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Abstract
In this paper, a new bulk magnetostrictive bending actuator is presented using a permendur rod. By applying an axial 
magnetic field in a thin layer of the magnetostrictive rod, the tensile deformation of the layer would cause bending of the 
actuator. The generation of the magnetic field in the layer is carried out by coils and a comb-shaped magnetic core. The 
Comsol software is used to calculate the magnetic field. Following the fabrication of the actuator, deflection values are 
measured at different currents and compared with results of the simulation. The actuator has been tested with constant 
and alternating magnetic fields. The actuator is excited with an alternating magnetic field at the resonance frequency 
of the actuator to increase bending deflections. Based on the experimental results, the maximum displacement of the 
actuator is 1.6 µm under the DC excitation with a 3.8 A current and is 120 µm under the AC excitation at the frequency 
of 130 Hz and the RMS current of 3.8 A.

Keywords Magnetostrictive · Permendur · Bulk bending actuator · Magnetic field
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B  Magnetic flux density ( T)
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M  Bending moment ( N ⋅m)
N  Numbers of turns (–)
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2

N
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U  Actuator’s displacement ( m)
�  Angular frequency ( rad)
ȳ  Center of area ( m)
�p  Magnetic field penetration depth ( m)
�  Bending deflection ( m)

�  Strain (–)
�  Stress ( N
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)

1 Introduction

Using the capability of smart materials to generate differ-
ent modes of deformations has always been a concern for 
researchers to reduce the volume and price of actuators. 
Actuators made with smart materials are used in applica-
tions such as microscope platforms, and precise position-
ers. Bending actuators are more likely to be considered 
due to their relatively high displacements and forces. 
Bending actuators are often presented as bimorph beams. 
The variability of these actuators is significant in terms of 
the excitation energy, the mechanism of motion, the range 
of displacements and forces. Marth and Gloess [1] devel-
oped a precise bending actuator as an optical instrument 
in which four-layered piezoelectric was used. Honda et al. 
[2] introduced a linear motor using the Tb–Fe and Sm–Fe 
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bimorph actuators. Roh et al. [3] proposed an ultrasonic 
linear motor using the traveling wave properties. Johans-
son et al. [4] presented a linear walking actuator. Müller 
et al. [5] introduced an actuator using shear piezoelectrics, 
which improved the speed, accuracy, and strength of walk-
ing actuators. The micro bending actuators using shape 
memory alloys have been presented by Abuzaitar et al. 
[6]. Ghodsi et al. [7, 8] developed a bending actuator and 
a positioner using magnetostrictive materials. Wang et al. 
[9] presented a bending actuator to deform a rectangu-
lar glass using a coated film of the Terfenol-D. Karafi et al. 
[10] presented a resonant torsional bulk actuator using a 
permendur rod. They developed a longitudinal- torsional 
bulk actuator using an exponential shape permendur [11]. 
Longitudinal and torsional actuators are used in ultrasonic 
applications such as sonars, positioners, cleaners, machin-
ing processes, ultrasonic assisted manufacturing pro-
cesses, NDE (Non destructive evaluation), medical, health 
monitoring and etc. None of the previous researches have 
used a bulk material to generate bending deformations. As 
magnetostrictive materials can deform in different modes, 
in this paper, a new bending actuator is presented using a 
bulk magnetostrictive material. The bulk bending actuator 
can be used to fabricate precise positioners. For instance, 
platforms of the TEM (transmission electron microscope), 
STM (scanning tunneling microscope) or AFM (atomic 
force microscopy) can be fabricated with this actuator. 
Bending vibrations of the actuator can be used to fabri-
cate motors.

After designing the actuator, the numerical simulations 
conducts using Comsol software to compute magnetic 
fields in the material. Furthermore, displacements and 
forces of the actuator computes in the software. Then, the 
actuator fabricates, and the results of experimental tests 
are presented.

2  Structure of the actuator

Magnetic fields should pass through a thin layer of a mag-
netostrictive rod to generate bending deformations. A 
comb shape magnetic core and coils are used to generate 
magnetic fields in the rod. The configuration of the actua-
tor is presented in Fig. 1.

