opposition allowing the measurement of the perme-

ability. The permeability of the shank is less sensitive to

changes in torque than the flutes, and the difference in the

output voltages of the two coils changes in proportion to

the applied torque. In the second example, a sensor shaft

wasmade of Cr–Mo steel suitable for automobile transmis-

sion applications. Two grooved sections are surrounded by

coils, which are configured in an AC bridge circuit. When

torque is applied to the shaft, the Villari effect results in

a change in impedance measured by the bridge. According

to Shimada, this sensor design is robust with respect to

temperature (139).

6.3. Motion Sensors

Bidirectional Magnetostrictive Transducers. The exis-

tence of the Villari effect makes it possible for a mag-

netostrictive transducer, such as those described in the

sonar and motion/force device sections to have two modes

of operation: transferring magnetic energy to mechani-

cal energy (actuation) and transferring mechanical energy

to magnetic energy (sensing). As with many other trans-

ducer technologies such as electromagnetic (moving coils)

and piezoelectricity, magnetostrictive transduction is re-

ciprocal and a transducer has the ability to both actuate

and sense simultaneously. Applications such as the tele-

phone and scanning sonar use this dual mode. For exam-

ple, Terfenol-D sonar transducers can be used as either a

transmitter or a receiver or both at the same time. An-

other potential use of dual-mode operation is in active
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vibration and noise control. One transducer can be used

to sense deleterious structural vibrations and provide the

actuation force to suppress them. This approach to active

control provides what is called colocated sensing and actu-

ation, which aids in ensuring control system stability. Self-

sensing control uses the sensed signal in a feedback loop

to drive the transducer. Numerous papers have described

systems based on this effect and shown its effectiveness

(90,140,141).

Fenn andGerver (142) have developed, tested, andmod-

eled a velocity sensor based on a permanentmagnet-biased

Terfenol-D actuator. The output from the device was a volt-

age induced in a coil surrounding the monolithic Terfenol-

D core, whichwas proportional to the time rate of change of

the strain in the Terfenol-D core and ultimately the veloc-

ity of the connected target. Peak sensitivities of 183 Vs/m

were seen when the coil was left open. In addition, the coil

could be shunted to provide passive damping capability,

and the voltage proportional to the target velocity could be

monitored across the shunt resistor.

Noncontact Magnetostrictive Strain Sensors. Noncontact

magnetostrictive strain sensors (NMASSs) use the mag-

netic field to couple the straining target to the sensing ele-

ment. A noncontact system has several advantages (143).

First, it is a noninvasive technique; that is, it does not

require mechanical bonding to the target. This is a sig-

nificant advantage for measuring strain of rotating tar-

gets. Second, the sensor can be moved to measure strain

at different points easily and quickly, perhaps providing a

three-dimensional strain-mapping capability. Finally, this

sensor is rugged, with good sensitivity and overload capac-

ity. Figure 22 shows the general configuration of the sensor

(143) with the C-shaped ferromagnetic sensor core wound

with an excitation and sensing coil. The flux path crosses

the air gap to the target. Because of the magnetoelastic

effect, strain in the target causes a change in the magnetic

circuit permeability, which will be seen as a change in the

sensed voltage. This sensor configuration has also been

used to measure torque in shafts because the principal

strains are 45◦ from the shaft axis.

The system discussed above utilizes the magnetoelastic

coupling of the target itself to achieve noncontact strain

measurement. For other nonmagnetic targets such as alu-

minum, a strain gauge made from strips of Metglass

2605SC has been developed by Wun-Fogle et al. (146). The

permeability of the ribbons decreased in tension and in-

creased in compression. The ribbons were prepared by an-

nealing in a transverse 2.6 kOemagnetic field at 390 ◦C for

10 min and then rapidly cooled in a saturation magnetic

field. To maintain their high sensitivity, the ribbons must

be strongly bonded to the target in an initially stress-free

condition. A highly viscous liquid bond was found to bond

the ribbons to the target adequately, although it did result

in a loss of DC response. For experimental verification, two

ribbons were placed on the top and bottom of a beam and

surrounded by two coils connected in opposition. The rib-

bons were excited by an external magnetic field of 1 kHz.

The net voltage in the coil system was related to changes

in permeability and, hence changes in strain of the rib-

bons. The strain measurement system resulted in a figure
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Figure 24. Magnetostrictive waveguide position sensor (130).

of merit, given by �� = (��∕��)∕�, of 4×105, which com-

pares favorably with conventional strain gauges. It was

found that strains on the order of 10−9 could be measured

at 0.05 Hz.

Magnetostrictive Position Sensors. Magnetostrictive

waveguide position sensors detect the position of a

permanent magnet connected to the target, which is free

to move along the length of a magnetostrictive waveguide.

An emitter is used to send a current pulse continuously

through the waveguide, which produces a circumferential

magnetic field. This combined with the longitudinal

magnetic field produced by the permanent magnet results

in a helical magnetic field.

The Wiedemann effect described earlier then results

in a torsional strain pulse; the triggered torsional acous-

tic wave travels at the speed of sound in both direction

away from the permanent magnet along the waveguide.

One end of the waveguide is fitted with a receiver; at the

other end, a damper attenuates the acoustic wave so that

it will not reflect back corrupting the signal at the receiver

and avoiding the development of standing waves. The re-

ceiver measures the time lapse between the current pulse

and the acoustic wave, which is related to the distance

between the receiver and the permanent magnetic/target.

The acoustic wave can be measured by the change in per-

meability resulting from the strain pulse in the waveguide.

In Figure 24, the receiver, or pick-up element, is shown as

a magnetostrictive ribbon welded to the waveguide that

converts the torsional pulse to a longitudinal elastic pulse.

The permeability of the ribbon, which changes as a result

of the elastic pulse, is monitored via Faraday’s Law with

a coil wrapped around the ribbon. A piezoelectric element

can also be used as the receiver to measure the acoustic

wave.

