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A new type of 3-D micron-scale actuator is designed, which is mainly composed of four Galfenol rods, drive

coils, base, magnetic yoke and output head. According to magnetostrictive model and structural dynamic

model, the output characteristics of the actuator have been analyzed. The 3-D moving trail of the output head is

controlled by the drive coils of the four rods. The actuator prototype is fabricated and experimental investi-

gated. Good agreement is observed between the simulation and experimental results. The maximum output dis-

placements of the X, Y and Z direction are 46 μm, 46 μm and 8.2 μm. Furthermore, when a pair of opposing

rods works, the actuator has two modes of vibration under 1000 Hz. The resonant frequencies of the actuator

are 522 Hz in Y direction and X direction. The results have proved that the actuator can realize varied 3-D dis-

placement according to actual demands, and can be used in 3-D micron-scale field, such as surface mold pol-

ishing.
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1. Introduction

The trend toward miniaturization of industrial devices

demands innovation in materials and fabrication techno-

logy. The low light level lens which is in the optical

devices such as digital camera and blue light player are

made by precision polishing. The process becomes more

difficult as the mold size decreases and the required

accuracy increases [1]. In the conventional polishing

method, a rotating soft polishing tool has been used to

polish the workpiece surface. In this method, the mech-

anism is complex and the polishing force is difficult to

control [2]. As the shape of the workpiece and the radius

of curvature become smaller, typically less than 3 mm in

diameter, it becomes difficult to apply this polishing

method. Therefore, it is necessary to design a micro

actuator which can achieve micro-scale precision polish-

ing with smart materials.

Iron-Gallium alloy (Galfenol) is a kind of magneto-

strictive material. It has magnetostriction (~350 ppm)

under low saturation field (~100 Oe), exhibits high tensile

strength (~500 MPa) and very low hysteresis [3]. More-

over, it has machinability, corrosion resistance and

antifatigue properties over time [4, 5]. All these factors

demonstrate that Galfenol is suitable for micro-scale

actuation and sensing applications [6, 7]. For the actuators

with a single magnetostrictive rod, the output character-

istics in one dimension were studied. Xue Guangming

designed a magnetostrictive actuator which can produce

axial output displacement [8]. Xu Yan developed a bend-

ing vibration of the composite cantilever beam with

magnetostrictive layer. The radial dynamic characteristics

were analyzed [9]. Then the actuators with two mag-

netostrictive rods were studied. Wang Zhenyu presented a

new type of a dual magnetostrictive material rods actuator.

It can achieve continuous displacement of the actuator

[10]. Li Yafang designed and manufactured a double-

Galfenol-rods magnetostrictive transducer. The device can

simultaneously generate output displacement in axial and

radial direction [11]. A two-dimensional constitutive

model based on micromechanical domain rotation events

was presented to demonstrate the nonlinear actuator behavior

of magnetostrictive materials, in particular, Galfenol [12].

Further, for the actuators with four magnetostrictive rods,

Toshiyuki Ueno studied a miniature three dimension (3-

D) spherical motor using Galfenol. This motor consists of
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four rods of Galfenol. The maximum displacement exert-

ed on the motor was 2.2 μm [13]. Guo Jiang proposed a

magnetostrictive vibrating actuator. The actuator vibrated

in a lateral motion at frequency of 9.2 kHz with am-

plitude of 30 μm. The polishing force was controllable

within a range of 2-200 mN [14]. For special shape

actuators, Tadashi Kosawada developed an actuator with

Z-shaped steric structure. It can excite 3-D vibrations in

its micro-probe with total amplitude of displacement up to

30 µm in each X, Y and Z direction [15]. Nevertheless,

few reports on the theoretical and experimental researches

of magnetostrictive actuator which can achieve micron-

scale output displacement and large output force at low

frequency have been found. In this paper, a novel 3-D

micron-scale actuator is design. The output characteristics

are studied by theoretical and experimental methods. It

can be used in 3-D micron-scale field, such as surface

mold polishing.

