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Abstract:  In this work, the design and optimization of electromagnetic micro-actuator induced by an embedded
planar micro-coil is discussed. The actuator design is optimized to enable significant increase of the actuation
force and magnetic flux density at low power consumption. Therefore, this work is focused on theoretical
analysis of magnetically actuated membrane which has been induced by a planar embedded micro-coil. The
design and geometry of the planar micro-coil are discussed in detail in this report. Furthermore, the parameters
of coil dimension such as width, space and number of turn, were varied and compared by implementing 3
different permanent magnet materials (Neodymium, SmCo and AlNiCo) to obtain optimum force. As the results,
the geometry of the micro-coil and the permanent magnet material greatly affect to the magnetic flux density and
are highly related to the generated force. This work is greatly benefit for microfluidic injection system integrated
in Lab-on-Chip.
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INTRODUCTION order to achieve optimum magnetic force and magnetic

Recently, micro-actuators for liquid injection system for the fluid sample injection with a maximum flow rate of
that driven by electromagnetic field have gotten a lot of 10 nL/hr at electrical power consumption of lower than 100
attention on many fields due to their compact structure, mW.
high actuation force at very low power consumption and In its application, the actuators play important factor
easy fabrication as well as ability for integration [1-3]. on the performances of the injection system. As reported
Planar micro-coil is widely used because it has several by [2, 10], the actuation of a membrane is affected by the
advantages such as thin structure, low volume and the coil geometry. Unfortunately, there were no optimized
possibility to integrate directly into the actuator system results yet that ensure the capability of the coil
[4-5]. performance. Therefore, this work is focused on the

Various types microactuators that was applied for theoretical analysis of magnetically actuated membrane
fluids injection system have been reported in some induced by a planar embedded microcoil. The parameters
literature. The common actuator system consist of of coil geometry, materials and structure are intensively
magnetic, magneto hydrodynamic, thermal, electostatic investigated in this study.
and piezoelectric based actuator pump [6-9]. In order to
obtain a low flow rate, it is necessary to have a controlled Actuator  Design:  Figure 1 shows the schematic
low actuator force withsufficient low deflection of the structure of the microactuator used as fluids injector. The
membrane. Therefore, an optimized embedded planar system consist of permanent magnets, polyimide
micro-coil for the magnetically membrane actuation membrane with embedded microcoil and the silicon
purpose is reported. The actuator design is optimized in chamber.

flux density which is useful to actuated a thin membrane
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Fig. 1:  Cross section view of integrated device

Fig. 2: 2-D axial symmetric modelling with finite element
analysis

When a current is supplied to coil, the membrane
moves up and down due to the electromagnetic force
generated by the coil and permanent magnet. The
actuating membrane creates then pressure change in the
chamber, hence enabling the transport of fluids medium
through the channel at a desired steady flow.

Cross-sectional side view of the simulated actuator
structure is shown in Figure 2. It consists of three main
parts including copper microcoil embedded polyimide
membrane, air chamber and permanent magnets attached
onto quartz substrate. Between permanent magnet and
membrane there is sufficient distance to enable membrane
deflection at vertical direction. The quartz substrate and
permanent magnet are considered as static part of the
system, while polyimide membrane as movable part. The
end side of the membrane is kept static. The area of
analyzing system being simulated is set as large as 3x6
mm .2

Table 1 shows the geometrical parameters of the coil
with varied dimensions. The inner diameter of the coil is
kept constant by d =2.5 mm. The magnetic material usedin

for each observation is Neodymium (NdFeB), Samarium
Cobalt (SmCo) and AlNiCo.