Several versions of this sensor are available commer-

cially and discussed in the literature. Nyce (144) describes

in detail the operation of MTS model LP. Current pulses

with frequencies between 10 Hz and 10 kHz provide the

excitation. The sensor performance is considered as a

function of the magnetostrictive waveguide material (high

magnetostriction, low attenuation, and temperature sta-

bility are desired) and geometry. Lucas Control System

Products (the United Kingdom and the United States) has

developed the MagneRule Plus, a compact position sensor

formeasurements up to 120 in. (305 cm)with high linearity

and repeatability. In addition, it can measure fluid levels

by connecting the permanent magnet to a float, which is
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Figure 25. Magnetostrictive delay line with active core con-

nected to target, pulsed current conductor, receiving coil, and

point of origin (PO) for acoustic stress (108).

then placed in the fluid to be monitored. Finally, Equipel

(France) manufactures and sells Captosonic position sen-

sors capable ofmeasuring distances up to 50mwith±1mm

accuracy (145).

Magnetostrictive waveguide sensors measure position

at the millimeter scale over a range of meters. On the

other hand,magnetostrictive delay lines (MDLs), as shown

in Figure 25, are able to detect position change at the mi-

crometer scale within a narrow range. An acoustic pulse

is propagated through the magnetostrictive delay line and

detected by a receiving unit. A current pulse through a

conductor (PCC) orthogonal to the magnetostrictive delay

line (MDL) generates a pulsed magnetic field in the MDL,

which generates an elastic wave (see Figure 25). An active

core of soft magnetic material, placed near the PCC, is con-

nected to the target and is free tomove relative to theMDL.

The magnetic pulse and hence elastic wave generated in

the MDL is sensitive to the magnetic coupling between

the active core and MDL. As the target and active core

move away from the MDL, the magnetic coupling between

the PCC and MDL increases, so the magnetic pulse and

elastic wave in the MDL increases in strength. The out-

put to the sensor is the pulse generated in the receiving

unit coil (RC) as described by Faraday’s law. The output

voltage induced in the RC is sensitive to the gap distance

between the MDL and active core; for MDL–active core,

displacement is less than 2 mm. Most importantly, the

output is fairly linear and anhysteretic with respect to the

MDL—active core displacement. Sensitivities of 10 µV∕µm

have been reported using 24 µm thick Metglas 2605SC

amorphous ribbon as the MDL (108). Permanent magnets

were also used to maximize the generation of the acous-

tic pulse and the measured voltage in the RC. Multiple

active core–PCC elements can be used with one MDL to

form an integrated array. This novel aspect of the sensor

system and several active core-–PCC–MDL configurations

are discussed by Hristoforou and Reilly (147). Applications

for this sensor include tactile arrays, digitizers, and struc-

tural deformations.

Angular Speed Sensor and Gyro Sensor. Aminiature gyro

sensor is essential for handheld cameras, navigation sys-

tems, and cellphones to detect rotational motion and track

device orientation. Yoo et al. (148) developed a micro-

gyro sensor based on a Galfenol tuning fork resonator,

as shown in Figure 26. Similar to the Galfenol unimorph

actuator discussed in Section 5.4.3, the left prong (driv-

Figure 26. Configuration of Galfenol gyroscopic sensor (148).

Figure 27. (a) Driving mode. (b) Sensing mode (148).

ing prong) bends in the � − � plane when a driving voltage

�D energizes the left coil. Due to the sympathetic reso-

nance, the right prong (sensing prong) also fluctuates in

the � − � plane at the same frequency, as shown in Fig-

ure 27a. When a rotation around the z-axis starts, the

Coriolis force, which is proportional to the rotation speed,

induces out-of-plane bending (bending in the � − � plane).

This out-of-plane bending creates longitudinal stress vari-

ation, causes flux density variation in the Galfenol stripe

on the sensing prong, and thus creates a voltage signal �s

due to Faraday’s law. Marschner et al. (149) later added

permanent magnets on the tip of each prong to improve

the device’s sensitivity.

6.4. Force Sensors

Magnetostrictive Delay Lines. The magnetostrictive de-

lay line displacement sensor configuration has been mod-

ified to produce a force distribution sensor (150,151). A

force applied directly to the MDL will distort the acoustic

signal by the emitter as described previously. The change

in the acoustic wave measured by a receiver coil is related

to the force applied to the delay line. An experimental

device tested by Hristoforou and Reilly (150) used a Met-

glas 2605SC FeSiBC amorphous ribbon as the delay line
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embedded in a fiberglass channel. The channel bends un-

der an applied force, stressing the MDL. In addition, the

channel ensures that the PCC oriented perpendicular to

the MDL ribbon on the bottom of the channel does not

move relative to the MDL. For a given current, the volt-

age detected by the receiver coil caused by a force F is

proportional to the e−�� , with calibration constant c. Inte-

grated arrays for measuring force can be constructed with

multiple MDL (each with a receiver) and PCC oriented

perpendicularly. The values of multiple forces on the two-

dimensional array can be backed out from the voltages

measured by the receivers.

Magnetostrictive Force Sensor. The magnetic permeabil-

ity of magnetostrictive materials is sensitive to stress in

the material (152,153). This concept has been applied to

force sensors. Kleinke and Uras describe a force sensor

that employs the change in electrical impedance of a coil

that is flux linked to a magnetic circuit to measure the

stress or force acting on a magnetostrictive component in

the magnetic circuit (154). It is similar in construction to

the noncontact magnetostrictive strain sensor discussed

earlier. However, rather than having a C shape, two mag-

netostrictive cores are held in place by rigid end pieces

(see Figure 28). A coil surrounds each core, one of which is

used for excitation and the other for sensing. A constant

amplitude AC is impressed in the excitation coil generat-

ing an oscillating magnetic field. This results in a voltage

in the detection coil with a magnitude proportional to the

time rate of change of flux linking the detection coil. An ap-

plied force on the sensor will cause a strain change in the

magnetostrictive cores resulting in a change in the core

magnetization. In this mode, where the magnetomotive

force is kept constant, a change in the output voltage from

the detection coil is linearly related to the change in force.