2. Structural Design and Output 
Characteristic Analysis of Actuator

2.1. Structural design of actuator

The designed 3-D micron-scale actuator depicted in

Fig. 1 consists of four Galfenol rods, four drive coils,

base, magnetic yoke and output head. A Galfenol cube

raw material is machined by wire-electrode cutting, and

the four perfectly symmetrical Galfenol rods with square

cross section are obtained. The designed dimensions of

the Galfenol rods are 4 mm×4 mm×34 mm. To reduce

the effect of eddy current loss, the Galfenol rods are

machined into 1 mm slices and glued together by epoxy

resin. The applied magnetic field is 5 kA/m. This trans-

lates to number of each coil turns as 300, resistance of 1.7

Ω, a bias current of 0.3 A and exciting current of 0.2 A.

Industrial No.45 steel is used to manufacture magnetic

yoke which presents high magnetic conductivity, tough-

ness, and machinability. The magnetic yoke is designed as

a hexahedral structure, as shown in Fig. 1. It ensures the

closure of the magnetic circuit, and the volume of the

magnetic yoke is reduced, so that the output force can

effectively drive the output head to produce mechanical

vibration. The base is also made of industrial No. 45 steel.

It is fixed thus the actuator outputs mechanical vibrations

from the output head. The output head is processed by

high hardness stainless steel. 

The 3-D moving trail of the output head is controlled

by the drive coils of four rods (anti-clockwise numbers

labeled as A, B, C and D). When the four rods are applied

with same direction bias and exciting current, the rods are

extended or shortened simultaneously, so that the actuator

can generate axial output displacement. When the same

direction bias current and an exciting current of 180°

phase difference passes on the a pair of opposing coils,

e.g., A and C, the movement state of the two rods is

opposite. The output head can generate 3-D displace-

Fig. 1. Structure diagram of actuator.

Fig. 2. (Color online) Magnetic flux density (a) magnetic flux density of the four rods; (b) magnetic flux density distribution at

0.056 s; (c) magnetic flux density distribution at 0.104 s.
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ments. The X direction, Y direction and Z direction are

determined as shown in Fig. 1. The normal vector di-

rection of the plane B and C rods located is X direction.

The axial direction is Z direction.

Figure 2 shows magnetic flux density at the center of

the four rods when a pair of opposing rods (the rod A and

rod C) work. The phase difference of the magnetic flux

density of rod A and rod C is 180°. The peak values of

the magnetic flux density of rod A and rod C are 0.13 T.

It is larger than that of rod B and rod D which are almost

stable at 0.06 T. The results show that the magnetic

circuit is formed between the four rods. What's more,

there is very little leakage flux. Compared with the

traditional magnetostrictive devices, the closed magnetic

circuit forming between the four rods, which makes the

actuator has good heat dissipation and simplifies the

structure of actuator. Therefore, the designed actuator has

obvious advantages. 

Figure 2b and Fig. 2c show the magnetic flux density

distributions of actuator at 0.056 s (1/4 period) and 0.104

s (1/2 period). The red arrow is a vector whose size and

direction represent the magnitude and direction of the flux

density. As a result, the distribution and flow direction of

the magnetic flux are shown more intuitively.

