
 

Document downloaded from: 

 

This paper must be cited as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final publication is available at 

 

 

Copyright 

 

Additional Information 

 

http://dx.doi.org/10.1016/j.measurement.2015.11.035

http://hdl.handle.net/10251/84407

Elsevier

García Miquel, ÁH.; Barrera Vilar, D.; Amat, R.; Kurlyandskaya, GV.; Sales Maicas, S.
(2016). Magnetic actuator based on giant magnetostrictive material Terfenol-D with strain
and temperature monitoring using FBG optical sensor. Measurement. 80(2):201-206.
doi:10.1016/j.measurement.2015.11.035.



Magnetic actuator based on giant magnetostrictive material Terfenol-D with 
strain and temperature monitoring using FBG optical sensor 

 
H. García-Miquel1,2, D. Barrera1, R. Amat1, G.V. Kurlyandskaya3,4, S. Sales1  
1 ITEAM Research Institute, Universitat Politécnica de Valencia, C/Camino de Vera s/n, E-46022 Valencia, Spain.  
2 Department of Electronic Engineering, Universitat Politécnica de Valencia, C/Camino de Vera s/n, E-46022 
Valencia, Spain. 
3 Department of Electricity and Electronics, University of Basque Country UPV-EHU, 48080 Bilbao, Spain. 
4 Ural Federal University, 620000 Ekaterinburg, Russia 

 
 

Abstract  
 
We have designed a temperature and strain monitoring system for a magnetic actuator based on the giant 
magnetostrictive material Terfenol-D (Tb0.3 Dy0.7Fe1.92) with Fiber Bragg grating (FBG) sensors. Magneto-elastic 
properties of Terfenol-D depend on magnetization, stress pre-history, and temperature. In order to simultaneously 
monitor these effects, we have implemented a system based on a cylindrical Terfenol-D rod monitored with four 
FBGs that allows making the appropriate compensations on the strain measurement due to temperature drift. We have 
measured the magnetostriction in the axial and the transverse directions for the Terfenol-D rod with two 
perpendicular FBGs, and calculated the Poisson ratio. An additional mechanical system for strain amplification has 
been designed in order to increase sensitivity, by a factor of 4, in the strain measurement with the FBG sensor. 
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 1. Introduction 
 

Magnestrostictive materials have been widely used for 
the construction of magnetic sensors and actuators [1,2] 
Among other materials, Terfenol-D (Tb0.3 Dy0.7 Fe1.92) can 
be considered as the most studied one due to the possibility to 
achieve high magnetostriction strains [3,4,]. It is widely 
known that the magneto-elastic properties of this material can 
be modified as a function of the combination of both 
magnetization and stress pre-history.  However, other 
parameters such as temperature may affect the optimum value 
of the operation point of Terfenol-D based sensors and 
actuators. In order to study the role of all these factors 
simultaneously one can use optical fiber sensors.  They are a 
good option due to the small size, their intrinsically safe 
operation based on the use of light, the resistance to hard 
environmental conditions or their insensitivity to any external 
electromagnetic interference. 

 Fiber Bragg gratings (FBGs) is one of the most 
important optical fiber sensor type. These devices offer the 
possibility to implement several sensors in the same optical 
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fiber and they are characterized by a relatively simple 
interrogation method [6]. For the above mentioned reasons 
FBGs have been used in combination with Terfenol-D to 
implement magnetic field sensors and actuators with very 
different operation designs [7-12].  

FBGs are periodic or quasi-periodic modulations of the 
refractive index of the core of the optical fiber. This 
modulation of the refractive index is commonly produced by 
exposing the optical fiber to a high intensity ultra violet light 
pattern [13]. The periodic modulation of the refractive index 
causes the light to be reflected at certain wavelengths while it 
remains near transparent for the rest of the optical spectrum. 
The wavelength at which the maximum reflectivity is 
produced is known as the Bragg wavelength. It is given by  

2B effn    , where effn   is the effective refractive index of 

the fiber core and   is the physical period of the induced 
refractive index modulation. Under strain or temperature 
changes the Bragg wavelength suffers a shift that can be 
expressed as the sum of the effects of these two contributions: 

 B B
B T

T

 
 


 

   
 

  (1) 

  
2

12 11 121
2
effB

B

n
p p p


 



 
         

  (2) 



 
 
 

p

is

sh

th



in

m
di
m
  

 2

di
FB
m
24
ap
w
15
us
gl
T
pe
am
th
w
ai
(o
of
th

T
bo
in
m
st

co
th
co
fe
m
G
M

 

The first t

11p   and 12p   a

s the Poisson 

hows the temp

hermal expan

effn T  repre

ndex with temp
In this wor

magnetic actua
ifferent cond

magnetic field. 

