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Abstract

In this paper, a parametrical method is developed to design a magnetic microactuator. The method is
based on modeling the magnetic microactuator using the finite element analysis software that can be
used to calculate the energy density and magnetic force. Here, the concept of design on experiments
(DOE) is used to identify critical parameters that affect the performances of the electromagnetic
microactuator. Numerical simulation results from a series of DOE have indicated that the dimension of
core and the magnetic material block have the influence on planar electromagnetic actuators. When the
length of the magnetic components is equal to that of outer diameter of coil circuit, we obtain the best
efficiency in magnetic force. Furthermore, when we increase the thickness of the magnetic materials
block or shorten the distance between the coils and magnetic material block, the magnetic force will
increase dramatically. In addition, we can achieve a great magnetic force when the combination ratio of
the length of the core is half of the magnetic material block. Simulation results have shown that
electromagnetic actuators with high aspect ratio planar coil could sustain higher electrical current that
consequently increases the magnetic force. During the realistic fabrication, the thick resist patterning
and electroplating technologies is used to fabricate the above-mentioned electromagnetic microactuator.

Experimental results indicated that the magnetic force follows closely to the simulation results.
I. Introduction

The main advantage of using an electromagnetic principle for microactuation is its capability of

providing higher forces over relatively large distances. Note that the magnetic actuation methods not
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only offer a solution for generating repulsive forces but also giving forces that can be driven in both
directions. Furthermore, the microactuation with electromagnetic principle also has the features of high
frequency and low driving voltage. In conclusion, the electromagnetic microactuators have great

potential in its future applications.

In the past, the progress of developing a useful magnetic microactuator is limited due to the fact that
the manufacturing process of magnetic microactuators is not compatible with that of IC manufacturing
process. However, microactuators based on electromagnetic principle have been developed recently for
various types of microsystems, mainly because of the progress in the process to deposit magnetic
materials and coils on the silicon substrate [1]. For different actuation purpose, these electromagnetic
microactuators have successfully applied to the micropump [2], microvalve [3], microrelay [4,5],

micromotor [6], and other similar microactuators [7,8,9].

Note that the magnitude of electromagnetic force is highly related to the design criterions that may
included the number of the coils, the size of the core, the deposited magnetic material block and the
distance between the coils and the magnetic material block. With this in mind, we start this paper by
emphasizing the theoretical background of the magnetic microactuator. Here the model of the magnetic
microactuator is established by using the finite element method that provides the energy density and
magnetic force of the magnetic fields. Upon obtaining the model, the concept of design on experiments
(DOE) is used to identify critical parameters that affect the performances of the magnetic microactuator.
Note that, these critical parameters are found by assigning a series of testing points in the designed
region. With these critical parameters, we can design the magnetic microactuator correctly. In
microfabrication, we use the AZ4620 resist material and electroplating materials to fabricate a
magnetic microactuator. Discussions and evaluations were made on the experiments and numerical

solutions. These results provide valuable inside in designing a new electromagnetic microactuator.

I1. Theoretical Analysis of the Electromagnetic Microactuator

A typical electromagnetic microactuator usually contains two main parts — the planar coils and the
magnetic material block (sometimes core becomes the third part) as shown in Fig. 1. The operation of
the actuator is given as follows : when the electrical current is applied to the coils, a magnetic field is
generated around the coils that act perpendicular to the plane of the coils. When we applied the
magnetic field on the magnetic material block attached on the deformable film structure, a magnetic
force is generated. This magnetic force can be used to deform the film structure upwards/downwards in
the vertical direction. The Calculations [1,10] of the generated magnetic field strength H can be

. determined based on the Biot-Savart law. And the magnetization M of the magnetic block (here is NiFe)
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can be written as follows [7]:

M=uH
where £, the magnetic susceptibility of the magnetic block. In the case the material is in its linear
region, the susceptibility can be considered to be independent from the field. The magnetic force
density f can be expressed as:

S =Y(M-H)

Furthermore, taking the vertical component of f (the component in the z-dimension) and integrating it

over the volume V of the magnetic block:

F = IMdV

I

the result yields the total magnetic vertical force F, exercised on the deformable structure.

