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This paper presents a reduced-order model to describe the mechanical behaviour of microbeam-based magnetic

devices. The integration for magnetic force is calculated by dividing the microbeam into several segments, and the

nonlinear equation set has been developed based on the magnetic circuit principle. In comparison with previous models,

the present macromodel accounts for both the micro-magnetic-core reluctance and the coupling between the beam

deflection and magnetic force. This macromodel is validated by comparing with the experimental results available in

some papers and finite-element solutions.
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1. Introduction

Recently, much interest has been attracted to
magnetic microactuators.l'~8) Compared to electro-
static microactuators, the electromagnetic actuators
can be typically operated at substantially smaller volt-
ages but might require larger driving currents. The
electromagnetic microactuators offer distinct advan-
tages in strength, polarity and distance of actuation.
Designers of such microactuators need efficient and
accurate analysis models to investigate design alter-
natives. However there are only a few simple anal-
ysis models!!3! for electromagnetic microactuators.
The previous models are often insufficient to reveal
details of device operation and critical technological
issues as compared with many efficient and accurate
electrostatic actuator models,?~17 although there is
a similarity between the electric and the magnetic do-
mains. Tilmans!'? presented an electromagnetic ac-
tuator small-signal dynamic model based on using the
linear mode shapes of a microstructure as basis func-
tions, which neglect the reluctance of magnetic core;
thus this model is only appropriate in macro-scale. In
the conventional macro-scale case, the reluctance of
the magnetic core is usually negligibly small compared
with that of the gap. Most of the magnetic energy is
stored in the gap. But in a magnetic microactuator,

magnetic microactuator, macromodel, microelectromechanical systems (MEMS)

the reluctance of the magnetic core has a compara-
ble value to or even exceeds the gap reluctance due to
the fabrication limitations.[":3] The total energy stored
in the system is the sum of the energy stored both
in the core and the gap. Ahn and Allen™ presented
a simple lumped-parameter model accounting for the
micro-magnetic core reluctance for the magnetic mi-
croactuator. But his model was based on neglecting
the coupling between the magnetic force and the struc-
ture deformation. Nami et all® proposed a coupling
model for magnetic microactuator to account for the
micro-magnetic core reluctance via an energy-based
criterion, which is a lumped parameter model and is
valid only for very small deformations.

The aim of the present paper is to present a
reduced-order model to describe the mechanical be-
haviour of distributed-parameter microbeam-based
magnetic devices. In comparison with previous mod-
els, the present model can account for the micro-
magnetic-core reluctance and the coupling between
the beam deflection and magnetic force. Furthermore,
it is validated by comparing with experimental results
available in Ref.[1] and finite-element solutions. The
rest of the paper is organized as follows. Section 2 de-
scribes the reduced-order model for microbeam-based
magnetic devices. Section 3 calculates the static de-
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flection of microbeam due to a magnetic force induced  pressed as

by the dc polarization current, and compares the re- N

sults with the experimental results available in Ref.[1] g(x,t) = Z G () g (2), (3)
m=1

and finite-element solutions. Finally, a conclusion is
given in Section 4.

2. Mechanic-magnetic coupling

model for microactuators

A magnetic microactuator) shown in Fig.1 serves
as an example in this paper. The actuator works as
follows. A current through the conductor coils causes
flux to generate in the core. The windings of the coils
are such that the flux as generated in both halves of
the actuator will add in the centre part. In the centre
part of the actuator, a cantilever beam of magnetic
material is suspended over a base plate also of mag-
netic material. The flux is thus forced through the air
gap between the cantilever beam and the lower mag-
netic contact. A force of magnetic origin is thereby
created that acts to reduce the total reluctance of the
magnetic circuit by attracting the released cantilever
beam toward the bottom magnetic contact. Figure 2
is a schematic diagram for the magnetic microactua-
tor, where L is the length of cantilever beam, L, is
the overlap length, g is the gap separation, and l.ope
is the total length of the magnetic core. The mag-
netic load applied to the microbeam is composed of a
dc polarization current Iy and an ac component i(t)
designed to excite harmonic motions. The total cur-
rent is Ipn = Ip + i(t), and i(t) < Iy. The equation of
motion that governs the transverse deflection y(x,t)