2. Experimen
 

A cylindric
iameter has b
BGs of 2 mm

method and a d
44 nm. The f
pproximately 0

wavelength val
566.9 nm. Fig
sed during the
lued (with eth
erfenol-D rod
erpendicular d
mplification st
he strain measu

with a silica the
im of measu
offset and sens
f the magnetic
he strain ampli

The strain
erfenol-D rod
oth ends of th
nto the gap b

magnification o
train in the Ter

The sampl
onnected to a
he axial magne
onstant magne
ed by a bipolar

magnetic field
Gaussmeter. T
Micron Optics 

B
BT


 


 

 
term represen

are the coeffici

ratio and 
perature depen

nsion coeffici

esents the cha

perature.  
rk we have de
tor monitored
ditions: temp

ntal 

cal Terfenol-D
een used as t

m length were
doubled Argon
full width at 
0.35 nm for al
lues of 1529.3

gure 1a shows 
e experimental
hyl cyanoacry
d while the 
direction. A t
tructure in ord
urement. Fina
ermal paste in 
uring and com
sitivity drift). 
c actuator with
ification struct
n amplificati
d with two st
he magnetrosti
between the 
of the strain m
rfenol-D rod.  
le was placed
a programmab
etic field (see 
etic field) wit
r current supp
d was meas

The optical se
SM125 FBG 

1 eff

eff

n

n T



 

 
ts the strain 

ients of the str

 is the strain

ndence, where

ient of the 

ange in the 

esigned, fabric
d with fiber Br
perature, stre

D rod of 5 cm 
the magnetic 
e fabricated u
n-ion laser wi
half maximu

ll the FBGs an
3 nm, 1545.3 n
the spectrum 
l tests.  The fir
ylate glue) to 
second one 

third FBG wa
der to obtain h
ally, the fourth

contact with t
mpensating th
Fig. 2 shows 

h the FBG mon
ture.  
ion structure
tructural units
ictive materia
two brass pi

measurement 
 

d inside a wat
ble current sup
Fig.1b). The s

th 19.25 (kA/
ply KEPCO 72
sured by th
ensors were m
interrogator. T




 

dependence, w

rain-optic tens

. The second

e    represen

optical fiber

effective refr

cated and stud
ragg gratings
ess, and ex

long and 13 m
actuator core.

using a phase 
ith a waveleng

um of the FB
nd they have c
nm, 1551.2 nm
of one of the F
rst FBG was a
the surface o
was glued i

as fixed to a 
higher sensitiv
h FBG was att
the surface wi
he thermal e
the general sc
nitoring system

 consists o
s made of br
al. A FBG is p
ieces allowin
with respect 

ter cooled sol
pply which c
solenoid (crea
/m)/A constan
2-14. The gene
he SYPRIS 
monitored us
The behavior 

(3) 

where 

sor,   

d term 

nts the 

r and 

ractive 

died a 
under 

xternal 

mm in 
. Four 
mask 

gth of 
BGs is 
central 
m and 
FBGS 
axially 
of the 
in the 
strain 

vity in 
tached 
ith the 
effects 
cheme 
m and 

f the 
ass at 
placed 
ng the 
to the 

lenoid 
creates 
ating a 
nt was 
erated 
7010 

sing a 
of the 

mag
stre
 

 Fig
mag
 

Fig
FBG
FBG

 3.

