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Numerical Modeling and Characterization of Micromachined Flexible
Magnetostrictive Thin Film Actuator
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In this paper, a finite element model with in-plane and out-of-plane displacement for large deformation of the magnetostrictive thin
film actuator is developed, and NiFe magnetostrictive thin film structures are fabricated with the micromachined flexible substrate using
SU8-2025 and SU8-2075 (Shell Chemical Corp.). For the numerical analysis of large deformation of the magnetostrictive thin film struc-
ture, a shell element is proposed. The element stiffness matrix and force matrix are calculated, and numerical analysis is performed from
the shell model. And magnetic moment of the film is measured to characterize the magnetic properties of the NiFe film with the SU8
substrate using a vibrating sample magnetometer (VSM) and deflections of the actuator under the external magnetic field due to the
magnetostriction is measured using optical method to characterize the magnetomechanical characteristics. Also, the numerical results
of magnetostriction analysis from the developed finite element model are compared with experimental results. Maximum deflection is

about 110 um under 0.5 T for microdevice application.

Index Terms—Finite element methods, magnetostriction, micromachining, thin films.

I. INTRODUCTION

OST OF the research results on the magnetostrictive ac-

tuation properties of magnetostrictive thin films are ex-
tracted from the experimental measurements. Compared with
the experimental analysis, the numerical analysis methods are
less developed in predicting the actuation of magnetostrictive
thin films. Some research groups had great deal of interest in the
numerical models of giant magnetostrictive materials, mainly
based on finite element methods. However, their results using
their finite element models have significant limitations in the
view point of nonlinearity, direct approach of magnetostriction,
multilayer analysis and consideration of elastic energy of thin
film [1]-[3]. To overcome these limitations, our previous work
[4] developed a finite element model employing beam and plate
model to accurately predict the actuation properties of magne-
tostrictive materials The beam and plate model however con-
siders only the out-of-plane motion and hence is challenging
to be applied in large deflection analysis, such as in a flexible
actuator.

In this paper, a finite shell element model for magnetostric-
tive materials is suggested and its FE formulations are derived.
To validate this model experimentally, a flexible magnetostric-
tive actuator is fabricated by depositing a thin film of NiFe on
a flexible polyimide substrate. The magnetomechanical charac-
teristics of the actuator are measured, and the results of magne-
tostriction using suggested numerical FE model are compared
with the experimental results. Finally, the results are discussed.

Il. FINITE ELEMENT FOR MAGNETOSTRICTIVE THIN FILM

A. Operation Principle of the Magnetostrictive Actuator

The magnetostrictive thin film deposited on a nonmagnetic
substrate can be used as an actuator by applying external mag-
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Fig. 1. Typical operation principle of magnetostrictive thin film actuator.

netic field. The schematic view of a unimorph cantilever mag-
netostrictive actuator is shown in Fig. 1. The bending in the ac-
tuator is because of the deformation of giant magnetostrictive
thin film deposited on the substrate. The mechanism of magne-
tostrictive deformation at an atomic level is relatively complex
but on a macroscopic level may be segregated into two distinct
processes. The first process is dominated by the migration of
domain walls within the material in response to external mag-
netic fields. Second is the rotation of the domains. These two
mechanisms allow the material to change the domain orienta-
tion which in turn causes a dimensional change [5].

B. Shell Element Model for Magnetostriction

In the mechanical design of the actuator, the determination of
the deflection of the cantilever is of importance. Since the theo-
retical equations proposed by many researchers assumed a can-
tilever with a single layer of magnetostrictive film, these results
cannot be applied to new application areas such as the sand-
wiched cantilever, the partially coated cantilever and a traveling
machine [6], [7]. The FE model proposed by [8] cannot directly
handle the anisotropic magnetostriction and did not describe the
flexural stiffness calculation procedures in detail. Although our
previous beam and plate model can handle the limitations suc-
cessfully, it has limitations in describing large deflections. We
thus proposed the shell element shown in Fig. 2.

When the thickness of magnetostrictive thin film is compa-
rable to that of the substrate, the contribution of the magne-
tostrictive thin film to the cantilever bending should be consid-
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Fig. 2. Proposed shell element having 20 degrees of freedom, and it consisting
of a substrate and multilayers of magnetostrictive thin films.

ered in calculation. To this end, the integration over the shell el-
ement thickness is required in the bending stiffness calculation.
For the shell element, the element stiffness matrix is expressed
as

K= [ [ B Pl s i

S
S

The first term of the right-hand side is for the bending stiffness
matrix, the second for the shear stiffness matrix, and the third is
for the normal stiffness matrix. Dy ; is the constitutive matrices
for the flexural stress and strain, D; ; is for the shear stress and
strain, and D, ; is for the normal stress and strain. h; and h;1
are the z-coordinates of the ith layer. A, is the area of the shell
element. B¢(n,&,<), Bs(n, &, ), and By (1, &, <) are the flexural
strain-displacement matrix, the shear strain-displacement ma-
trix, and the normal strain-displacement, respectively. In order
to evaluate the element nodal force due to magnetostriction of
the coated magnetostrictive thin film, the anisotropic magne-
tostrictive stress should be considered. By virtue of the equiv-
alent magnetostrictive stress, the element force vector can be
expressed as
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Fig. 3. Schematic view of the suggested magnetostrictive thin film actuator and
the principle of actuation.