In a constant flux operation mode, the excitation current is

allowed to vary in order to maintain a constant detection

coil output voltage. In this case the change in excitation

current is related to the change in force. The configura-

tion shown in Figure 28 was improved by Uras (155) such

that only a single coil was needed to excite the magne-

tostrictive material and to detect the permeability change.

Baudendistel and Turner (156) later embedded the excita-

tion and sensing coils (only one turn for each) in a magne-

tostrictive ring and created a self-inductance force sensor

with reduced measurement noise. Compared with conven-

tional force transducers such as those that employ strain

gauges, this magnetostrictive force sensor is simpler, more

rugged, relatively inexpensive, and employs simpler elec-

tronics. The configuration of magnetostrictive force sen-

sors varies depending on particular application require-

ments. For example, Baudendistel and Turner (156) em-

bedded copper wires in amagnetostrictive ring and created

a self-inductance force sensor to reduce noise.

The magnetostrictive force sensors discussed above re-

quire bulky excitation and detection coils. Day et al. (116)

recently proposed a more compact configuration, which is

shown in Figure 29. A long and thin Galfenol strip mim-

icking mammalian whiskers or vibrissae is constructed

as a cantilever. A permanent magnet attached to the fix-

ture side provides bias magnetic field through the Galfenol
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Figure 28. Magnetostrictive sensor for measuring force, com-

posed of two ferromagnetic cores, one with an excitation coil and

the other with a sensing coil, between two rigid end plates (115).
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Figure 29. Configuration of Galfenol whisker sensors measuring

the flow rate (116).

strip. The mechanical load, for example, the force induced

by flowing water, induces stress variation in the Galfenol

whisker, varies the permeability of Galfenol, and, there-

fore, changes the magnetic field around the hall chip. The

flow rate, which is related to the mechanical load, can thus

be measured from the varying hall chip output. Compared

with Galfenol, aluminum and iron alloys, or Alfenol, is

much cheaper and more flexible while exhibiting moder-

ate magnetostriction (about 176 microstrain) (117). Simi-

lar whisker-type force sensors based on Alfenol have been

validated in experiments (118).

Amorphous Ribbon Sensors. A tensile force sensor based

on the strong Villari effect of amorphous ribbons, such

as Ni-, Fe-, and Co-based alloys, has been described by

Seekircher and Hoffmann (157). A transmitting coil ex-

cites the ribbon, while a pair of detection coils measure

the maximum induction, which is dependent on the stress

as shown in Figure 30. Loads below 4 N were measured

with Co alloy ribbon, 25 µm thick by 3 mmwide with negli-

gible hysteresis. The high Young’s modulus of the ribbons

results in low-displacement sensors, which can be load-

bearing elements. In some cases, temperature compensa-

tion is required.

Numerous torque sensor designs, patents, and litera-

ture are also available. Highly sensitive shock–stress sen-

sors employing iron-rich amorphous ribbons are described

in detail byMohri and Takeuchi (159). A combined torque–

force sensor has also been developed (160). The change

in permeability (or magnetic flux) in a magnetic circuit
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Figure 30. Amorphous ribbon force sensor with one excitation

coil and two receiving coils so that changes in permeability caused

by a force are detected (158).
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Figure 31. Magnetostrictive sensor for characterizing corrosion

andmonitoring ferromagneticmaterials such as pipes and strands

(164).

resulting from strain in an element of the circuit can be

used to measure both torque as described previously and

force.

6.5. Nondestructive Examination (NDE)

Figure 31 shows a noncontact sensor that uses the magne-

tostrictive properties of the target material to excite elas-

tic waves that can be measured and monitored for use in

characterizing the target material properties (161–163).

The system can be used only with ferromagnetic material

that has a magnetoelastic response. The sensor consists

of a transmitting coil (pulse generator, power amplifier,

and bias magnet) surrounding the object, which generates

the mechanical wave via magnetostrictive excitation. A

receiving coil (signal preamplifier, data acquisition hard-

ware, and permanent magnet) located at a distance from

the excitation coil measures the signal produced by the

waves. These signals can be used to characterize the ma-

terial for corrosion, measure stress in strands, and so on.

Signals are generated by changes in the material geome-

try. Experimentation has shown that thewave attenuation

increases with the degree of corrosion. This method has

been used successfully to identify corrosion in strands, re-

inforced bars (including those embedded in cement), water

pipes, and other systems where noninvasive monitoring

techniques are preferred.

Similar concepts have been successfully applied to non-

destructive examination (NDE). Kim and Kim (165) in-

vented a Terfenol-D-based crack detector mounted on the
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Figure 32. Schematic diagram of the Terfenol-D transducer for

shaft damage detection (164).

tip of a rotating shaft, as shown in Figure 32. A current

pulse through the coil energizes the Terfenol-D stack and

generates a longitudinal wave (the incident wave) propa-

gating along the shaft axis. The incident wave is reflected

by any cracks inside the shaft. The reflected wave returns

to the Terfenol-D stack and induces mechanical deforma-

tion, which can be converted to electrical voltage on the

coil. The time difference between the current pulse and

the electrical voltage induced by the reflected wave deter-

mines the location of cracks. Wang et al. (166) replaced the

Terfenol-D stack in Figure 32 with Galfenol and excited

ultrasonic waves instead of impulsive waves inside the

shaft to improve detection accuracy. Since the Terfenol-D

or Galfenol component rotates together with the shaft and

couples wirelessly with the transmitting–receiving coil,

the crack detection procedure is contactless and essentially

takes place in real time.

6.6. Magnetometer

There are numerous designs for magnetic field sensors,

including many that rely on magnetostrictive properties

of component materials. These sensors vary considerably,

in part because they are designed to detect magnetic fields

of different strengths and frequencies (167).