Ter
stre
mag
sen
stru
stra

its 
com
hav
fiel
rod
pro
the 
axia
recr
app
D r
stat
firs
pre
neg

gnetic actuato
ess, temperatur

g. 1. (a)  FBG
gnetic field ge

g. 2. (a) Sche
G optical sen
G and the stra

 

Results and
 

In order to
rfenol-D, we h
ess on the T
gnetic field,

nsitivity.  Fina
ucture to obta
ain measureme

The giant m
magneto-ela

mbination of b
ve studied the
lds. Compress
d actuator by m
ogressively inc

initial conditi
al FBGs und
reate the same

plied a 96 kA/m
rod (see the in
tic magnetic f
st case there 
sence of a 

gligible. The 

or was studied
re and magnet

G spectrum, (
eneration with

matic of the 
nsors, (b) ima
ain amplificati

d discussion 

o design a m
have investiga
Terfenol-D, th

and the tem
ally, we have 
ain a better s
ent. 

magnetostrictiv
astic properti
both magnetiza
e effects of th
sion stresses w
means of 1 kg
creased up to 9
ion. Fig. 3a sh
der no applie
e initial condi
m pulse in the

nset of Fig.3a)
field of 48 kA
is a clear hy
magnetic fie
application o

(a

d under differ
tic field.  

(b) water cool
h compression 

 
magnetostrict

age of the Ter
on structure.  

magnetostrictiv
ated the effect 
he response 

mperature effe
designed a str

sensitivity and

ve material Ter
ies as a f
ation and stres
he stress unde
were applied t
g (73.8 kPa/kg
9 kg and then 
hows the strain
d magnetic f
itions of meas
e axial directio
. Fig. 3b show

A/m. It can be
ysteretic behav
eld this hyst
of a static ma

) 

(a) 

rent condition

led solenoid f
load.  

tive actuator w
rfenol D with

ve actuator w
of a compres
of strain aga

ect on strain 
rain amplifica
d accuracy in

rfenol-D mod
function of 
ss pre-history.
er static magn
to the Terfeno
g) weight loa
reloaded dow

n measured by
field. In orde
urement, we h

on of the Terfe
ws the results f
e seen that in
vior while in
teresis is alm
agnetic field 

(b

(b

ns of 

 
for a 

 
with 

h the 

with 
ssion 
ainst 
and 

ation 
n the 

difies 
the 

. We 
netic 
ol-D 
ding 

wn to 
y the 
er to 
have 
enol-
for a 
n the 
n the 
most 
also 

b)

b)



 
 
re
ob
ef
le
di
on
m

S
tr

ai
n

[p
pm

]

Fi
in
re
kP
ap
 
N
re
ap
th
tr
Fi
pr
fi
m

12

educes the str
bserved behav
ffects: one con
eads to an alig
irection (beca
ne is consequ

magnetization i

0 50
-80

-70

-60

-50

-40

-30

-20

-10

0

10

2 

1 

S
tr

ai
n

[p
pm

]

0 

 

ig. 3. Stra
ncreasing/decr
epresent the nu
Pa/kg): (a) w
pplied magnet

Next step in t
esponse versus
pplied a quasi
he Terfenol-D
ansverse strai
ig. 4 shows th
roduced by Te
eld is increa

magnetostrictio

25 kA/m amp

ress sensitivity
vior is a conseq
ntribution is d
gnment of the
ause of the m
uence of the a
in the axial dir

100 150 20

6 

5 4 

3 

 

ain measure
reasing comp
umber of kg p
without applie
tic field of 48 k

this work wa
s the applied m
i-static triangu

D rod and m
in related to a
he longitudinal
erfenol-D whe
ased. Fig. 5 
on measured f

plitude. From 

y almost by 
quence of the 

due to the com
e magnetizatio

magnetoelastici
axial magnetic
rection of the r

00 250 300

8 9 

8 

7 

 

t [s]

H = 0 A/m 

d on Terf
pression stre
laced over Te

ed magnetic 
kA/m.  

as to obtain 
magnetic field
ular magnetic 
measured the
a magnetostri
l and transver
en the amplitu
shows a det

for a triangula

m the longitud

a factor of 2
contribution o

mpression stres
on in the trans
ity) and the s
c field alignin
rod. 