2.2. Output characteristic analysis of actuator

Based on the magnetostrictive effect [16], the Galfenol

rods change their deformation when subjected to an

external magnetic field and stress. They are used as the

vibration sources to drive the output head movement. The

output characteristic of the actuator is controlled by the

four Galfenol rods. Because the actuator is symmetrical

structure, firstly, the output characteristics of the actuator

under single Galfenol rod motion are analyzed. In the

movement of the actuator, based on the principle of

structural mechanics, solid mechanics and d'Alembert

principle, the displacement of the bottom of the Galfenol

rod is 0 mm. The top of the Galfenol rod has the same

displacement y, velocity  and acceleration  as output

head of actuator. In addition, the stress generated by

Galfenol rod, Fr, and the stress acting on the rod by the

output head, Fl, agree with Newton's third law. In this

way, the dynamic motion of the actuator is simplified as

equivalent single-degree-of-freedom system, as shown in

Fig. 3. The Galfenol rod and the output head are simpli-

fied to equivalent spring and mass, respectively. Where,

mr is the mass of Galfenol rod. Kr is the stiffness coeffi-

cient of Galfenol rod. ml is the mass of output head. Kl is

the stiffness coefficient of output head. 

For a Galfenol rod, the vibration system of single-

degree-of-freedom, as shown in

 (1)

Where, . Fm is the amplitude of stress.

When bias magnetic field is applied to the rod, the initial

conditions of the Galfenol rod is

 (2)

Where l is the elongation in the longitudinal direction

of the rod. According to the initial conditions, differential

Eq. (1) is solved. The displacement of Galfenol rod can

be computed, as shown in

 (3)

Where, . The parameters to be identified

are Fl(t) and l. Owning to the stress generated by a

Galfenol rod Fr(t) and Fl(t) agree with Newton's third law,

Fl(t) = Fr(t). The stress generated by a Galfenol rod is

given by

 (4)

E is young’s modulus. A is area of Galfenol rod [17]. 

is magnetostriction of Galfenol.

 (5)

Where the direction cosine (α1, α2, α3) and (β1R, β2R,

β3R) are the respectively determined by magnetization and

measuring direction along magnetic crystal axis. The 100

and 111 are magnetostrictive constants in  and

 direction. The f (θ, ξ) is the distribution prob-

ability function. It is the probability of magnetic crystal

magnetization along the direction of (θ, ξ) [18]. s is the

saturation magnetostriction of Galfenol. It is determined

by Eq. (5). When the rod works at the optimum working

conditions, the governing equation is I = 0.3 + 0.2sin(2 ft)

A. The stress of rod can be calculated by
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Fig. 3. (Color online) Equivalent mechanical system of actu-

ator.
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 (6)

The elongation in the direction of the rod length is

represented by

 (7)

Where, l is the length of rod. When the Galfenol rod

works at its optimum working conditions, the output

characteristics are calculated using the following para-

meters: 100 = 2.12×104, 111 = 1.3×105, l = 34 mm, E =

59 GPa, A = 1.6×105, Kr = 2.8×107 N/m, mr = 4.1 g, ml =

5.1g and Kl = 1.6×109 N/m [18]. The magnetostrictive

curves of the Galfenol are obtained by calculation and

experiment, as shown in Fig. 4. The saturation magneto-

striction s is 270 ppm. By Eq. (1)-(7), the output dis-

placement of the system under a Galfenol rod motion can

be obtained. According to output head has the same dis-

placement y, velocity  and acceleration  as the top of

the Galfenol rod, the output displacement of output head

can be calculated.

Based on the design theory, when same direction bias

current and an exciting current of 180° phase difference

flows in a pair of opposing coils (A and C, B and D), the

movement state of the two rods is opposite. Moreover,

there is a  phase difference between rod A and rod B, as

shown in Eq. (8). So, the output head can generate 3-D

output displacements. According to circuit, magnetic circuit

and magnetostriction theory, the bias magnetic field and

exciting magnetic field for rods are determined by

 (8)

Where, I0 is the bias current, i is the amplitude of excit-

ing current. Then the displacements of the rods are

(9)

Finally, the displacement of output head is

(10)

The output force of the actuator FA and Fl are opposite

and equal. , the output force of the actuator

is

 (11)

According to Eq. (10) and Eq. (11), we can calculate

the output characteristic of the actuator. In the designed

actuator, the four rods are directly contact with the air and

have good heat dissipation, so that the effects of the eddy

current can be neglected at low frequencies (under 50 Hz).