The first magnetometer design, developed by Chung et

al. (168–170), employs a Terfenol-D sample to convert a

magnetic field into a measurable quantity. A Terfenol-D

rod strains in the presence of an AC magnetic field. This

displacement can be measured accurately with a laser in-

terferometer calibrated to output a signal related to the

magnetic field. A DC magnetic bias is used to optimize

the sensitivity of the Terfenol-D strain with magnetic

field, resulting in values of up to 10−6 /G. In addition, the

sensitivity was found to be a function of the mechanical

prestress.

Magnetoelectric composites consisting of laminated

magnetostrictive materials bonded to piezoelectric layers

have been implemented in magnetic field sensing. Dong

et al. (129) presented a ring-shaped magnetoelectric mag-

netic field sensor, illustrated in Figure 33. The magnetic
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Figure 33. Vortex magnetic field sensor (129).

domains in the Terfenol-D rings are oriented circumfer-

entially; the PZT ring is polarized circumferentially. The

Terfenol-D layer strains in the presence of a vortex mag-

netic field. Themechanical deformation is then transferred

to the PZT ring and converted to a voltage signal. Zhai et al.

(171) bonded flexible Metglas with piezoelectric fiber and

developed a geomagnetic sensor achieving a resolution of

8×10−6 Oe over ±1.5 Oe range.

Other magnetic field sensors combing magnetostrictive

materials and optic fibers are also available. In 1979, Yariv

and Winsor proposed a now common configuration that

uses a magnetostrictive film coating applied to an optic

fiber (172). The magnetic field causes the magnetostric-

tive film to deform, straining the optic fiber. This causes

changes in the optical path length and the phase of the

laser light passing through the optic fiber, which can be de-

tected by an interferometer. Mermelstein shows that the

resolution limit at DC to low frequency (less than 1 Hz)

of such a sensor is approximately 3 × 10−11 Oe (173). Mag-

netostrictive amorphous metals, often in the form of rib-

bons, are extremely sensitive to external magnetic fields

and have been used as the active element of a magne-

tometer (133). Also, a magnetic field sensor has been de-

veloped based on magnetostrictive delay line technology

(174). Bragg grating fibers (FBGs) have been embedded

in a magnetostrictive composite (Terfenol-D particles dis-

persed in a plastic matrix), thus creating a small size mag-

netic field sensor for severe corrosive environments. The

magnetic composites expand in the magnetic field, strain

the FBGs, and thus change the wavelength of the light

reflected by the gratings. By measuring the spectral re-

sponse of transmitted light, this magnetic field sensor was

shown to achieve a high sensitivity of 3 Oe in static and

dynamic conditions (175).

6.7. Microscale and Nanoscale Sensors

Manufacturing efforts have led to a reduction in the size

and cost of magnetostrictive sensors, enabling small- scale

sensors in the form of films or fibers (176). Galfenol is par-

ticularly well suited for deposition at small scales. Wenzel

et al. (177) developed a microscale force sensor by bonding

a thin Galfenol layer (1–2 mm thick) to a silicon substrate,

Copper coil
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Copper coilInsulator

Copper seed layer

Diffusion barrier 

and adhesive layer

Silicon substrate

Figure 34. Galfenol thin-film sensors. (Reprinted with permis-

sion from Reference 177. Copyright 2009, Elsevier.)

as shown in Figure 34. The copper coil and the magneti-

cally conductive Galfenol layer form a variable inductor.

The bending of a Galfenol–silicon composite beam induces

tensile stress in the Galfenol layer, changes the Galfenol

layer’s permeability, and varies the inductance of the

variable inductor. The sensor’s electrical resonance, which

depends on the coil inductance, can be measured by an

electrical network analyzer. Wenzel et al. (177) glued the

sensor with a 23-turn coil (2 mm × 10 mm) on a titanium

cantilever to measure the tip force. A linear sensitivity of

1 kHz∕N was achieved over a force range of 8 N.

The same principle was implemented in medical appli-

cations. Sauer et al. (178) presented amicroscale Galfenol–

silicon film coupled with a copper coil to track the bone

fracture healing process, as shown in Figure 35. As the

bone fracture heals, the physical load gradually transfers

from the osteosynthesis plate to the bone tissue, thus cre-

ating stress in the thin Galfenol film. The inductance of

the copper coil, which depends on the stress state of the

Galfenol element, is then measured by an electrical net-

work analyzer. This thin Galfenol–silicon film sensor pro-

vides a convenient, cheap, wireless, and accurate method

to measure strain and stress variation.

Another type of magnetostrictive sensor mimics the in-

ner ear’s cilia and cochlea. McGary et al. (10) fabricated

high-aspect-ratio Galfenol nanowires with diameters vary-

ing from 100 to 200 nm and lengths up to 60 mm on

different substrates using electrochemical deposition tech-

nology. The force or acoustic inputs create flux den-

sity variation in Galfenol, which can be measured by

magnetoresistive sensors. The magnetostrictive nanowire

concept is applicable to underwater sonar and medical

scanning.

6.8. Magnetostrictive Dampers and Energy Havesters

Magnetostrictive materials are able to dissipate mechan-

ical energy input through intrinsic hysteresis, stress-

induced eddy current, and mechanical–magnetic energy

coupling, and thus can be implemented as mechani-

cal dampers. Since Terfenol-D is prone to failure in
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Figure 35. (a) Osteosynthesis plate with Galfenol-based strain sensor. (b) Geometry of Galfenol strain sensor. (Reprinted with permission

from Reference 178. Copyright 2012, IEEE.)
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Figure 36. Galfenol unimorph shunted damper (181).

tension or in torsion, early Terfenol-D-based dampers ei-

ther required complicated protection mechanisms (179) or

consisted of Terfenol-D particles embedded in polymerma-

trices (180). Hence, the performance and applications of

Terfenol-D dampers are limited. Galfenol dampers, on the

other hand, exhibit mechanical robustness and thus can

be placed directly in mechanical load paths. Murray and

Yoo (181) developed a Galfenol-shunted damper in bend-

ing mode (Figure 36) and achieved over 900% damping in-

crement at resonance by tuning the electrical impedance

attached to the coil.