Due to the positive magnetostriction of the permen-
dur, the thin layer which is excited with axial magnetic 
fields stretches and causes the bending of the rod. The 
magnetic core cross-section is a square with the dimen-
sion of 3 mm, the inner radius of bobbins is 2.15 mm, and 
the outer radius is 3.15 mm. Base on the capacity of labo-
ratory power supplies, the maximum excitation current 
is considered as 2.5 A. Since the magnetic field intensity 
which the permendur reaches its magnetic saturation is 

20 kA/m, the number of wire turns of the coils is consid-
ered as 170 turns. Since the maximum current density 
for the lacquered wire is 8 A/mm2, the wire cross-section 
could be as follow:

Values of the magnetic fields inside the permendur are 
computed using the numerical simulations.

3  The numerical simulations

The 2D model of the actuator has been used to simulate 
the magnetic fields. The simulations have been performed 
using the magnetostrictive module of the Comsol 5.3 soft-
ware (i.e. The combination of the structural and magnetic 
physics). B-H and S-H (strain vs magnetic field) curves of 
the permendur are given to the software [12]. The number 
of elements in the 2D analysis is 36,017 and the quality of 
the meshes is 0.86. The physical properties of the permen-
dur are listed in Table 1.

The magnetic core and the base plate are made up of 
CK 45 steel. The B-H curve of the CK45 is shown in Fig. 2.

The values of strains, stresses, and magnetic fields 
are computed under the DC and AC excitations. Fig-
ure 3 shows the 2D model of the actuator in the Comsol 
software.

3.1  The simulation of the actuator under DC 
excitations

Figure 4 shows the magnetic flux in the actuator. The dis-
tribution of the magnetic flux is significant in the outer 
surface of the magnetostrictive rod. The penetration depth 
of the magnetic flux depends on the distance between 
two opposing poles. The penetration depth decreases by 
decreasing the distance. This distance should be selected 
in such a way that the value of fluxes in the axial direction 
be enough to bend the actuator.

The maximum axial magnetic field occurs between two 
opposing poles. Therefore, in this region, the maximum 
strain and displacement take places. While in the vicinity 
of poles, due to neutralizing the axial component of the 
magnetic field, the strain has its minimum value. Moreover, 
the radial component of the magnetic field causes stress 
and strain in the radial direction. Figure 5 shows the strain 
in the actuator.

The deflection of the actuator at the point A and C 
is computed under the excitation current of 2.5 A. The 
deflection of the points A and C are 0.31 and 0.9  µm, 

(1)Aw =
I

J
≅ 0.3 mm2
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respectively. Figure 6 shows the deflection of the point A 
versus excitation currents.

As the excitation currents increase, the deflection also 
increases. The rate of the increase reduces due to the 
magnetic saturation of the permendur. By blocking the 
point C and exciting the actuator, the force at the tip of 
the actuator is computed. Figure 7 shows the generating 
force versus excitation currents.

3.2  The simulation of the actuator under the AC 
excitations

The resonance frequency of the actuator is computed 
using the Comsol software. Figure 8 shows the result of the 
modal analysis of the permendur rod in COMSOL software.

Fig. 1  The structure of the 
bulk bending magnetostrictive 
actuator

Table 1  The properties of the vanadium permendur

Electrical conductivity 2.61 (S∕m)

Relative permeability 900
Density 8076 (kg∕m3)

Young’s module 207 (Gpa)
Poisson’s ratio 0.3
Magnetic field of the saturation 20 (kA∕m)

Maximum magnetostriction 60 (ppm)
Magnetostriction in the direction of (100) 150 (ppm)
Magnetostriction in the direction of (111) 25 (ppm)
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Fig. 2  the B-H curve of the CK45 [13]

Fig. 3  2D model of the bulk bending actuator in the Comsol soft-
ware 1-permendur rod 2-comb shape magnetic core 3-coil 4-bob-
bin 5-base plate 6-ambient (air)

Fig. 4  Contour of the magnetic flux under the excitation current of 
2.5 A

Fig. 5  Contour of the strain under the excitation current of 2.5 A

Fig. 6  Bending deflections of the point A versus DC excitation cur-
rents

Fig. 7  Generating forces of the point C versus excitation currents
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By applying different currents near the resonance fre-
quency, the value of the axial magnetic fields, and stress 
are computed. Figure 9 shows the magnetic fields contour.