is written as
Py(x,t)  dy(a,t) I'y(z,t)
pbh 92 +c 5 + EI 9
:f(x,y(:r,t),t), (1)

where F is Young’s modulus, I is the moment of in-
ertia of the cross section, t is time, c¢ is the viscous
parameter, f(z,y(z,t),t) is the magnetic force, p de-
notes the specific mass of the microbeam, b and h
are the width and thickness of the microbeam, respec-
tively. The microbeam deflection y(z,t) is composed
of a static component due to the dc current I, de-
noted by Yp(x), and a small dynamic component due
to the ac current i(t), denoted by §(z,t); that is

y(z,t) = Yo(z) + §(x,1). (2)

Using modal analysis techniques,!'®! §(z,t) can be ex-

where ¢, (x) are the mth linear undamped mode
shape of the microbeam at Yy(x), and ¢,,(t) are the
generalized coordinates.

) movable cantilever beam
magnetic flux

gap

N ,

Fig.2. A schematic representation of a magnetic can-
tilever microbeam.

In Fig.2, neglecting the fringing effect, substi-
tuting Eqs.(2) and (3) into Eq.(1), and multiplying
each term by a normal mode ¢;(z), integrating along
the beam length and calling upon the orthogonality

property[!8] of the mode shapes leads to

L
1Y
m;Gi(t) + cigi(t) + kiqq(t) +EI/¢i(x)#A(lx>d$
0
L L
— [ ) f@p e = [ 6i(@)f g1,
0 Lol
for i=1,---,N, (4)
L
where m; = [ pbh¢?(z)dx is the generalized mass
0
L 4 4.
corresponding to mode i, k; = EIfqux)%dw
0

is the generalized stiffness corresponding to mode 1,
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¢ = [e¢?(z)dx is the generalized damp correspond-
0

ing to mode i. The mechanical-magnetic coupling
occurs everywhere along the beam length [Lo, L],
hence the system forms a distributed problem. An
approximation algorithm for the distributed problem
is as follows. The magnetic microbeam is discretized

equably into a finite number of segments M of local-

ized individual magnetic gap elements, or better, two-
port magnetic storage elements. Each magnetic ele-
ment is parallel to z-axis. Obviously the microbeam

model is piecewise uniform. The length of each mag-

L—L

netic element is A = M The z-coordinates
of the two extreme points of the jth element are
zj_1 = Lo+ (j —1)A and z; = Lo + jA. Thus

the discrete form of Eq.(4) is

L M
miGi(t) + cidi(t) + kigi(t) + EI/¢i(Z)a4}2£m) dz = Z¢i (xj12+ :Cj)f(le T ylei) y(@-))A’
=1

0 2 ’ 2
0
for i=1,---,N, (5)
Tj—1+ % 1 N N
where z = Y= 5 Yo(zj—1) + Yo(z;) + Z Gm(xj—1)qm (t) + Z &m(2;)gm(t)|. The reluctance of
m=1 m=1

the jth element can be written as

Ri(q1(t),q2(t),- - ,qn (1))

_Mg M
poAg  2u04g

for i=1,---,N,

where pg is the free-space permeability, A, is the gap
area of the magnetic core, Az = b(L — Lo).

In conventional macroscopic case, the reluctance
of the magnetic core is usually negligibly small com-
pared with that of the gap. Thus most of the magnetic
energy is stored in the gap. But in microscopic case,
the reluctance of the magnetic core has a value compa-
rable to or even exceeds that of the gap.['3! The total
energy stored in the system is the sum of the energies
stored in the core and the gap. Then the total energy
can be written asl®!

n?I%

Wilag = =2
Mag 2(Rcore + Rgap) '

(7)
where n is the number of turns of conductor coil in
the core length of I ore. Reore 18 the reluctance of the

magnetic core, which can be written as!*3

lcore
— (8)

R ore —
¢ HO/LrAC

with A. being the cross sectional area of the mag-
netic core, u, the relative permeability. In addition,
we assume that the magnetic material is magnetically
linear. Rgap is the reluctance of the gap. It consists