Shunted magnetostrictive dampers convert mechanical

energy to electrical energy, which is dissipated in resis-

tive loads as heat. Through replacing the resistive load

with supercapacitors or batteries, electrical energy can be

stored; the shunted dampers are transformed to energy

harvesters. Energy harvesters have gained interest due to

the reduction in size and power consumption of embedded

and wireless sensors. Berbyuk (182) designed a Galfenol-

based energy harvester, which requires large axial force,

as shown in Figure 37. Magnetostrictive harvesters are

often configured as cantilever beams that are able to scav-

enge energy from structural vibrations. Deng and Dapino

(183) presented a Galfenol-based unimorph energy har-

vester, as shown in Figure 38a. Sinusoidal base vibrations

excite significant tip deflection around the beam’s reso-

nance. The passive stainless steel substrate pushes the

Galfenol layer away from the unimorph’s midplane, such

that theGalfenol bears purely tensile or compressive stress

during bending. The flux density variation induced by the

stress variation is then converted to electrical energy on

the pickup coil. Deng and Dapino (183) achieved an aver-

age output power density of 63.6 mW∕cm3 for a 200 Hz,

9.8 m∕s2 sinusoidal base excitation. Ueno and Yamada

(185) constructed a bimorph harvester by replacing the

passive stainless steel layer with another Galfenol beam,

as shown in Figure 38b.Wang and Yuan (184) replaced the

Galfenol layer withMetglas in the unimorph configuration

and obtained an output power density of 0.9 mW∕cm3 for

a 58 Hz, 8.06 m∕s2 sinusoidal base excitation. The litera-

ture therefore suggests that energy harvesters based on

magnetostrictive materials achieve power densities simi-

lar to piezoelectric harvesters. However, harvesters based

on magnetostrictive materials suffer no depolarization is-

sues and have a favorably low output impedance.

6.9. Miscellaneous

Magnetostrictive sensors have been used to measure or

monitor a number of other properties and characteristics.

Some examples found in the literature include hearing aids

(121), magnetoelastic delay line digitizers (186), magne-

toacoustic keyboards (187), thermometers (188), biomed-

ical monitors for lung ventilation (189), liquid viscosity
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Figure 37. Schematic of the Galfenol energy harvester in axial mode. (Reprinted with permission from Reference 182, Copyright 2013,

SPIE.)
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Figure 38. (a) Galfenol unimorph energy harvester (183). (b) Galfenol bimorph energy harvester (185).

and density sensors (190), ethanol concentration measure-

ment (191) and spine movement (192), bimorphs for two-

dimensional scanning elements (158), and composite cure

monitors. An interesting review of additional sensors is

given by Restorff (124).

7. MAGNETOSTRICTIVE DEVICE MODELING

The increased use of magnetostrictive materials has not

been accompanied by the availability of complete and ac-

curate transducer models. Complete models must incor-

porate the different operating regimes present in magne-

tostrictive transducers in a manner compatible with the

requirements of specific applications. The regimes present

in magnetostrictive transducers are electric (which in-

volves routing of magnetic field through magnetic circuit

for magnetization of the magnetostrictive core), mechan-

ical (elastic state of the materials present in the trans-

ducer), and thermal (the temperature distribution in the

transducer materials). Extensive experimental evidence

(41,50,53) demonstrates that it is crucial to consider the

interaction between these regimes; therefore, models for

the various regimes need to be coupled to provide a com-

plete description of a transducer system.

Most of the currently available models of magne-

tostrictive transducers fail to incorporate all regimes

simultaneously. This is in part because transducer mod-

els are still predominantly based on the linear constitutive

piezomagnetic equations (Eq. 1) (23). These equations ne-

glect the effects of coupling between stress, magnetization,

and temperature in the material, which have a bearing on

the mechanical performance, as indicated in Reference 57,

among others.

Carman and Mitrovic (164) and Kannan and Das-

gupta (193) extended the scope of the linear constitu-

tive equations by including specific nonlinear effects.

The nonlinear dynamics of magnetostrictive transducers

has also been modeled following a phenomenological ap-

proach. One such approach is obtained through the use of
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generalized Preisach operators. Preisach models that

specifically target giant magnetostrictive materials are

discussed by Restorff et al. (194), Adly and Mayergoyz

(195), and Smith (196). These models characterize differ-

ent operating regimes but are cumbersome to implement in

magnetostrictive transducers where performance changes

significantly during operation.

Other modeling efforts have combined physical laws

with phenomenological observation. Engdahl and Berqvist

(197) present a model capable of dealing with nonlin-

earities and various losses, such as magnetomechanical

hysteresis, eddy currents, ohmic heating, and mechani-

cal losses. Physically based Preisach models combined the

empirical robustness of nonphysical laws with some un-

derstanding of the physical processes that govern mag-

netic and magnetostrictive hysteresis. Basso and Bertotti

(198), for instance, developed a Preisach-based hysteresis

model for materials where the magnetization is dominated

by domain wall motion.

Nevertheless, there does not exist a fundamental model

applicable to the complete performance space of magne-

tostrictive transducers. The development of physically-

based models that incorporate the different operating

regimes and the issues inherent to them will certainly ex-

tend the utility of these transducers. In this section, some

of the fundamental issues in magnetostrictive transducer

modeling are identified, and some of the current state-of-

the-art modeling techniques that handle these different

issues are reviewed.