Under AC excitations, the generation of the eddy cur-
rents causes the reduction of the penetration depth of the 
magnetic fluxes. The magnetic fields has the maximum 
value at the outer surface of the material. The bending 
deformation increases as the magnetic field concentrates 
at the outer surface. The values of the deflection at points 
A and C are 17 µm and 82 µm, respectively. The strain of 
the actuator at the frequency of 138 Hz by applying a 2.5 A 
RMS current is shown in Fig. 10.

Figure 11 shows the deflection of the point C versus the 
RMS currents at the frequency of 138 Hz.

At the constant frequency, increasing of the RMS cur-
rent increases the deflection of the actuator. As discussed 
earlier, the concentration of the magnetic fluxes in a thin 
layer, as well as the excitation at the resonance frequency, 
causes the increase of the deflection in the AC excitations 
compared to the DC excitations.

4  The analytical model of the unloaded 
actuator

The analytical model intents to explain the principle of the 
deformation of the actuator under free conditions. The 
piezo magnetic equation of the magnetostrictive materi-
als is as follow:

(2)
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Fig. 8  First natural bending mode of the actuator at 276 Hz

Fig. 9  The contour of the magnetic field at the frequency of 138 Hz 
by applying a 2.5 A RMS current

Fig. 10  the contour of the strain at 138 Hz by applying 2.5 A RMS 
current

Fig. 11  Bending deflections of the point C versus RMS currents at 
the frequency of 138 Hz
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where εi , dij , Hi , s
H
ij

 , and σi are the strain tensor, the magne-
tostriction coefficients, the magnetic field intensity, the 
compliance coefficients at the constant magnetic field 
intensity, and the stress tensor, respectively. Index 1, 2, and 
3 represent x-, y- and z-axis in the Cartesian coordinate 
system, respectively. Index 4, 5 and 6 stand for rotation 
around x, y and z respectively. Since the actuator is excited 
under free conditions, the applied stress was considered 
to be zero. Therefore, the stress tensor in Eq. (2) would be 
zero. Since the required excitation magnetic field should 
be along the z-axis, H1 and H2 were considered to be zero. 
Therefore, the resulting strain would be as follow:

By exciting the material along the z-axis, the actuator 
would deform in all three axes. The value of the d13 coef-
ficient of the permendur alloy is half of the d33 [14]. The 
bending deflection of the actuator only depends on the 
elongation along the z-axis, while strains along the x- and 
y-axis do not affect the actuator’s deflections. Therefore, 
only the strain along the z-axis was considered in calcula-
tions. The deflection of the actuator could be determined 
as follow:

where E is Young’s module, M is the bending moment, I is 
the second moment of area, C is the maximum distance 
from the neutral axis, L is the actuator’s length, �zmax

 is the 
maximum normal stress, and �A is the actuator’s deflection 
at the point A.

Since the deflection of the actuator required calcula-
tions of the magnetic fields, it is necessary to estimate the 
magnetic flux penetration depth in the material. For this 
purpose, the numerical simulation results is used. After 
computing the magnetic fields and its equivalent pen-
etration radius, to simplify the calculation, the value of 
the equivalent magnetic field in the penetration area is 
considered as a constant excitation magnetic field in this 
area. The values of the magnetic fields out of the penetra-
tion area are considered to be zero. Figure 12 shows the 
penetration depth of the magnetic fluxes.

The equation of the equivalent penetration radius and 
the equivalent magnetic field are as follows:

(3)ε1 = εx = d13H3

(4)ε2 = εy = d13H3

(5)ε3 = εz = d33H3

(6)�z =
�z

E

(7)�zmax
=

MC

I
⇒ �A =

ML2

2EI

where He , �p , re , and R are the equivalent magnetic field of 
each cross-section, the penetration depth, the equivalent 
penetration radius of each cross-section, and the radius of 
the permendur rod, respectively. The equivalent magnetic 
field and equivalent penetration radius are computed at 
15 different cross-sections of the numerical model of the 
actuator, and their mean values are taken into account 
as the excitation magnetic field and penetration radius. 
The mean value of the equivalent penetration radiuses is 
2.25 mm by applying a 2.5 A current, and the mean value 
of the equivalent magnetic field is 4673 A/m.

First, the elongation strain of the penetration depth 
is calculated. Then bending moments and the actuator’s 
deflections would be obtained. Knowing the stress dis-
tribution in the cross-section, and considering the equi-
librium of the forces along the z-axis, the location of the 
neutral axis can be calculated. Figure 13 shows the stress 
distribution in the actuator’s cross-section.