(6)

of parallel connection of all magnetic element reluc-
tances. Note that Eq.(6) is the reluctance of the jth
element, thus Rg,, can be expressed as
-1
1
Rgap = Z R, : (9)
3 1Y
j=1
The magnetic force in the y-direction on the jth ele-
ment can be expressed as

f(dfj—l +x; ylzj—1) +y(z)) t)A

2 ’ 2
- OWinag
9 y(xj-1) +y(z))
2
WRERL M

= . 10
2(Rcore + Rgap)2 MOAgR?‘ ( )

Note that Rgap, and R, are functions of ¢1 (t), ga(t), - - -,
gn (t). Substitution of Eq.(10) into Eq.(5) yields

L
4
miGi(t) + cigi(t) + kiqi(t) + EI/@(:c)a;/i;ix)dx
0
=I3 - Fi(q1(t), q2(t),- -+, qn (1))
for t=1,---,N, (11)
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where Substituting Ix = Ip+i(t) and y(x,t) = Yo(x)+9(z, 1)
into Eq.(13), we obtain
Fi(q1(t),q2(t), -+ ,an(t))
2 4
Mn2R? u b T T TR T
= = > Iy +i(t))? b

2110 Ag (Reore + Reap)? | R? _n*(Io ;r it)) — ﬁf e

g— 0 y\z,

If the number of segments M — oo, it means
that the magnetic microbeam is distributed over an
infinite number of localized individual magnetic gap

elements, thus A = dz, % = bdz, z = xj%m,
y(zj—1) + ylz;
) = LI EIED 1), g0, an () =
g9 —y(z) L pobda |
L Ryao = _PovRE
pobdz 7 E L{l 9-y(@)

In conventional macroscopic case, the reluctance
of the magnetic core Reore = 0, Eq.(10) can be rewrit-

ten as

_ n’I3 Lob
f(:c,y(a:),t)dx— D) (gfy(:c))Q

) into Eq.(1), we obtain

dz. (12)

Substituting Eq.(12

2y Oy(x,t) o'y  nPI3 Liob
bhﬁ +c 5 + EI@ =

L
e[

Note that i(t) < Iy and §(z,t) is a small value, we ex-
pand the right side of Eq.(14) in a Taylor series around
[1y, Yo(«)] up to linear order, and rewrite Eq.(14) as

0%y 0f(z,t) 0%y
bhw +c ot + E]a
~ nPlopeb
IS AR
n2I2u0b
%y(m,t) (15)

Equation (15) is the small signal dynamic model for

macroscopic magnetic actuator. It is in agreement

with the Tilmans’ result.!1l

In magnetic micro-electronic mechanical system
(MEMS) device, as the reluctance of the magnetic
core has a value comparable to or even exceeds the
gap reluctance due to the fabrication limitations,™!

Eq.(10) can be rewritten as

Obdx} )2
y ) /J,()bdx

f(x,y,t)dm = ) PR (16)
pobdz } > (9 —y(@))
2 Rcorc + L
( / 9—y(x)
Substituting Eq.(16) into Eq.(1), we obtain
%y Oy(x,t) oty n?I3 pob
bh— ElI— = 1
R T obd (a7)

Substituting Ia = Iy + i(t) and y(z,1t)

L
2 <Rcore f

2 (g —y(x)?
ro 9 —y(x) * 1)

Yo(x) + g(x,t) into Eq.(17), and expanding the right side of the

equation in a Taylor series around [Iy, Yo(x)] up to linear order, we obtain

- g 2
pbha R n2I,

b
Ho . t)

8t2 ot Ozt

( f

1 n2I2uob

pobdx

g— Yo(z)

27 - 22(
+1) (9 — Yo(x))

L bdx
n212Reor _ Hooer
07 eL{l (9 —Yo(x))? Lob )

+
Lobdx

L
Rcore TN N +
(e | 2500

1)2 (9 — Yo(x))?

pobdx )3 (9 — Yo(x))? (18)

L
Rcore TN N + 1
(e 52500

This equation is the small signal dynamic model for magnetic flexible microbeam.
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3. Example