7.1. Linear Transduction

The linear transduction equations provide a “black box”

model of the relationship between electrical and mechani-

cal sides of the transducer through the transducer’s total

electrical impedance. These equations can be written as

� = �e� + �em� (16a)

� = �me� + �m� (16b)

where � and � are voltage and current across transducer

leads, respectively �e is the blocked electrical impedance,

� is the velocity, �em and �me are electrical due to mechan-

ical and the mechanical due to electrical transduction co-

efficients, and �m is mechanical impedance. Hunt, Rossi,

and many others have authored authoritative texts on the

subject of transduction covering the use of equivalent cir-

cuit models such as that presented in Figure 8b and the

transduction equations as applied to modeling of magne-

tostrictive devices.

7.2. Magnetization

Magnetization and the magnetoelastic interactions tak-

ing place inside the magnetostrictive core and other

transducer components have been modeled in different

manners. Transducer magnetic models can be formu-

lated using standard techniques (see magnetic circuits)

(i.e., using equivalent circuit representations and/or finite-

elementmodeling approaches). The least well-defined com-

ponent of such models is inevitably the magnetic state of

the magnetostrictive core, which, referring back to Fig-

ure 3, changes significantly with operating conditions.

One approach for modeling a magnetostrictive mate-

rial is to consider the material at its micromagnetics level.

Classical micromagnetics work by Brown (199) assumes

that the material is simultaneously magnetizable and de-

formable with its energy state defined by elasticity, ther-

modynamics, and electromagnetic principles. Recent work

in this field deals specifically with Terfenol-D (200). Al-

though themodeling results are useful at the domain level,

the extension of micromagnetic models to describe the per-

formance of transducers is a major undertaking.

The Preisach model has been used extensively for char-

acterization of ferromagnetic materials, and more recently

for characterization of magnetostrictives as well. Much re-

search effort has been devoted to accommodate physical as-

pects into the Preisach approach, which in its original form

cannot be traced back to fundamental principles. Reimers

and Della Torre implement in Reference 201 a fast in-

verse hysteresis model amenable to control applications

and with applicability to magnetostrictive materials.

Following the classical anisotropy domain rotation

model by Stoner andWohlfarth (202), Lee andBishop (203)

extended their idea to a random assembly of domain par-

ticles having cubic anisotropy. Clark et al. (204) included

compressive loading along the [1 1 1] easy axis direction

in a two-dimensional scheme. Jiles and Thoelke (205) gen-

eralized this model to three dimensions, by considering

the anisotropy, magnetoelastic, and field energies along

all three directions. Although model results are in good

agreement with measured data, the identification of the

fractional occupancies, which define the participation of

different easy axes in the total magnetization, is by no

means trivial.

Another modeling approach that yields significant re-

sults is the ferromagnetic hysteresismodel. Theory by Jiles

and Atherton (206) predicts quasi-static magnetization-

applied field (M-H) loops in ferromagnetic materials by

considering the energy of domain walls as they bow and

translate during magnetization. Later extensions include

models of magnetostriction, eddy current losses, minor

loops, and mechanical prestress (see Reference 62). The

appeal of the Jiles–Atherton model stems from the physi-

cal basis of themodel parameters and the fact that only five

parameters are needed for complete description of themag-

netic state of the material. However, this model is purely

magnetic in nature, which highlights the need for accurate

and general magnetomechanical characterization laws to

describe the transduction process in the transducer com-

pletely.

7.3. Stress

It is common practice to place giant magnetostrictive

samples under a mechanical compressive prestress for

operation. The ability of the material to survive high

accelerations and shock conditions improves under com-

pressive stress because, for example, Terfenol-D is much

more brittle in tension (tensile strength ≈28 MPa) than in

compression (compressive strength≈700MPa) (54). Under

dynamic operating conditions in systems using the more
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brittle magnetostrictives such as monolithic Terfenol-D,

the rated system output force is usually limited by the

magnitude of the device prestress according to Newton’s

Second Law, where � = �� = �0�. Above the prestress,

the output dynamic load will accelerate away from the

magnetostrictive driver, only to return with potentially

damaging results. In addition, adequate preloading is

capable of improving the magnetic state in the material as

a consequence of the coupling between the magnetic and

mechanical states. Figure 9c shows transducer electrical

impedance function sensitivity to changes in prestress.

Considering an energy balance in the material, the me-

chanical prestress is an additional source of anisotropy

energy that competes against the magnetocrystalline

anisotropy, strain, and applied field energies. The appli-

cation of the compressive preload forces a larger popu-

lation of magnetization vectors to align perpendicular to

the direction of application of the preload, where a state

of local minimum energy is reached. This translates into

both a smaller demagnetized length and increased satura-

tion magnetostriction. However, for compressive preloads

larger than a certain value, the prestress energy overpow-

ers the elastic energy produced by the material and the

magnetostriction decreases.

The relationship � −� in Terfenol-D has been re-

ported to be nearly independent of prestress except for

very low prestresses and high magnetizations. Clark

et al. (207) report a range of about 15–55 MPa for

the � −� stress independence in Bridgman-grown sam-

ples. In addition, work by Kvarnsjö (97) indicates that

at high prestresses, the primary magnetization mecha-

nism is domain magnetization rotation; as a consequence,

the quadratic law for magnetostriction discussed ear-

lier is appropriate. Clark et al. (207) found that the

quadratic law is incorrect in the low-prestress regime (be-

low 30 MPa for statically loaded, single-crystal material)

where it was found that strain depends directly on stress

and that the magnetostriction cannot be accounted for

by a single-valued magnetization law (i.e., hysteresis is

observed).

7.4. Thermal Effects

Temperature effects can be incorporated in the linear

piezomagnetic model given in equation 1. Furthermore,

by considering higher order interactions between magne-

tization, stress, and temperature, Carman and Mitovic

(164) developed a model capable of producing results in

good agreement with experimental data at high preloads.