In Fig. 13, A and �′ are the penetration area and the 
bending area, respectively. NT is the neutral axis of the 
bending area, and ȳA′ is the distance between the neutral 
axis and the center of the cross-section.

(8)re =

∑
Hiri∑
Hi

(9)He =

∑
Hiri∑
ri

(10)�p = R − re

(11)h = ȳA�

Fig. 12  The magnetic flux penetration depth
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By knowing the magnetic field penetration depth, the 
location of the neutral axis can be calculated. Consider-
ing the equilibrium of the force along the z-axis, following 
equations can be expressed.

where FA is the tensional force at the area A, and ρ is the 
bending radius of the neutral axis. Axial strain at re could 
be calculated using the piezo-magnetic equations. The 
values of A and ȳA can be calculated considering the pen-
etration depth. The values of A′ and ȳA′ would be deter-
mined using Eqs. (11) and (12). The bending moment can 
be obtained as follow:

(12)A� = �R2 − A

(13)ȳA� ⋅ A
� = −ȳA ⋅ A

(14)

∑
Fz = FA + ∫ 𝜎A�dA

� = 0 ⇒ −
E

𝜌
ȳA� ⋅ A

� = FA ⇒ −ȳA� ⋅ A
� =

FA ⋅ 𝜌

E

(15)�z =
−
(
h + re

)
�

(16)FA = E ⋅ �z ⋅ A

(17)h =
E ⋅ �z ⋅ A ⋅

h+re

�z

E ⋅ A�
=

Ah + Are

A�
⇒ h =

Are

A� − A

(18)�z =
M ⋅

(
re + h

)
EIA�

Deflections of the actuator at the point A can be cal-
culated using Eq. (7). Finally, the deflection and slope of 
the actuator are determined at the point C using geo-
metrical relations.

The actuator’s deflection is calculated by applying a 
2.5 A current. The value of the mean equivalent magnetic 
fields, the magnetostriction coefficient at this magnetic 
field, and the axial strain of the material are 4673 A/m, 
0.22 × 10−7 m/A [12], and 0.1, respectively. The actuator’s 
deflection at the point A is calculated as follows:

Table 2 shows the deflection of the actuator at differ-
ent currents.

(19)M =
�z ⋅ E ⋅ IA�(
re + h

)

(20)θA =
ML

EIA�

(21)δc =
ML2

2EIA�
+

ML

EIA�
× L

(22)θc = θA

(23)δA =
ML2

2EIA�
= 0.13 μm

(24)δc =
3ML2

2EIA�
= 0.39 μm

Fig. 13  The stress distribu-
tion in the cross section of the 
bending actuator
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5  The fabrication and experimental tests 
of the actuator

The fabricated parts and assembly of the actuator have 
been shown in Figs. 14 and 15, respectively.

The coils shown in Fig.  14 are connected in series 
mode. The direction of their magnetic flux are shown 
in Fig. 1.

5.1  Experimental tests

The actuator has been tested under the DC and AC 
excitations. The displacement of the actuator has been 
measured under loaded and unloaded conditions. An 
eddy current gap sensor model AEC-5509, applied elec-
tronics, Japan is used to measure the actuator’s deflec-
tions. This sensor measures the deflection of the actuator 

at the point C. The sensitivity of the eddy current sensor 
is 0.4 mm/v, and its accuracy is 0.2 µm.

5.1.1  The results of the deflection measurements 
under the DC excitations

The deflection of the actuator is relatively small under the 
DC excitation. In this test, by applying a 3.8 A current, the 
deflection of the point C under free conditions is 1.6 µm. 
Figure 16 shows the test setup.

To determine the performance of the actuator 
under loaded conditions in DC excitations, a spring 

Table 2  The actuator’s deflection at different currents

Excitation 
current (A)

Mean equivalent 
magnetic fields 
( A∕m)

Penetration 
depth �p (mm)

Actuator’s 
deflection �c 
(µm)

0.5 2549 2.31 0.26
1 3391 2.37 0.32
1.5 3870 2.27 0.34
2 4368 2.26 0.37
2.5 4673 2.25 0.39
3 4923 2.24 0.4
3.8 5043 2.24 0.41

Fig. 14  Components of the actuator 1-magnetostrictive rod 
2-comb shape magnetic core 3-bobbin 4-base plate 5-coil

Fig. 15  The assembled view of the actuator

Fig. 16  The DC test setup 1-oscilloscope 2-DC power supply 
3-actuator 4-gap sensor
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with known stiffness ( KL = 502 N∕m ) is engaged with 
the actuator at the point C, and the deflection is meas-
ured. Figure  17 shows the test setup under loading 
conditions.