The diameter and thickness of glass substrate are 10.8
mm and 1 mm, respectively, while the magnet has a
thickness of 500 µm. The membrane is made of  polyimide

Table 1: Parameters of the actuator system
Structure name Material Dimension
Substrate Glass; t =1mm,glass

Silicon t =625 µmsi

Permanent magnet NdFeB; t =0.5 mmmag

SmCo; AlNiCo d =2.5mmmag

Micro-coils Cu s=50,80,100,140 µm
w=50,100,140,180 µm
d =2.5mmin

N= 5;6;7;8;9;10;15;20
Membrane Polyimide t =100 µmmem

d =10.8mmmem

having the diameter and thickness of 10.8 mm and 100 µm,
respectively. Meanwhile, the conductor coil is made of 20
µm thick copper and supplied by an input current of 0.5 A.
The distance between permanent magnet and coil surface
is set to 100 µm. Copper materials are chosen due to their
low cost and easy in the sputtering process.

Model Computation: Theoretically, magnetic force acting
on current carrying coil F  can be calculated as themag

integral of the vector product between the total length of
the coil and external magnetic field B generated by a
permanent magnet. Magnetic force can be calculated as
when the magnetic field acts on each differential part of
the current carrying element. Magnetomotive force is
generated on the coil segment which is called as Loretz
force F .mag

The generated magnetc force is obtained from the
basic lorentz force equation [11, 12],

(1)

Where F  is the Lorentz force, I is the input current coil,mag

dl is the coil length and B is the magnetic field generated
by the permanent magnet. 

If we consider only the normal component of the
magnetic force (F ) that directly affect to the orientation ofz

the membrane deformation, then the force is calculated as:

(2)

Where B  is the radial component of magnetic fieldr

densisty and dl is the length of the coil in radial direction.
In this case, B  component is distributed uniformly overr

the substrate. Therefore, B  is considered constant at ther

distance z=20 µm.
If constant current is given, the resulting

electromagnetic force will change with the total length of
the coil as shown in equation (1) and (2).As the result, the



ln. rn
n

F I B= ∑

z
z

z
F l md c

D
=

( )
3

212 1
Eh mD

v
=

−

Middle-East J. Sci. Res., 19 (4): 538-543, 2014

540

total force can be considered as the generated force in membrane surface. The z-coordiante = 0 is located at the
every coil winding. For n-winding number of the coil, the bottom side of the coil and z = 20 is the position of the coil
total force is calculated as, surface.

(3) winding number with NdFeB permanent magnet, the

l is the total coil length of n - turn.Furthermore, the as indicated in several colors in Figure 3. High magneticn
th

relationship between force and deflection of the flux density can be found at the edge of permanent
membrane is: magnet and at around the surface of the magnetic coils.

F  = - kd (4) only indicates the direction of it.z z

Where F  is the force, d  is the deflection and k is the simulation of the generated force at the membrane surfacez z

spring constant for especially membrane material with a by various coil turns. From all 3 observed materials
given geometry. d  can be calculated using equation (NdFeb, SmCo and AlNiCo), it is clearly observed thatz

bellow as [13]: magnetic material plays an important factor in further

(5) magnet material produces the highest force compared to

Where l  is the length of the membrane, D is the flexural material for micro-actuator application. For an inputm

rigidity of the membrane material and C is constant current of 500 mA supplied to the 20 turns planar coil on
depends on the boundary conditions at the outer edges 100 µm thin polyimide membrane, a maximum force of 10.4
and shape of the membrane. Furthermore, Dis defined by: mN is observed.

(6) confirms the equation (2 and 3). The larger turn number of

Where h  is the thickness of the membrane, E is the The dimensions of the coil structure such as widthm

Young’s modulus of the membrane material, v is Poisson’s and space changes also have an effect on the resulting
ratio. The finite element analysis Comsol 4.2 is used to force as shown in Figure 5. It is shown the bigger coil
solve the problem of electromagnetic property of actuator space the greater force can be produced. This is due to
system. The micro-actuator models is reflected into 2-D the larger length of the coil and it is confirmed by
axis-symmetric, as shown in figure 2. While the equations (2 and 3). However, at the width and space
surrounding air area is limited by the geometry of the coils above 100 µm and 110 µm, respectively, force generated
that occupies an area observation of 3x6 mm . decrease. Nevertheless, at the space ranging between 902