However, the model is not capable of predicting satura-

tion effects. Following the lead of Hom and Shankar, (208)

Duenas et al. (23) developed an analogous set of constitu-

tive equations for magnetostriction. These equations are

given by

��� = �
�,�

����
��� +��

����
���� + ��

��
Δ� (17a)

�� = −2��

����
����� +

��

�|�|
arcranh

(
|�|
�s

)
+ � �

�
Δ� (17b)

where � is the strain, � is the compliance, � is the mag-

netostrictive parameter,� and�s are magnetization and

saturation magnetization, � is the coefficient of thermal

expansion, � is the temperature, � is the magnetic field,

� is the pyromagnetic coefficient, and � is the constant.

Superscripts indicate the constant physical condition un-

der which the parameter is measured, and subscripts in-

dicate tensor order following conventional notation. This

model successfully captures the quadratic nature of mag-

netostriction for low to medium field levels, but it does

not completely describe the saturation characteristics. The

model allows the incorporation of magnetostrictive hys-

teresis via complex model parameters.

Heat not only affects themagnetization processes in the

magnetostrictive core but also has bearing on the overall

transducer design. Togetherwithmagnetomechanical hys-

teresis and eddy current losses, ohmic heating in the exci-

tation coil is perhaps one of the most significant sources of

losses. Other thermal effects to consider in transducer de-

sign are thermal expansion of the magnetostrictive driver

itself [for Terfenol-D, � ≈ 12 × 10−6∕◦C (54)], dependence

of material properties and performance of Terfenol-D on

temperature, thermal expansion of the coil (coils used in

prototype transducers showed expansion above 1.5% when

heated from room temperature to temperatures of around

100 ◦C), thermal expansion of other transducer compo-

nents, and the thermal range of the coil insulation. Main-

taining controlled temperatures during operation is criti-

cal for certain transducer applications. One clear example

of this is precision machining. Transducers for this type of

application need to use efficient thermal sinks, either ac-

tive (cooling fluids) or passive (thermally conducting mate-

rials, superconducting solenoids), or a combination of the

two.

7.5. Thermodynamic Constitutive Models for
Magnetostrictive Materials

Constitutive models for magnetostrictive materials must

describe material nonlinearities (hysteresis, saturation,

and anisotropy) and the coupling of mechanical and mag-

netic energies. Mathematical models such as the Preisach

model (209) and the Prandtl–Ishlinskii model (210) are

built on phenomenological operators, thus requiring large

amounts of parameters to be measured. Magnetostrictive

material models based on thermodynamic energy princi-

ples, which are computationally efficient, have been devel-

oped. Armstrong (211) first assumed the bulk magnetiza-

tion� andmagnetostriction �m are weighted sums of local

responses:

� = �s

�∑

�=1

����, �m =

�∑

�=1

����

m
(18)

where �� is the weight or volume fraction of the �th easy

direction, � is the total number of possible magnetic mo-

ment orientations, and�� and�� are themagneticmoment

orientation and local magnetostriction of the �th easy di-

rection, respectively.

A magnetic moment tends to be oriented along the di-

rection �� where the Gibbs energy or magnetic free energy

is a minimum. The Gibbs energy consists of three terms:

anisotropy energy, magnetic energy, andmagnetomechan-

ical energy. For cubic symmetric Galfenol, the surface plot
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of Gibbs energy for a single magnetic domain was pre-

sented by Evans and Dapino (212). As shown in Figure

39a, magnetic moments are initially oriented along the x-

y-, and z-axes. The applied magnetic field creates a local

minimum in the field’s direction, thus magnetic moments

tend to be aligned along the magnetic field; the applied

stress create four local minima that are perpendicular to

the stress direction, so the magnetic moments tend to ro-

tate away from the stress direction.

To smooth the magnetization calculations, an energy-

based Boltzmann distribution was implemented to calcu-

late the volume fraction as

�� =
e−�

�∕Ω

∑�

�=1
e−��∕Ω

(19)

where Ω is the Armstrong smoothing factor and �� is the

Gibbs energy of �th easy direction (214).

7.6. AC or Eddy Current Losses

Dynamic operation leads to additional complications in

the performance of magnetostrictive transducers. One im-

portant loss factor to consider is the eddy (or Foucault)

currents. As modeled by the Faraday–Lenz law, eddy cur-

rents are set up in the transducer’s conducting materials

to resist magnetic flux changes. These currents produce

a magnetic flux that resists the externally applied mag-

netic field and simultaneously cause a nonuniform distri-

bution of current density often known as skin effect. Clas-

sical eddy current power loss formulations assume com-

plete magnetic flux penetration and homogeneous perme-

ability throughout the material. This assumption is valid

only for thin laminates; hence, it is invalid for thick solid

cylindrical transducer cores. The characteristic frequency

above which the homogeneity of penetration of the mag-

netic flux is compromised, for cylindrical samples, is given

by

�c =
2�

��2��
(20)

where � is the resistivity of thematerial (� ≈ 0.6 × 10−6 Ω⋅m

for Terfenol-D (170)), � is the rod diameter, and �� is the

clamped permeability. For a 6.35 mm (0.25 in.) diameter

rod, the characteristic frequency is about 5 kHz. Lamina-

tions in the magnetostrictive core, low operating frequen-

cies, silicon steel end caps, and slit permanent magnets

help to mitigate the effects of eddy currents.

A modeling approach based on energy considerations is

shown by Jiles (215). This approach considers eddy cur-

rents as a perturbation to the quasi-static hysteresis. The

simplicity of this model is, however, offset by the limi-

tations imposed by its assumptions. Because uniform flux

penetration is assumed, its applicability is limited to thinly

laminated material or low operating frequencies.