The model can provide important guidance for designing

3-D micron-scale actuator.

Figure 5 shows the calculated displacements of actuator

at 1 Hz frequency. The trajectories of the output head in

2-D plane when the four rods work ( = 180° and  = 0°,

45°, 90°, 135° and 180°) are analyzed. When  is 0° and

180°, the moving trail of output head is in a straight line.

The amplitudes can reach 23 μm, thus the maximum dis-

placements of X direction and Y direction are 46 μm.

When  is 45° and 135°, the moving trail is a elliptic

trajectory. The two semi-axis are 21 μm and 8 μm. When

 is 90°, the trail is a circular orbit with a radius of 15
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μm. In addition, the range of Z direction displacement is

0 μm-4.6 μm.

The case in which the pair of A and C rods work is

shown in Fig. 6. The output head is also vibrating in the

diagonal direction of the 2-D plane. The maximum dis-

placements of X direction and Y direction can reach 25

μm. However, the maximum displacement of Z direction

can only reach 4 μm. Moreover, when four rods work at

( = 0o,  = 0o), the displacements of X direction and Y

direction are basically 0 μm. It is vibrating in the Z

direction, which can reach 8.2 μm. So, we can conclude

that the 3-D moving trail of the actuator can be controlled

by the four drive coils. The results show that the maximum

displacements of X direction and Y direction realize at

 = 180o and  = 0° or 180°. What's more, the maximum

displacements of Z direction realize at  = 0o,  = 0o.

Figure 7 shows the calculated output force of the actuator

when a pair of opposing rods (the rod A and rod C) work.

The force varies periodically with the vibration of the

output head. In Fig. 7, the data of the X axis and the Y

axis represent the actual vibration displacement of the

output head. So, the output force at the vibration position

of the output head is given in actual operation. The output

force is controllable within a range of 0.04 N-0.34 N.

Fig. 5. (Color online) Moving trails of actuator ( = 180o and

 = 0°, 45°, 90°, 135° and 180°).

Fig. 6. Moving trails of actuator (the pair of rods A and C

working).

Fig. 7. (Color online) Output force of the actuator when the

pair rods of A and C work.

Fig. 8. (Color online) Experimental setup.
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3. Experimental Results and Analysis

The output displacements of the actuator prototype are

studied by experiment. The experimental system is shown

in Fig. 8. It consists of DC power supply, signal generator,

power amplifier, fixture, displacement sensor and oscillo-

scope. The DC power supply provides constant bias current

for the actuator to reduce frequency-doubled effect. The

signal generator and the power amplifier provide the

dynamic driving current for the actuator. Under the bias

and exciting magnetic fields, the displacement produced

by output head is measured by capacitive non-contact

displacement sensor, and the measuring device needs a

plane. Thus the output head is processed into a cuboid to

facilitate measurement. Finally, the signal is transmitted

to the oscilloscope. The displacements of the output head

in the X direction, the Y direction, and the Z direction are

measured. The definition of the three directions is shown

in Fig. 1.

Before the experiment, the Galfenol rod is demagnetiz-

ed. The output head of the actuator and capacitive dis-

placement sensor are located and adjusted. The capacitive

displacement sensor is calibrated. Then, the optimum bias

and exciting current are applied to the actuator. Finally,

the experimental data are collected by displacement sensor.

The output displacement of transducer is obtained by data

processing. Since the capacitive displacement sensor can

only measure one dimensional displacement, we measure

the displacement in X direction and Y direction for each

experiment.

The case in which the pair of rods A and C work is

analyzed. Fig. 9 shows the moving trail of output head at

1 Hz driving frequency. The theoretically calculated value

is compared with experiment and found that their chang-

ing tendencies are consistent. The maximum displacements

of X direction and Y direction of the calculation are 25

μm. By the experiment, the maximum displacements of X

direction and Y direction are 22 μm and 23 μm, which are

slightly smaller than calculated one. It is confirmed that

the theoretical analysis coincide with experiment results.

