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Abstract
Uniform bias magnetic field is very important for giant magnetostrictive actuators (GMA) to
fully utilize the performance of giant magnetostrictive materials (GMM). However, it is
difficult to keep it uniform when the length to diameter ratio (α) of the GMM is larger than
3.5, though the shapes of the applied GMM are different with α usually larger than 3.5. In this
paper, a design method with triple-ring permanent magnets is established to provide an even
bias magnetic field for GMM with varying α. Firstly, the magnetic circuit model is set up.
According to the analysis of the field distribution along the GMM rod, the main factor causing
unevenness of the bias magnetic field is confirmed to be the inner leakage flux. A design of
triple-ring topology for the magnets is developed to control the inner leakage flux to reduce
the unevenness. Then, finite element analysis is adopted to optimize a design which can ensure
an unevenness of the bias magnetic field of less than 3% while the α of a GMM rod is up to
20. Finally, an actual GMA is fabricated with the GMM dimension of �10 mm× 50 mm
(α = 5), and the testing results show that the unevenness of the bias field along the GMM is
1.38%. The bias magnetic system design is practicable, simple and efficient for offering an
even bias magnetic field when α lies in a wide range.

(Some figures may appear in colour only in the online journal)

1. Introduction

A giant magnetostrictive material (GMM) discovered by
Clark et al [1], commercially named Terfenol-D, has large
magnetostriction up to 2000 ppm, fast response and high
resolution. GMM as a key unit has been used in many
kinds of microactuating devices which are important in the
fields of aerospace, optical communications, robotics and
other modern industries [2–8]. Because GMM elongates
with increasing absolute value of the magnetic field, a
bias magnetic field is required to set the initial position at
the middle of the linear part of the magnetostrictive curve
and eliminate the effect of doubling frequency when giant
magnetostrictive actuators (GMA) are driven by an AC signal.
And the performance of the GMM can be fully utilized

when the unevenness of the bias magnetic field is low. An
electromagnetic solenoid is commonly used to offer a bias
magnetic field which is convenient for adjusting. But the
solenoid will increase the weight and volume of the devices.
The heat generated by the driving current in the coil requires
a cooling system which makes the device complicated and
raises the cost of maintenance.

Using a permanent magnet (PM) bias field is another
strategy which yields a compact device, without a cooling
system or power supply [9]. In the traditional GMA, the PM
used is tube-shaped, and the bias field unevenness increases
drastically when the ratio of the length to diameter α of the
active material is larger than 3.5 [10]. In order to offer a
uniform bias field to GMM with large α (α > 3.5), a PM bias
magnetic structure was designed by Zhang et al [11]. In their
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Figure 1. The simplified geometry of the magnetic circuit (a); three coaxial permanent magnet rings in open space (b).

design, compared to that of a normal permanent magnetic
cylinder, the PM tube is combined with short rings which
have gradually changing shape or remanence. This design
can achieve an even bias field along GMM with large α;
however, the processes of preparing sections of magnet rings
are complicated and hard to adjust. When the sizes of GMM
used in GMA are various, the bias magnetic circuits have to be
designed accordingly, which is complicated and will cost a lot
of time. In other designs, PM rings are used to give the bias
magnetic field [12]. This kind of structure could save much
permanent magnet material [13] and it is easy to provide a
uniform bias field when α for the GMM is smaller than 3.5.
But it is difficult to apply this structure for GMM with large α
because too many parameters should be confirmed by analysis
and calculation. And these parameters are changing with the
shape of the GMM. It is necessary to access a general design
method for this bias field system, which is simple, economical
and efficient, for GMA with varied α. Nevertheless, general
design methods are seldom reported.

Therefore, establishment of a general design method
based on PM ring structure is valuable and it can be used
for different GMM rods to provide a uniform bias magnetic
field. In this paper, a compact topology for a bias magnetic
circuit is designed. And a magnetic circuit model and finite
element simulation are adopted to optimize the design for
the magnetic bias. As a result, a typical design method with
triple-ring permanent magnets is developed to provide bias
magnetic field, and the configurations can be used for GMA
with a wide range of ratios of length to diameter of the GMM
(α ≤ 20).

2. The magnetic circuit model

In the basic structure of GMA, the magnetic circuit is
composed of PM, iron shells, air gaps, coil and GMM, as
shown in figure 1(a). In order to suit GMM rods with large
range of α, three identical permanent rings are used to provide
bias magnetic field in the structure. And the GMM rod is

considered as three equal sections in order to estimate the field
variations when the magnetic circuit is modeled.

The flux generated by each PM ring has three parts. The
first part of the flux gets through the iron shells, air gaps and
GMM rod, and the strength of this part of the flux is the same
in the three sections of the GMM rod. The second part of
the flux leaks into the air outside the GMA. And the third
part of the flux, the inner leakage flux, gets across the coil
which provides an excited magnetic field for the GMM then
through the rod. This part of the flux has a great effect on the
unevenness of the magnetic field along a GMM rod. Changes
of the distance between the PM rings and the diameter of
the PM ring will cause the distribution of this part of the
flux to become different. Therefore, setting the three rings
with appropriate diameter at the proper places is an available
approach for improving the evenness of the bias field. The
position of the rings can be confirmed by calculation.