By applying a DC current of 3.8 A, the deflection of 
the actuator is 1.2 µm at the point C. Therefore the actu-
ator force is 0.6 mN.

5.1.2  The results of the deflection measurement 
under the AC excitations

The resonance of the actuator occurs about the exci-
tation frequency of 130 Hz. Since vanadium permen-
dur has the positive magnetostriction property, both 
positive and negative directions of the magnetic fields 
cause elongations in the material. It can be found from 
the butterfly graph of the magnetostrictive strain ver-
sus magnetic fields. It means that the magnetostrictive 
material stretches two times in each period of the excit-
ing magnetic field. Therefore, the frequency of the elon-
gation is two times the excitation frequency. By exciting 
the actuator at the frequency of 130 Hz, the material 
vibrations frequency doubles and becomes 260  Hz 
which is fairly near the numerical resonance frequency 
of the actuator.

By varying the RMS currents, the deflection of the 
actuator has been measured at the point C under free 
conditions. Figure 18 shows the deflection of the point 
C in the experimental tests and simulations.

The bending displacement increases with the 
increase of the RMS current. In the AC excitations, the 
deflection of the actuator is much more than the DC 
excitations. The reaction force of the actuator has been 
calculated by engaging a spring with known stiffness 
( kL = 502 N∕m) to the actuator. Table 3 shows the deflec-
tion of the actuator under free and loading conditions.

6  Discussion

The input and output power of the actuator at 2.5 RMS 
current and the exciting frequency of 130 Hz are 15.75 W 
and 0.034 W, respectively. The power dissipations of the 
actuator are magnetic, electric, and mechanical. Mag-
netic dissipations are flux leakages and hysteresis losses. 
The electrical dissipations are eddy current and joule 
losses of the coils.

The characteristic curve of the actuator (e.g. Bending 
deformations versus excitation currents or forces versus 
currents) shows that the actuator is a nonlinear system. 
Therefore there are three ways to control the bending 
deformations. The first way, is setting a working point 
on the characteristic curves and swinging the excitation 
current around the point. In this case, it is possible to 
use a linear controller for the approximate linear system. 
The second way is using nonlinear controller for wide 
range of the deformations. If there is an accurate model 
of the actuator, it is possible to have an open loop con-
trol system.

Fig. 17  DC test’s setup under loading conditions

Fig. 18  Deflections of the point C in the numerical analysis and 
experiments under free conditions

Table 3  The deflection of the actuator under free and loading con-
ditions at the frequency of 130 Hz

RMS excitation cur-
rent (A)

Ufree (µm) UL (µm) F (mN)

1 52 40 20
1.5 72 44 22
2 88 56 28
3 120 80 40
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7  Conclusion

In this paper, a bulk magnetostrictive bending actuator 
has been presented using a permendur rod. This actua-
tor consists of 8 coils, a comb shape magnetic core, and a 
magnetostrictive rod. The rod has been fixed on a metal-
lic base plate. The actuator’s components have been 
designed in such a way that magnetic fluxes pass through 
a thin layer of the rod. The elongation of the thin layer 
causes the bending of the actuator. The actuator’s deflec-
tions and block forces are simulated in COMSOL software. 
The concentration of the magnetic fields in a thin layer 
under AC excitations, due to the generation of eddy cur-
rents in the material is much suitable for generating large 
deflections. Therefore AC mode operation is promising to 
use in rotary motors. Exciting the actuator with four comb 
shape magnetic cores with appropriate time shifts can 
generate elliptical motions to rotate a rotor. The deflec-
tion of the actuator is minimal under the DC excitation 
which is suitable to use in wireless precise positioners. For 
instance, platforms of the TEM, STM or AFM microscopes 
can be fabricated with this actuator. By adding axial and 
circumferential magnetic fields to this actuator, it is pos-
sible to generate multi-mode displacements.
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