Magnetic material block

Core

Planar coils

Fig. 1 The electromagnetic microactuator

In order to obtain the insight of the mechanism, we analyze the magnetic problem using the general-
purpose finite element software ANSYS 5.4. To simplify the analysis, the planar coil is assumed to be
axial symmetrical. The ANSYS PLANES3 2D element has been performed to obtain the forces acting
on the magnetic material block. The parameters of the device are shown in Fig. 2. The material of the
coils is Cu by assuming the effective permeability ur =1. The magnetic material block and core are
made by NiFe with an effective permeability ur=300. In the finite element model, we need to establish
the planar coil, the core, the magnetic material block and the substance between the two (it will be air
in the present analysis). We use 2D infinite boundary element to simulate the far field boundary
condition of the model. Fig.4 shows the magnetic density B generated by the planar coil. As shown in

the figure, the flux lines start from the coils, move upward to the magnetic block and finally extend to
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the air. There exists a maximum density (0.16T) on the tip of the magnetic material block at /=1.5(A),
5=200, d=15, ¢=100, »=6 and w=20(um). Note that the force between planar coil and the magnetic
block is about 11.45(uN).

d
c

- w—— e e = owom (C
Core : Planar coils : I

length ¢ width w

thickness ¢s distance wd

thickness ¢

Magnetic block : number 7

Fig. 3. The magnetic flux of the magnetic
length s

actuator.
thickness 7

Fig. 2. The parameters of the device.

II1. Numerical Simulation Results

To extract the parameters that affect the design of the electromagnetic microactuator, firstly, we
focus our study on the relation between the number of the coils » and the resulting magnetic force.
Assuming that the length of the magnetic material block equals to 800um, the length of coil equals to
100um, the electrical current equals to 1 A, the numerical simulation results of varying the number of
the coils » to the generated force are shown in Fig.4. Note that the magnetic force is increased as » is
increased. When # is in the range between 4 and 8, the relationship between the force and the number
of coils is liner. However, when » reaches 10, the force increases slowly that gave the maximum value
at approximately 21.8 uN. Simultaneously, by observing the relative position of the planar coil and the
magnetic material block, the diameter at n=8 is about equal to the length of the magnetic material block.
However the magnetic force contributed from the coils is remain constant as the coils number is greater
than 10. This is due to the reason that the outer coils have less effect on the magnetic material block.
Hence we concluded that the efficient design for the present analysis is that the diameter of the coils is

equal to the length of the magnetic block.
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Similarly, we vary the length of the magnetic block s to observe the change of magnetic force with
fixed number of the coils. The result is almost identical as in Fig.4. The force increases as the length of
s increases. When the length of s is greater than the diameter of the coils, the force increases slowly and

has reached the maximum value as indicated previously in Fig 4.

§=800,tn=5,w=25wd=25,tc=25, S$=800, w=25,wd=25,tc=25.n=12
d=100,c=100,£5=25(um) d=100,ts=25(um), I=1(A)
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Fig. 4. The magnetic force as a function of the Fig. 5 The magnetic force as a function of the
number of the coils. thickness of the magnetic block.

Another parameter that is taken into consideration is the design of the thickness of the magnetic
material block. In Fig. 5, the magnetic force is increased as we increased the volume of the magnetic
material block. Note that, the increased in magnetic material block volume may lower the frequency of
the structure since the magnetic block is attached to the deformable structure. In conclusion, we suggest
that force, traveling distance and operating frequency should be specified before we design the

thickness of the magnetic block.

The distance d between the planar coils and the magnetic block may also play an important role in
the present design. The simulation results between the generated magnetic force and the distance d are
given in Fig. 6. Here we observed that the closer the distance between the planar coils and the magnetic
material block, the larger the force would be generated. Note that the traveling distance decreases as the

distance d is getting closer and closer.
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Fig. 6.The magnetic force as a function of the Fig. 7. The magnetic force as a function of the
distance between the coils and the magnetic length of the core

material block

Another parameter need to be observed is the size of core ¢ located at the center of the planar coil. In
the present simulation, we assume that the length of the magnetic material block s is equal to 800um
and the thickness of coil fc is equal to 100um. As illustrated in Fig. 7, the force is gradually increased
as the length of core reached the maximum value at 380um. The force dramatically decreases as the
length of the core keep on increasing until it reaches 800um. The phenomenon demonstrates that the
size of the core has great influence on the generated magnetic force. In Fig. 7, the actuator has the most
efficient combination when the length of the core is half of that of the magnetic material block.
Although not report here when we change the thickness of the core ts from 100um to 150um, the
magnetic force will increased to 48.66uN. The is due to reason that the distance between the magnetic
material block and the core is shorter than previous design. From fabrication point of view, the
thickness of the coils may be restricted, while the thickness of the core can be increased without any

difficulty.