According to analysis, the character of the inner leakage
flux is similar to the character of the flux generated by three
permanent magnet rings which are set coaxially in open space
as shown in figure 1(b). In figure 1(b), the diameter of the
PM rings is r0; the distance between the PM rings is h0. And
r0 = r2, h0 = h2. The flux density (Bx,m) of the third part
provided by the middle magnet ring at any point along the axis
of the GMM can be calculated on the basis of the Biot–Savart
law [14]:

Bx,m =
Bl,m

2(r2
2 + x2)

3
2

. (1)

And the flux density of the third part provided by the other
two magnet rings can be obtained from similar equations. The
inner leakage flux Bx produced by three PM rings at any point
along the axis of the GMM is

Bx =
Bl,e,ur2

2
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Figure 2. The magnetic circuit of the permanent magnet ring at the middle (a) and the end (b).

where Bl,e,u,Bl,m and Bl,e,d are flux densities produced by
each of the rings of the inner leakage flux, and r2 is the
difference between the GMM rod’s radius and the PM ring’s
inner radius. If the PM rings are replaced by equivalent coils,
and the two adjacent coils are placed as Helmholtz coils, the
field along the GMM rod will be uniform [15]. Therefore, PM
rings are set in terms of Helmholtz coils: the parameter r0
equals h0 which means that r2 = h2. And the results of the
calculation from equation (2) show that the distribution of Bx
along the GMM is the most uniform when r2 = h2.

Furthermore, iron shells are used to form a magnetic
return path. And the iron plates at the two ends avoid the field
inside the GMM diminishing sharply at the ends of the GMM
rod [16]. On the other hand, the air gaps on the iron plates are
used for keeping the field not too high at the ends, and they
ensure that the unevenness will not get worse.

On the basis of a magnetic circuit, the magnetic circuit
model of GMA is established, to analyze the field distribution
along the GMM. Three permanent rings are considered
respectively in the magnetic circuit model to reduce the
difficulty of calculation. Figure 2(a) shows the circuit model
of the permanent magnet set in the middle, and figure 2(b) is
the model of the permanent magnet set at the upper end. The
models of the permanent magnets at the two ends are nearly
the same. In these models, the ‘voltage law’ and ‘current law’
can be applied to get the magnetic intensity H in the GMM
after all reluctances of each unit are gained. The reluctance of
each unit can be obtained from the definition

R =
∫

dl

µA
(3)

where l is the length, µ is the permeability and A is the
cross-sectional area of the unit. In the model of the permanent

magnet ring at the middle, because of the symmetry of the
model, the reluctances of the circuit branches Rmu and Rmd
are the same:

Rmu = Rmd =
(Rgmm + Rair,1 + Rpm)× RL,1

Rgmm + Rair,1 + Rpm + RL,1
(4)

φ4 =
RLφ

Rmu + Rmd + Rgmm + RL
(5)

φ1 = φ6 =
RL,1φ4

(Rgmm + Rair,1 + Rpm + RL,1)
(6)

H4 =
φ4

µπ
(

d
2

)2 (7)

H1 = H6 =
φ1

µπ
(

d
2

)2 (8)

where 8 is the total magnetic flux provided by the permanent
magnet ring, 81 is the magnetic flux getting through the
upper section of the GMM, 84 is the flux getting through
the middle section of the GMM and 86 is the flux getting
through the lower section of the GMM; H1,H4 and H6 are
the flux intensities of each of the sections of the GMM. In the
models of the permanent magnet rings at the two ends, two
other similar sets of equations can be set up to get the flux
intensity along the GMM. By combining the three parts of the
flux intensity together, the distribution of field along the GMM
can be achieved. The unevenness of the magnetic field along
the GMM is defined by the following equation:

η =

√[
1
N

∑N
i=1(Hi − Havg)2

]
Havg

× 100% (9)
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Figure 3. The result of FEA (a); magnetic field distribution in the GMM rod from calculation and FEA (b).

Figure 4. Unevenness of the bias magnet field in different GMM
rods.

where Hi is the flux intensity along the GMM, Havg is the
average flux intensity along the GMM, and N is the number
of data points. The GMM with 10 mm diameter and 50 mm
length, as an example, is applied in the calculation. And η is
4.09%.

3. Optimization

The FEA (finite element analysis) solver, ANSYS, is applied
to optimize the design method. First, the magnetic circuit with
�10 mm × 50 mm GMM is analyzed. The triple-ring PM
is set to the provide bias field. r2 = h2 is the basic rule in
geometry parameter design. The simplified geometry model
used in the analysis is shown in figure 1(a). In figure 3(a), the
magnetic field generated by the PM rings is shown. The flux
path observed in the figure is close to what we supposed in the
magnetic circuit model. The magnetic field along the GMM
rod is uniform (η is 3.90%). The magnetic intensities along
the GMM rod obtained from calculation and FEA analysis are
both plotted in figure 3(b). It can be seen that the two curves
of magnetic field distributions are similar. This means that the
triple-ring topology of the PM can offer a uniform magnetic
field along the GMM when α is 5.