where o5 ; is magnetostrictive bending stress of the sth layer and
op.i 18 magnetostrictive normal stress of the ith layer. They are
expressed in matrix form as

T
0fi=[00ei 0Oyyi 0]

Opi = [Uzz,i Tyy.i O] r (3)

where o, ; is the equivalent magnetostrictive stress in the par-
allel direction to the applied magnetic field and o, ; is the
equivalent magnetostrictive stress in the perpendicular direction
to the applied magnetic field.

I1l. FABRICATION AND CHARACTERIZATION

A. Design and Fabrication

The schematic diagram of a magnetostrictive actuator for po-
sitioning is illustrated in Fig. 3. It consists of a partially de-
posited NiFe film on a flexible substrate thickness of 50 xm and
100 pm. The deposited film thickness is 11 xm. When the mag-
netic field is applied along the longitudinal direction of the film,
it generates a magnetic moment which in turn it leads to the
magnetization of the structure, and the magnetization in the de-
posited film causing magnetostriction. Magnetostriction is the
change in shape and size of a body when its state of magnetiza-
tion is changed due to external magnetic field.

The magnetization induces strains which bend the cantilever
structure. The bending causes deflections in the structure, which
can be used for actuation.

To fabricate the suggested thin film actuator, the process is
shown in Fig. 4. The fabrication starts with the electroplating
of Cr (200 A)/Cu (600 A) as seed layers using dc sputter on the
cleaned Si wafer substrate with 5 xm oxide layer, and depositing
SPR-220 by spin coating at 1700 rpm for 40 s [Fig. 4(a)—(b)].
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Fig. 4. Micromachining process for the fabrication of the suggested magne-
tostrictive thin film actuator.

After baking at 95 °C for 10 min, the wafer is put under the
UV exposure with a mask, and developed using MF-319 de-
veloper for creating the electroplating mold [Fig. 4(c)]. The
NiFe film is then deposited by electroplating in the mold, and
the SPR electroplating mold is removed by spraying acetone
[Fig. 4(d)—(e)]. The deposited thickness of NiFe film is mea-
sured by a micro profiler. For fabricating the flexible substrate,
SU8-2025 and SU8-2075 are spun coated according to the de-
sired substrate thickness, i.e., 1600 rpm with SU-2025 for 50
pm thick and 2000 rpm with SU8-2075 for 100 pm thick. After
prebake at 65 °C, the substrate is developed with SU8 developer.
Thin layer of Cr (200 A)/Cu (600 A) is deposited as seed layers
[Fig. 4(f)] and SPR-220 spin coat with baking and UV exposure
for making the electroplating mold [Fig. 4(g)]. After removing
the electroplating mold using developer [Fig. 4(h)], NiFe film is
deposited by electroplating [Fig. 4(i)]. After removing the elec-
troplating mold, Cr/Cu layers are removed [Fig. 4(j)]. SU8 is
then spin coat on the top of supporting layer with prebaking at
65 °C for 1 h [Fig. 4(k)]. After UV exposure and post baking,
develop for 3 min for the construction of the hole of structure
[Fig. 4(D].

Release the sample using buffered oxide etchant for about 2
days with removing of the Cr/Cu layers at the bottom of NiFe
film [Fig. 4(m)]. The fabricated actuator is shown in Fig. 5.
Since the NiFe film layers are of two different lengths, the mag-
netomechanical characteristics of each film length will be ex-
amined separately.

B. Characterization

The magnetic moment and the magnetostriction properties
are measured to characterize the magnetomechanical behavior
of the NiFe films for each substrate thickness and length.
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Fig.5. Fabricated magnetostrictive (NiFe) thin film actuator using flexible SU8
substrate.
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Fig. 6. Magnetic moment of NiFe thin film actuator at each thickness of sub-
strate and NiFe film length as a function of applied field.

Fig. 7. Magnified magnetic moment of NiFe thin film actuator at each thickness
of substrate and NiFe film length as a function of applied field. It shows detail
values between 0.002 T and 0.002 T.

The magnetic moment is determined experimentally using a
vibrating sample magnetometer, shown in Figs. 6 and 7.

To characterize each element of the actuator, the NiFe film
deposited section of the actuator is divided and characterized
individually.

The NiFe film actuator has two lengths of 6 and 7.6 mm, and
two thicknesses of 50 and 100 pm, respectively. Thus, to pre-
dict the film deflection four cases should be examined. Since
magnetic moment is a vector quantity, the direction of magneti-
zation is critical for effective magnetostriction because although
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