350 400 450

1 

2 
3 

4 
5 

6 

7 

fenol-D for 
ss. The num

erfenol-D road
field, (b) wi

the actuator 
. For that matt
field of 0.01

e longitudinal
iction phenom
rse magnetostr
ude of the mag
tailed view o
ar magnetic fi

inal strain lon

(a

(b

2. The 
of two 
ss that 
sverse 
econd 
ng the 

0

0 

 

 

 
and 

mbers 
d (73.8 
ith an 

strain 
ter we 
Hz to 
l and 

menon. 
riction 
gnetic 
of the 
eld of 

ng  and 

the 

hav

Fig
mag
of 0

Fig
mag
(ma
 

for 
the 

dec
mag
amp
line
gra
the 
is th
thes
sen
reac

a)

b)

transverse s

ve obtained the

g. 4. Long
gnetostriction 
0.01Hz freque

g. 5. Long
gnetostriction 
agenta) of 0.0

Fig.6 shows
different valu
magnetostrict
The magneto

creasing mag
gnetostriction 
plitude of 12
ear behavior w
ade polynomia

strain with re
he sensitivity 
se data, the m

nse in the inter
ches the max

train trans , o

e Poisson ratio

tran

long





 

gitudinal (bl
of Terfenol-D

ency and differ

gitudinal (bl
of Terfenol-D

1Hz frequency

s the magneto
ues of compre
tion increases 
ostriction was 
gnetic field 

hysteresis 
25 kA/m. The
with magnetic 
al fit (see Fig.8
espect to a ma
of strain versu

magnetic field 
rval of 12 kA/
ximum for 40

of magnetostr

o:  

0.29ns

g

  

lue) and t
D for a triangu
rent amplitude

lue) and t
D for a triangu
y and 125 kA/

ostriction vers
ession stress. I

with a compr
measured for 
in order t
(Fig.7) for 

e strain in Te
field, but it c

8). Fig.9 show
agnetic field (s
us magnetic fi
to apply to th

/m to 125kA/m
0kA/m with s

riction origin,

transverse (
ular magnetic f
e values. 

transverse (
ular magnetic f
/m amplitude.

us magnetic f
It can be seen 
ession stress. 
an increasing

to evaluate 
magnetic f

erfenol has n
can be fit with

ws the derivativ
se also Fig.8), 
field. Accordin
he actuator m
m.  The sensiti
ensitivity of 

, we 

 (4)  

 
(red) 
field 

 
(red) 
field 

field 
that 

 
g and 

the 
field 

not a 
h a 5 
ve of 

that 
ng to 

makes 
ivity 
13,3 



 
 
 
pp
 

S
tr

a
in

[p
pm

]

Fi
st

Fi
fu
sh
 

Fi
T
 

S
tr

ai
n
[p

pm
]

pm/(kA/m). 

0 10

0

100

200

300

400

500

600

700

S
tr

ai
n 

[p
pm

]

ig.6: Strain ve
tress. 

ig. 7. Longitu
unction of app
howing the hy

ig. 8. Polyno
erfenol-D rod 

0
-100

0

100

200

300

400

500

600

700

S
tr

ai
n
[p

pm
]

20 30 40

         0 kPa
    73,8 kPa
  147,6 kPa
  221,4 kPa

ersus magneti

udinal magneto
plied magneti

ysteresis of ma

omial fit of l
as a function 

20 40

H

Model
Adj. R-S

F
F
F
F
F
F

0 50 60

 

H [kA/m]
c field for dif

ostriction of T
c field for up

agnetostriction

longitudinal m
of applied ma

60 80

H [kA/m]

Polynomial
Square 0,99858

V
Intercept
B1
B2
B3
B4
B5

70 80 90

fferent compre

Terfenol-D rod
p and down s
n. 

magnetostricti
agnetic field. 

100

Value Standard Erro
12,27057 8,3
-9,74337 1,4
0,74973 0,0
-0,0121 0,0

8,25888E-5 1,376
-2,07978E-7 4,3830

100
 

 
ession 

 
d as a 

sweep, 

 
ion of 

S
en

si
tiv

ity
 [

pp
m

/k
A

/m
]

Fig
D r
swe
 

Ter
ther
Ter
cha
Me
wat
Ter
the 
sho
mag
coo
off,

W
av

el
en

gh
t 

sh
ift

 [
pm

]

Fig
tran
Ter
amp
that
 

120

or
30302
43484
07476
00155
69E-5
09E-8

0 20
0

2

4

6

8

10

12

g. 9. Longitudi
rod as a functi
eep).  