Then, whether the design method can be used with
different shapes of GMM should be considered. The FEA is

Table 1. The size of the GMM and results of analysis (η).

Diameter (mm)

Length (mm)

10 20 25 50 100

5 3.87% — 3.11% 5.89% 10.01%
10 2.24% 3.56% — 3.90% 6.42%
25 — — — 0.40% 1.36%
50 — — — 0.70% 2.03%

adopted to analyze this topology of bias magnetic field with
different sizes of GMM. Several common sizes (table 1) of
GMM in applications are chosen to be analyzed with the
design principle mentioned above. The length of the GMM
rods is from 10 to 200 mm; the diameter is from 5 to 50 mm;
α is from 1 to 20. And all the bias magnetic field systems are
designed on the basis of a triple-ring PM structure.

The results can be surface-fitted as shown in figure 4.
When the diameter of the GMM is smaller, η grows faster with
α increasing; when the diameter of the GMM is larger, η rises
gradually. That is why the bias field, when using this design,
is easier to make uniform when α < 3.5. On the other hand,
η decreases with the diameter of the GMM increasing when
α is the same. And when the length is constant, the magnetic
field in the GMM rod with larger diameter is more uniform.

In the FEA results, when α is smaller than 5, η stays
lower than 5%. When α is 20, the unevenness η goes larger
than 10%, which means that the magnetic field along the
GMM is very unevenly distributed. When the ratio of length
to diameter becomes larger, the magnetic field in the middle
section of the GMM is much lower than it is in the other
sections, as shown in figure 5. Therefore, two approaches
can be applied to solve the problem. The first one is to
change the remanence of the permanent magnet rings, keeping
the remanence of the middle ring higher than those of the
other two. The second method is to use rings with the same
remanence and different thicknesses: the middle ring is thicker
than the other two. In our research, the first method is chosen
for convenience. After optimization, the unevenness of the
magnetic field along the GMM is decreased greatly. When
α is in the range 1–20, η can be kept lower than 5%. FEA
results are shown in figure 5: η for the magnetic field along the
�5 mm× 100 mm GMM goes down from 10.01% to 2.29%;

4
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Figure 5. The results of FEA for the magnetic field along the
GMM before and after optimization.

η for that along the �10 mm× 50 mm GMM also declines to
0.59%.

4. Validation

The GMA with �10 mm×50 mm GMM (α = 5) is processed
and fabricated to validate the design. The GMA structure is
shown in figure 6(a). In the bias magnetic system, three PM
rings are used to provide the bias field, and the inner diameter
of the PM ring equals the length of the iron shells between
each of the PM rings. Figure 6(b) shows the fabricated GMA
and bias magnetic system. The magnetic field along the
GMM of the GMA is tested by magnetometer, and results
are shown in figure 6(c): the unevenness η is 1.38%, which
is similar to the results of the FEA and indicates that the bias
magnetic field along the GMM is much more uniform than the
traditional tube bias PM provided.

The performance of the GMA is tested. In a quasi-static
test, the GMA is driven by DC power. The driven current rises
from 0 to 1.5 A, then decreases to −1.5 A, and finally goes
back to 0 A. During the cycle, an eddy current sensor is used
to collect the data on the movements and feeds it to a PC. The
captured data is analyzed by a program which can convert
the signal into distance and plot it. As shown in figure 7(a),
due to the appropriate bias magnetic field, the symmetrical
bidirectional displacements of 20 and −21 µm are achieved.

Figure 6. The structure of a GMA with three magnet rings for bias
magnetic field (a); the fabricated GMA and bias magnetic
system (b); results of the test and FEA for the magnetic field
distribution along the �10 mm× 50 mm GMM (c).

In the dynamic test, the assembled GMA is set on a platform
which has been fixed to the ground. The sine signal from
the controller is fed to the GMA. The displacement data
received from the eddy current sensor is sent to the signal
acquisition unit in the controller. The test result is plotted
as figure 7(b). The actual placement follows the commanded
signal synchronously.

5. Conclusions

A method of design of a bias magnetic field system with a
triple-ring PM is developed to adapt to various ratios of length
to diameter of the GMM rod in applications. The magnetic
circuit model of the GMA is established, to analyze the field

Figure 7. Quasi-static performance of the GMA driven by a 1.5 A current (a); dynamic performance of the GMA driven by a 1 Hz sine
signal (b).
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distribution along the GMM. Optimization by FEA ensures
the unevenness of the bias magnetic field to be less than 5%,
which is much lower than that for the traditional structure
when 1 ≤ α ≤ 20. An actual GMA fabricated with the GMM
dimension of �10 mm × 50 mm and α = 5 shows the
unevenness of 1.38%, confirming that the method of design of
the bias magnetic field system with a triple-ring PM is feasible
and appropriate for achieving an even field along the GMM.
The general method of design of the bias magnetic field could
be used in GMA development.
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