However, hysteresis loop exists in the experimental results.

The reason is that there is an unavoidable energy loss in

the actual operation of the actuator.

The output accelerations of the actuator are tested and

analyzed. Based on the Newton's second law, the output

force of the actuator can be calculated. The experimental

method of the acceleration is the same as that of the

Fig. 9. (Color online) Moving trail of the actuator at 1 Hz

frequency.

Fig. 10. (Color online) The acceleration of the actuator at 500

Hz frequency.

Fig. 11. (Color online) The first six modes and natural fre-

quencies of the actuator (a) First order mode (b) Second order

mode (c) Third order mode (d) Fourth order mode (e) Fifth

order mode (f) Sixth order mode.
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displacement. A SQLab II vibration and noise test system

is used to measure the vibration acceleration of the actuator.

Fig. 10 shows the 3-D real-time vibration acceleration of

the actuator ( f = 500 Hz). The results show that the

acceleration in X direction, Y direction and Z direction

are 8 m/s2, 9 m/s2 and 0 m/s2. The total acceleration is 12

m/s2. According to the Newton's second law, the total

output force is 0.36 N (the mass of the output head is 30

g). The maximum output force calculated by the theoretical

model is 0.35 N (In Fig. 7). The theoretical results agree

well with the experiment for the output force.

Resonance frequency is one of the important parameter

to be measured for predicting the performance in high

frequency applications. The six order natural frequency of

the actuator are calculated by the finite element method,

as shown in Fig. 11. They are 500.47 Hz, 500.62 Hz,

1185.7 Hz, 3318.5 Hz, 3319.6 Hz and 3812.5 Hz. We can

find that the vibration mode of the first order mode is

vibration in the Y direction, while the vibration direction

of second order mode is in the X direction. Taking the

pair of A and C rods working for example, the displace-

ments of the Y direction and the X direction are mea-

sured, and the resonant frequency of the actuator is

determined by experiments. Fig. 12a shows the output

displacement of the output head from 1 Hz to 1000 Hz in

X direction. It can be found that the output displacement

is larger at low frequency (less than 50 Hz). Then, reson-

ance occurs within the range 350 Hz-570 Hz. The response

frequency is 522 Hz. Through experiments, it is found

that the resonance frequency in the Y direction is also 522

Hz. The experimental results agree with the calculated

one. The maximum output displacement in the X direction

at 522 Hz can reach 27 μm. When the response frequency

is found, the output trajectory of the actuator is measured,

as shown in Fig. 12b. The output head is mainly vibrating

in the X direction. The output trajectory is approximately

straight. In addition, the hysteresis is very small when the

actuator is operating at the resonant frequency. It can

prove reliability and reproduce the designed actuator vib-

ration process.

4. Conclusion

The 3-D micron-scale actuator is designed and fabri-

cated. By controlling the magnetic field of the four rods,

the actuator can produce 3-D controllable large output

displacement and output force. The magnetic circuit of

the actuator is analyzed, and the results show that the

magnetic flux leakage is very little in the new structure.

Based on the structural dynamic model, the theoretical

model of output displacement and force of the actuator

are established and calculated. An experimental platform

is built and the experimental results of the output dis-

placement and force are consistent with the theoretical

analysis. The maximum X, Y and Z direction displace-

ments are 46 μm, 46 μm and 8.2 μm, respectively. The

total output force is 0.36 N. Moreover, the research can

effectively investigate the effects of the frequency on the

output displacement. The first two order resonant frequ-

encies of the actuator are found to be 522 Hz in Y

direction and X direction. The results show that the

actuator not only realizes miniaturization, but also can

output stable large output displacement and output force.

The output head of designed actuator can achieve a

variety of trajectories according to actual demands. The

actuator can be used in precision machining systems.
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