Another classical approach to the eddy currents issue

is the one presented by Bozorth (14) among others. In this

model, a so-called eddy current factor � is used to account

for the reduced inductance caused by the oppositely in-

duced magnetic field. The complex quantity � = �r + ��i

can be written for cylindrical current-carrying conductors

in terms of Kelvin ber and bei functions and is dependent

upon frequency of operation � and the characteristic fre-

quency �c as follows:

�r =
2
√
�

(
ber

√
� bei′

√
� − bei

√
� ber′

√
�

ber2
√
� + bei2

√
�

)
(21a)

�i =
2
√
�

(
ber

√
� ber′

√
� − bei

√
� bei′

√
�

ber2
√
� + bei2

√
�

)
(21b)

where � = �∕�c is a dimensionless frequency parameter.

An alternative, simpler presentation of the same formula-

tion is shown by Butler and Lizza in Reference 216.

7.7. Dynamic Effects

As can be seen in Figure 9b and c, the resonant frequency

of a Terfenol-D transducer varies significantly with op-

erating conditions. The transducer mechanical resonance

varies as a result of a number of factors. Some of these

factors are the magnetostrictive core geometry, bias con-

dition, delta E effect, AC magnetic field, external load,

springs stiffness, and operating temperature. Other fac-

tors intrinsic to the specific design such as damping of

internal components can also be significant.

The first mode axial resonance �0 of a Terfenol-D trans-

ducer such as that sketched in Figure 1 is given by

�0 =
1

2�

√
�m + �ps

�eff

(22)

where �m is the magnetostrictive core stiffness, �ps is the

prestress mechanism stiffness, and �eff is the system ef-

fective dynamic mass. The effective mass in the equation

is formed by one-third of the mass of the rod plus the ex-

ternal load plus components of the prestress mechanism.

Recognizing that the magnetostrictive material’s compli-

ance is strongly dependent upon operating conditions, the

resonance frequencies of the device will be strongly de-

pendent on operating conditions. Increasing AC magnetic

field intensity increases the system compliance; hence,

it decreases transducer resonant frequencies Figure 9b,

while increasing prestress increases the system stiffness

and hence resonant frequencies (Figure 9c). Control of

the transducer resonant frequency over a range of 1200–

1800Hz using the deltaE effect has been used in the design

of magnetostrictive moving resonance or tunable vibration

absorbers (217).

The dynamics of Terfenol-D transducers coupled to ex-

ternal loads are studied in Reference 218. An in-plane

force-balancing model is used to consider both passive

forces (those associated with the transducer and external

load structural dynamics) and active forces (derived from

the magnetostriction effect) to yield a PDE (partial differ-

ential equation) transducer model. The active component

of the force is characterized by the strains predicted by

the Jiles–Atherton ferromagnetic hysteresis model, com-

bined with a magnetostriction quadratic law. The pas-

sive component is characterized by a PDE model of the

transducer and external load structural mechanics. The

model is capable of predicting the quasi-static magnetiza-

tion state of the transducer core and of accurately predict-

ing strains and displacements output by the transducer.
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Figure 39. Gibbs energy equilibrium orientations with (a) no applied field or stress, (b) field only, and (c) stress only (213).

The parameter requirements of this model are minimal

(experimental identification of six physically based param-

eters from quasi-static hysteresis loopmeasurements (e.g.,

saturation strain and magnetization)) and the model is

computationally nondemanding given the relative simplic-

ity of the underlying PDE system. Work is in progress to

incorporate the effects of AC losses.

7.8. Finite-Element Approach

The models discussed previously are constructed on the

assumption that either the applied magnetic field or the

stress on the magnetostrictive materials is constant. How-

ever, practical magnetostrictive devices consist of active

magnetostrictive materials as well as passive supporting

components, such as coils, permanent magnets, and mag-

netic flux paths. The material and electrical properties

of these components have the net effect of reducing the

effective coupling efficiency of the device. The finite ele-

ment model simulating magnetostrictive materials as well

as passive surrounding components is a powerful tool for

magnetostrictive system design. Previous studies have de-

rived two-dimensional FE methods for magnetostrictive

material systems, which are suitable for magnetostrictive

systems with uniaxial magnetostriction and magnetiza-

tion. The magnetostrictive effect was described through

lookup tables that were derived either from experimental

data (219,220) or from constitutive models (183,221,222).

Shu et al. (104,223) recently incorporated a fully nonlinear

constitutivemodel into the FE framework and achieved ac-

curate simulation results up to 500 Hz.

Recent work has also successfully developed three-

dimensional finite-element frameworks. Mudivarthi et al.

(224) presented a 3D unidirectionally coupled FE model in

a static regime on the basis of the Armstrongmodel. Evans

and Dapino (225) built a 3D fully coupled FE model by

neglecting the displacement currents, Lorentz forces, and

voltage gradients in the magnetic domain. The framework

was constructed on the basis of a piecewise linear assump-

tion, and was later upgraded to fully nonlinear regimes

by Chakrabarti and Dapino (105) through using an anhys-

teretic constitutive model (212). Deng and Dapino (226) re-

cently incorporated the hysteresis property into previous

FEmodel and successfully reproducedGalfenol stress–flux

density minor loops under various bias conditions. All the

FE models discussed above are in Cartesian coordinates.

Taking advantage of the asymmetric rod geometry, studies

have developed simplified FE models in cylindrical coordi-

nates (80,179).

8. SUMMARY

This article first summarized the operation and historical

context of magnetostrictive materials and then described

typical material behavior and commonly used figures of

merit. Several magnetostrictive device designs were dis-

cussed. The high strains and forces achievable with mag-

netostrictive transducers, high-coupling coefficients, and

high-energy density of magnetostrictive materials have

justified their use in an ever-increasing number of sensor

and actuator applications, ranging from sonar projectors to

vibration control, ultrasonics, and sensors designed to find

corrosion in pipes. Magnetostrictive device performance

capabilities are sometimes overlooked in the interest of

avoiding nonlinear and hysteretic input–output trans-

ducer behaviors. The article presented selected energy-

based constitutive models and finite-element system level

models. Existing models are able to describe the material

nonlinearities as well as multiphysics dynamics in their

passive supporting components, such as electrical coils,

magnets, and flux path.
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