3.1. Static deflection of a magnetic mi-
crobeam actuator

In order to validate the model in this paper, the
static deflection of a cantilever microbeam actuator!!
with a multilever meander magnetic core is calculated
as a function of the dc coil current varying from 0.2 to
0.9A. The geometrical and magnetic parameters!! of
this actuator are listed in Table 1. The initial deflec-
tion of the microbeam Yy (z) equals zero. Considering
L > g, the linear mode functions of cantilever beam at
Yo(x)=0 are used as basis functions. To calculate the
static deflection of the microbeam, the time deriva-
tives and the ac current are set to zero in Eq.(11).
Thus it can be rewritten as

kin:Ing(QDQQaan) for 1’:13"'7N7 (19)

where

7qN)

(%1t
Mn*RZ, ( M ¢l< 2 ))
J

B 2N0Ag(Rcore + Rgap)2

Fz‘(Q1»(I27 T

q1,q2, " Self-
consistent method? is used to solve the N nonlinear

-,qn are N unknown quantities.

coupling equations. The microbeam deflection curve
is described as

N
y(x) = Z ¢'rn(x)%n
m=1

N
Fm(‘]hQQa o
= | 3 Pl

m=1

i 7QN)

$m(z)|. (20)

Table 1. The parameters of a magnetic micro-actuator.[!]

parameters/units value
gap g/um 10

beam width b/pm 25

beam thick h/pm 2.5

beam length L/pum 780
overlap length (L — Le))/pm 770
young’s modulus E/Pa 2.06x108
coil turns n 17

core length lcore/pm 2400
space permeability po/(H/m) 4rx10~7
relative permeability pir 500

Figure 3 shows a plot of the cantilever microbeam
tip (z = L) displacement obtained by solving Eq.(19)

and calculating Eq.(20) for various values of current
Iy using the first one-, two mode discretizations and
five-, ten integration segments, where N is the num-
ber of selected modes, M is the number of integration
segments. For comparison, the experimental results
available in Ref.[1] for the cantilever microbeam tip
(z = L) displacement is also plotted in Fig.3. In fact,
in order to check how many modes should be kept,
we also used the first three modes to calculate the tip
displacement. We found that the results of the three
modes are almost the same as the results of the first
two modes. Thus, we adopt only the first two terms
of Egs.(3) and (19), the results of the three modes are
not plotted in Fig.3.

g
=
=
8
e
5]
o}
=
oy
a
0.2 0.4 0.6 0.8 1.0
Applied current/A
Fig.3. Comparison of the microbeam tip deflec-

tions calculated by the present model and obtained
by experiment.[!] Solid line with circles—Experimental
results;[1] Solid line with squares—N=1, M=5; Solid line
with triangles—N=1, M=10; Solid line with pluses—
N=2, M=10.

In Fig.3, it can be seen that for small currents and
displacements, there is good agreement among all the
four lines. When the displacement approaches about
5um, there is also good agreement between the solid
line with triangles and the solid line with squares, but
the solid line with pluses departs from the solid line
with triangles and the solid line with squares. These
results suggest that the number of selected modes N
has more effect to the calculation results than the
number of integration segments M. Because the mi-
crobeam deflection is less than 10um (gap separa-
tion), it is very small relative to the microbeam length
(780pm). So the microbeam deflection curve is nearly
a straight line, the number of integration segments M
has almost no effect on the calculation results. Now
we compare our results with experimental results.!!
We observe that the solid line with triangles, the solid
line with squares, and the solid line with pluses are
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all in good agreement with experiment results (solid
line with circles) while the dc current Ij is less than
0.8A, but the solid line with pluses is clearly more
accuracy than those with triangles and the squares.
When the dc current Iy exceeds 0.8A, the deflection
begins to saturate, which is caused by the magnetic
flux saturation in the magnetic core.

acting on mi-

3.2. Magnetic force

crobeam
Note that Eq.(10) is the magnetic force in the y-

direction on the jth element, so the magnetic total
force acting on the microbeam can be expressed as

P :if<le + Z y(zj1) + y(wj),t>A

- 2 2
Jj=1
M 2 p2
12 [Z n Reap
| & B+ Roe)?
M

,qzv)]' (@)