For the dev
rfenol-D it is
rmal effects
rfenol-D rod s
ange, and also
easurements at
ter cooled so
rfenol-D rod w

temperature 
ows the ther
gnetic field 

oling pump fo
f, producing a t

0
-200

0

200

400

600

800

1000

1200

1400

1600

1800

Hp 

g. 10. Wavele
nsverse (red) 
rfenol-D rod in
plitude and 0.
t is used for te

25ºC

40

H[k
inal mangetos
ion of applied

velopment of 
s very impor

to distingui
suffers a strai
 a change in t
t constant tem

olenoid. We u
with silica the

drift (with 9
rmal effects 
of 96kA/m a

or the solenoi
temperature in

500 1000

= 96 kA/m

ength shift d
magnetostricc

n a triangular 
.01 Hz. Wave
emperature me

60 80

 

kA/m]
striction sensit
d magnetic fiel

f a precise a
rtant to take 
ish it from 
in response w
the magnetostr

mperature have
used the FBG
ermal paste in 
9.1pm/ºC sen
produced wh

amplitude is 
id water refrig
ncrease in the 
 

0 1500

 

t [s]
due to longitu
ction and the
magnetic field
length shift of
easurement (9

100 12

tivity of Terfe
ld (for down f

actuator based
into account 
magnetostrict

with a tempera
riction sensitiv
e been made 

G attached to
order to mea

nsitivity). Fig
hen a triang
applied and

geration is tur
Terfenol-D ro

2000 25

udinal (blue) 
ermal drift of
d of Hp= 96 kA
f the FBG (gr
.1 pm/ºC).  

80ºC

20

 

 
enol-
field 

d on 
the 

tion. 
ature 
vity.  
with 
 the 

asure 
. 10 
gular 

the 
rned 

od.  

500

 

and 
f the 
kA/m 
reen) 

C 



 
 

co
m
pr
ex
m
m
ef
re
th
ca
th
fig

th
co
pr
th
w
va
25
at
of
se
se
Th
ca
co

W
av

el
en

gh
t

sh
ift
[p

m
]

Fi
w
an
m
 

ha

The meas
onsequence o

materials. It c
roduced by 
xpansion coe

magnetostrictio
measurement f
ffects. The ini
eached tempe
here was a red
an be observe
he measured s
g.10). 

The wavel
hermal drift o
onstant curren
roduced an in
hermal drift of

with the FGB 
aries from 25º
5ºC once the
ttached to the 
f 9.1pm/ºC, th
ensitivity of 2
ensitivity of F
here is a delay
aused by the 
onnection of th

 

0
0

200

400

600

800

1000

1200

1400

W
av

el
en

gh
t 

sh
ift
[p

m
]

ig. 11. Therm
when the Terfe
n FBG due to

measurement (9

In order to
ave designed a

25ºC 

sured magne
of the therm
can be obser
the temperat

efficient of T
on drift, justify
for the right
itial temperatu

erature was 8
duction of the 
d as a reducti
train; 600 pm

length shift m
of Terfenol-D 
nt of 14 A th
ncrease of the
f Terfenol-D a

(sensitivity o
ºC to 80ºC, an
 applied curr
actuator by th

he FBG glued
22.7 pm/ºC, th
FBG which is
y between the
thermal condu
he FBG and th

200 400

mal drift of lon
nol is heated b

o temperature 
9.1 pm/ºC).  

o measure the 
a strain amplif

etostriction v
mal expansion
rved that the
ture drift du
Terfenol-D is
ying the neces
t compensatio
ure was 25ºC 
80ºC. As tem
magnetostrict

ion in the excu
m at 25ºC to 50

measured by th
was also me

hrough the T
e temperature
and the temper
of 9.1 pm/ºC)
nd then decre
rent is cut of
he thermal pas
d onto the Te
hat is 2.5 tim
s used as a t
e two FBGs si
uctivity of the
he Terfenol-D