The final important parameter that we need to discuss is the cross section of the coils. As we know,
the magnetic force is proportion to the square of the electrical current. This means that the magnetic
force increases as the electrical current increases. However, one of the major problems in designing the
cross section of the coils is the electrical current existed in the coils. Higher electrical current produces
higher temperature that may causes the coils to be burned down. The solution is to increase the cross
section of the coils since the larger cross section can sustain higher electrical current. However, in order
to increase the cross section, we must add the thickness and width of the coils. Since the width of the
coils will decrease the number of the coils 7 and reduce the force (as we mentioned in Fig. 4). Thus, the
best alternative is to increase the thickness of the coils in order to improve the force. This is the main

reason that we design the coils with high thickness and high aspect ratio.
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IV. Fabrication Technology and Experimental Results

In Fig 8, a schematic processing sequence for the fabrication of the coils or the magnetic block is
given. A thermal oxide is grown on the silicon wafer that is acted as an insulating layer. A 200nm Cu
seed layer for the electroplating is sputtered after a 100nm adhesive Cr layer has been deposited. A
thick AZ 4620 resist layer (approximately 34um) is spun, exposed, and developed. Then a Cu or NiFe
layer is electroplated on the given pattern. Finally, the resist layer is stripped and the Cu seed layer is
etched. Note that for the purpose of forcing the coils to form an electrical circuit, we added two
processing layers on the Cu seed layer. One is a 10um Cu layer and the other is a 10um Su8 insulating
layer with contact holes. The finished pattern and the coils are exhibited on Fig. 9 and Fig. 10,

respectively. The coils is 25um in width, 34um in thickness and 2(Q2) in electrical resistance.

On the top of the developed structure, we use the polyimide material to make the defomable

structure. First, a 10um polyimide layer is spun on a silicon wafer. By using the same electroplating

1. oxide layer 4. electroplate Cu or NiFe

2. seed layer

5. release the resist

3. resist layer is spun, exposed,
and developed

e

6. release the seed layer
PR
: AL

%

Fig. 8. A schematic processing sequence for the fabrication of the
coils and the magnetic block.
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8881 10K
Fig. 9. The resist of the planar coils made by the

AZ 4620 material Fig. 10. The planar coils

process as described previously, NiFe block is deposited on the polyimide layer. Silicon is etched at the
backside using KOH. The result is shown in Fig.11. Finally, we use the excimer laser to dice the
polyimide layer which enable us to make the pattern. The finished structure with a NiFe block
supported by four beams is shown in Fig.12. Here, the square NiFe block is 800um in length and 10um
in thickness. Also the length and the width of the beam are 1000um and 20pm, respectively.
Consequently, we perform the finite element simulation to calculate the stiffness of the structure by
assuming the young’s modulus of the polyimide material is 7.0(GPa). The resulting stiffness of the

structure is 1.92 pm/uN.

Upon the manufacturing process and simulation has been completed, we performed a series of

experimental tests on the electromagnetic microactuator. Firstly. in order to measure the curvature or

Fig. 11. Electroplating the NiFe block on the Fig. 12. The structure processing by excimer laser

polyimide layer become a NiFe block supported by four beams

the deflection of the polyimide under the effect of magnetic material block. A laser interfering
instrument is used and the vertical deflection of the polyimide structure is about 100pm. From the

above experiment, it has shown that the structure can undertake higher stress and strain. Then after the
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device has been mounted, the measured distance between the coils and the magnetic block is about
100um. The magnetic material block on the deformable structure has a 4um deflection at the current
0.5(A). At about 1.0(A) the coils burned down due to the high temperature. Thus we conclude that if
we can shorten the mounted distance between magnetic material block and coils, more deflection can
be generated. Note that the force obtained from previous calculated stiffness is 7.68uN if the deflection

is 4 um. This result matched well with the numerical simulation given in Fig. 7 at the current 0.5(A).

V. Conclusions

Numerical simulation results from a series of DOE have indicated that the dimension of core and the
magnetic material block have great influence on planar electromagnetic actuators. When the length of
the magnetic components is equal to that of outer diameter of coil circuit, we obtain the best efficiency
in magnetic force. Furthermore, when we increase the thickness of the magnetic materials block or
shorten the distance between the coils and magnetic material block, the magnetic force will increase
dramatically. Furthermore, we can achieve a great magnetic force when the combination ratio of the
length of the core is half of the magnetic material block. Simulation results have shown that
electromagnetic actuators with high aspect ratio planar coil could sustain higher electrical current that
consequently increases the magnetic force. During the realistic fabrication, we use thick resist pattering
and electroplating technologies to increase the efficiency and performance of the electromagnetic
actuator. Finally, experimental results verified the usefulness of the guidelines obtained from

simulations.
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