In order to validate the accuracy of Eq.(19), the mag-

X
10 AgR3 (g1, qa, - -

netic total force acting on the microbeam is also cal-
culated using an approximation algorithm.[?’] This al-
gorithm is based on the derivative of the magnetic
energy. The main steps of the approximation algo-
rithm are summarized as follows: Firstly, the deflec-
tion curve of microbeam is assumed to be a straight
line, and the experimental results available in Ref.[1]
for the cantilever microbeam tip (z = L) displace-
ments are used as the cantilever microbeam tip dis-
placements y(L) for various values of dc current Ij.
Secondly, finite element simulators (ANSYS) are used
in two times the first time it set to obtain magnetic en-
ergy; with the deflection of the cantilever microbeam
position as 0, and the second time is set the deflection
of the cantilever microbeam position as y(L). The
magnetic force is then determined

_ WD)
oy(L)

W(y(L)) — W(0)
y(L) ’

where W (0) and W(y(L)) are the magnetic energy

(22)

of the microbeam actuator system at position 0 and
y(L), respectively.

Figure 4 shows the curves of the total magnetic
force acting on the cantilever microbeam obtained by

employing the approximation algorithm equation (22)
and by solving Eqgs.(19)—(21) using one/two mode dis-
cretizations and five/ten integration segments, respec-
tively. It is clear in Fig.4 that for small currents and
displacements, there is good agreement among all four
curves. However, for large currents and displacements,
the solid line with pluses and the solid line with cir-
cles are still very close to each other, the solid line with
triangles and the solid line with squares are still very
close but depart from the solid lines with circles and
pluses. This means that the number of selected modes
N has more effect on the calculation results than the
number of integration segments M, and that the solid
line with pluses is clearly more accurate than the solid
line with triangles and the solid line. The reason for
this has already been mentioned before. It should be
stressed that the nonlinear property between magnetic
induction B and magnetic field intensity H has been
neglected in ANSY'S, so the magnetic flux saturation
in the magnetic core is disappearance.

1.2

Force/uN

L L

0.2 0.4 0.6 0.8 1.0

Current/A

Fig.4. Comparison of the total magnetic forces acting
on the cantilever microbeam calculated by the present
model and by an approximation algorithm.[3! Solid line
with circles—An approximation algorithm;m Solid line
with triangles—N=1, M=5; Solid line with squares—
N=1, M=10; Solid line with pluses—N=2, M=10.

3.3. Transient
crobeam

response of the mi-

Now the transient behaviour of the microbeam
around its statically deflected position will be anal-
ysed. For comparison, two statically deflected posi-
tions, corresponding to the dc polarization currents
1,=0.2A and [y,=0.8A, are selected. The ac compo-
nent i(¢) is an impulse function. Using Eq.(18), the
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Fig.5. Comparison of the two impulse responses of the
microbeam at 0.8A and 0.2A.

2.5

15} ]

Natural frequency/(10*rad/s)

1.0 w \ s
0.2 0.4 0.6 0.8 1.0

Applied current/A

Fig.6. The natural frequency changes as a function of the
dc current.

microbeam responses (tip deflections) to the two stat-
ically deflected positions are calculated as functions of
time. Figure 5 shows the comparison of the two re-
sponses. It can be seen that the amplitude of response
at Ip=0.8A is larger than that at Iy=0.2A, and the
natural frequency at Ip=0.8A is smaller than that at
1y=0.2A. It means that increasing the dc bias current
weakens the microbeam stiffness, shifts the natural
frequency to small values of it. Figure 6 shows the
characteristic, which is similar to electrostatic actua-
tor: increasing the electrostatic force shifts the natural
frequency to small values of it.

4. Conclusions

A mechanic-magnetic coupling macroscopic
model for a magnetic microbeam actuator has been
presented using the linear mode shapes of a mi-
crobeam as basis functions. In comparison with pre-
vious models, the present model can account for the
micro-magnetic-core reluctance and the coupling be-
tween the beam deflection and the magnetic force.
It has been validated by comparing its results with
experimental ones available in the related papers and
finite-element solutions. The example given in this
paper also shows that using the linear mode shapes
of a microbeam as basis functions can yields enough
accuracy for small deflections. The number of in-
tegration segments M has almost no effect on the
calculation results because the microbeam deflection
curve is nearly a straight line in the small deflection

case.
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