0 600

 

t [s]
ngitudinal ma
by a current. W
drift (blue) us

strain with hi
fier (see Fig.1

80ºC

value shifts 
n of the inv
e wavelength 
ue to the th
s higher than
ssity of tempe
on of the th
 and the max

mperature incr
tion sensitivity
ursion amplitu
00 pm at 80ºC

he FBG due t
easured apply

Terfenol-D rod
. Fig.11 show
rature measure
). The tempe
ases again do
ff. While the 
ste has a sens

erfenol-D rod 
mes higher tha
temperature s
ignals (see Fi
e glue used fo
 rod. 

800 1

agnetostriction
Wavelength sh
sed for tempe

igher sensitivi
). With the us

2

as a 
volved 

shift 
hermal 
n the 

erature 
hermal 
ximum 
reased 
y, that 
ude of 
C (see 

to the 
ying a 
d that 

ws the 
ement 

erature 
own to 

FBG 
itivity 
has a 

an the 
ensor. 
g. 11) 

for the 

1000

 

n (red) 
hift of 

erature 

ity we 
se of a 

sim
the 
stra
Ter
con
mag
kA/

Fig
for 
38.
 

ppm
D r
amp
stra
amp
to a

Fig
for 
125

 4.

S
tr

a
in
[p

p
m

]

25ºC 

mple amplifica
signal by a 

ain measured 
rfenol-D rod (
nnected to the
gnetic field of
/m were appli

g. 12. Longitud
a triangular m
5 to 125 kA/m

For 125 kA
m for the FBG
rod and 2800
plifier. Fig. 1
ain amplificat
plification (di
a triangular ma

g. 13. Longitu
a triangular 

5kA/m. 
 

Conclusion

0 50

0

500

1000

1500

2000

2500

3000

ation construct
factor of 4. 
with FBG 

(blue) and the
e amplifying c
f 0.01Hz and a
ed for the mea

dinal strain (b
magnetic field 
m. 

A/m amplitude
G directly attac
0 ppm for the
13 shows the 
tion structure 
irectly attache
agnetic field o

dinal strain (b
magnetic fiel

00 1000 1

tion it was po
Fig.12 shows
glued to the

e strain measu
construction (r
amplitudes of 
asurements. 

blue), and amp
of 0.01 Hz an

e we measure
ched to the su
e FBG conne

strain signal
and the stra

ed to Terfenol
of 0.01Hz and 

blue) and amp
ld of 0.01Hz 

1500 2000

t [s]

ossible to amp
s the longitud
e surface of 

ured with the F
red). A triang
38.5 kA/m to 

plified strain (
nd amplitude f

d a strain of 
urface of Terfe
cted to the st
l achieved by
ain signal with
-D) as a respo
125 kA/m. 

plified strain (
and amplitud

2500 3000

plify 
dinal 

the 
FBG 
gular 
 125 

 
(red) 
from 

700 
enol-
train 

y the 
hout 
onse 

 
(red) 

de of 



 
 
 

 

A magnetic actuator based on Terfenol-D was designed and 
tested. In order to simultaneously monitor the strain due to 
magnetization, stress, and temperature, we have implemented 
a system based on a cylindrical Terfenol-D rod with four 
FBGs. The magnetostriction was measured in the axial and 
the transverse direction with two perpendicular FBGs, and the 
Poisson ratio of the Terfenol-D rod (was calculated 
on the basis of these measurements. We have used one FBG 
to measure temperature changes, and another one to measure 
the thermal expansion of Terfenol-D. The strain due to the 
Terfenol-D expansion is 2.5 times higher than that of the 
FBG used for temperature measurement. With this data, the 
temperature drift of the strain can be compensated. The 
influence of a compression stress and temperature on the 
sensitivity of magnetostriction was also investigated. 
Compression stress increases sensitivity and an increase of 
temperature reduces the sensitivity. Finally, a strain 
amplification structure has been designed and fabricated 
giving opportunity to increase the sensitivity of the strain 
measurements by a factor of 4, allowing more accurate 
control of the magnetostrictive actuator. 
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