µm to 110 µm and the width of 60 µm to 100 µm, optimum

RESULT AND DISCUSSION generated by the coil do not overlap well and appear

The magnetix flux density and electromagnetic force force generated instead. This occurs because the flux
is generated due to the interaction between micro-coil and density generated mutually exclusive between coil
permanent magnet. Therefore, the analysis of the actuator winding number or known as eddy current effect.
performance is focused on the geometrical aspect of the As the result, it is observed that the changes in coil
coil, the magnet material and the structure design of the dimension have a major impact on the generated force.
membrane by considering the volume and the distance of There are also compromises in geometry choice of the coil
the permanent magnet material above the coil as constant. between the area consumption and the resulting magnetic

The      r-coordiante    is   the   radial     component fields. Micro electromagnetic actuator that uses a
(the distance  of  the  coil to the center z-axis) and z- neodymium permanent magnet has greater force than the
coordinate is the normal axis perpendicular to the other permanent magnets.

For 20 µm thick magnetic coil having 20 turns of

system creates a periodic profile of magnetic flux density,

Negative symbol on the magnetic flux density generated

Figure 4 depicts the results of finite element

increasing the force. Neodymium (NdFeB) permanent

other observed materials such as SmCo material and
AlNiCo. Hence, among them, NdFeB is the most suitable

It is also shown that there is a significant influence of
the number of the turn to the magnetic force which

the coil the higher magnetic field will be induced in the
medium hence increasing the generated force.

force can be generated. At the large space, magnetic field

individually. Otherwise, the larger coil width the smaller of
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Fig. 3: Magnteic flux density characteristic of actuator

Fig. 4: Comparison EM force by various coil turn

Fig. 5: Comparison of the EM force by various coil for someforces acting on theactuator membrane ??andfor
dimension at permanent magmet distance of 100 µm various shapes of the membrane.
above the membrane Referring to the line graphs in figure 6 and 7, it is

In addition, some mechanical deformations which are the circular membrane and followed by square and
produced by coil induction have been observed for rectangle. The effects of membrane thickness show that
several membrane thickness and shapes (Figure 6). the thicker the membrane the less flexible, hence the more
Maximum deflection of about 30 µm can be obtained when difficult to deflect.

Fig. 6: Mechanical deformation characteristics of
polyimide membrane at various membrane shapes

Fig. 7: Mechanical deformation characteristics of
polyimide membrane

a circullar membrane with a thickness of 50 µm is used. It
shown that for a membrane thickness of 50 to 100 µm,
range deflection of 1 to 100 µm are achieveable for all
membrane shapes, which confirm the results reported by
[14, 15].

Figure 7 also shows some mechanical deformations of
polyimide membrane produced by magnetic induction at
input current of 500 mA. The deformation characteristic
for membrane with 100 µm of thickness has been observed

shown that the performance of the membrane is higher for
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(a) (b) (c)
Fig. 8: Membrane stress distribution at various shapes: a. Circular, b. Square, c. Rectangle

The effects of membrane deflection is because of REFERENCE
boundary condition acting on the membrane. As the
longer  edge  of  the membrane will limit the force act on it
therefore the deflection of membrane reduces. The stress
has played important roles also on membrane deflection
as circular membrane gives lower stress at the edge.
Figure 8 shows the membrane stress distribution on the
rectangle shape only at two sides, while tensile stress
distribution on the square shaped membrane only partially
at four sides.

Furthermore, the tensile stress distribution on circular
shape membrane is more uniform than that membrane with
square and rectangle shapes. Thus, deflection on the
circular shape membrane is bigger than square and
rectangle shaped membrane.

CONCLUSION

It is to conclude that geometry and the structure of
the  micro-coil  and  permanent  magnet  material are
greatly    affected   the   magnetic   flux   density  and
highly related to the generated force.  The  results
obtained  from  this  study will  be  benefiting  for
controlling  microfluidic injection system integrated in
Lab-on-Chip.
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