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Dynamic Modeling of Soft Magnetic Film Actuated Scanners
Serhan O. Isikman and Hakan Urey

Ko University, Istanbul 34450, Turkey

Dynamic behavior of magnetic thin film actuators is investigated in detail and applied to various laser scanning applications. Magnetic
hysteresis effects are incorporated into the model developed in the prior work, which assumes linear magnetization as a function of
magnetic field and is based on the distributed point-by-point calculation of the magnetostatic moments and forces across the film surface.
A simple functional form is used to model the major B—H loop of ferromagnetic films. The model is validated with permalloy (Ni-Fe)
plated polymer actuators. The actuators are excited using an external electro-coil and the structures deflect due to magnetic anisotropy
torque. The ac deflection of the actuators is modeled by calculating the point-by-point moments on the magnetic film and the solution
can handle nonuniform external field and unsaturated magnetic film cases. A 25° optical scan angle is demonstrated for laser scanning

display and imaging applications with a nonoptimum coil. Scaling the model to MEMS devices is also discussed.

Index Terms—B-H loop modeling, magnetic actuators, magnetic hysteresis, optical scanning, permalloy, scanner.

. INTRODUCTION

AGNETIC actuators have numerous applications in-
I\/I cluding optical communications [1], scanning based
display systems [2], barcode readers [3], biomedical applica-
tions [4], [5], and relay switching [6]. Large de ections can be
obtained with magnetic actuators both with bidirectional [7] and
unidirectional forces [3] depending on the actuation scheme.
Magnetic forces can be generated employing Lorentz forces
[8], [9], magnetostatic force with moving permanent magnets
[10], magnetostrictive force [11], or magnetic anisotropy torque
with high-permeability thin Ims [12] [15].

As illustrated in Fig. 1, the scanning system studied in this
paper employs a permalloy (Ni-Fe) plated torsional actuator
and an electro-coil. The scanner is fabricated using a 200 zm
thick FR4 ( ber-epoxy composite material) with double-sided
copper laminates using standard printed circuit board (PCB)
technology [9]. A permalloy sheet with average thickness of 15
wm is plated on the copper laminate and an external coil is used
for actuation. The component of the magnetic eld generated
by the coil which is in-plane with the permalloy sheet mag-
netizes the thin Im. The out-of-plane component of the eld
tries to align the magnetized Im with itself, creating force and
torque on the permalloy sheet, hence actuating the device. For
the system studied in this paper, most of the ux path is through
the air and the magnetic circuit model by [16] cannot be uti-
lized. Furthermore, the magnetic eld cannot be assumed to be
uniform as the permalloy layer and the electro-coil have com-
parable footprint areas resulting in curved magnetic eld lines
across the permalloy Im. Hence, even at large magnetic eld
values, certain regions on the magnetic Im where the eld lines
are nearly perpendicular to the Im plane would not be satu-
rated. Therefore, an accurate model is needed to account for the
magnetic hysteresis effects for dynamic de ections.
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Fig. 1. (Top) llustration of the FR4 scanner and the actuation coil underneath;

curved arrow shows the axis of rotation of the scanner; (Lower left) ' cross
section illustrating different layers and the coil; (Lower Right) picture of the
NiFe plated scanner.

The model presented in this paper computes the distributed
magnetic moments for each in nitesimal element in the fer-
romagnetic layer using a nonlinear M H loop model for the
magnetization of the thin Im. A simple closed-form analytical
function is used to model the magnetic hysteresis effects for the
magnetic moment calculations. The model is validated with mil-
limeter sized polymer devices.

Major contributions of this article can be summarized as: (i)
development of the theory of dynamic de ections for magnetic

Im actuators for various laser scanning applications; (ii) de-
velopment of a magnet array model and validation of the model
with experiments for torsional scanners, (iii) analyzing the har-
monic content of the magnetic torque for ferromagnetic thin

Ims under different excitation schemes, (iv) development of a
PCB based compact torque magnetometer for B H-loop mea-
surements and material characterization.

The organization of the paper is as follows. Section Il gives
the details of the device operation, mechanical structure of the
device and the magnetic actuation method. Section I11 describes
modeling of the magnetic Im actuated scanners. Section 1V
presents the experimental validation of the theory and the large-
angle scanning demonstration. Section VVdemonstrates a simple,
PCB based torque magnetometer. Section VI investigates the
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TABLE |
SCANNER DIMENSIONS AND MATERIAL PROPERTIES

Parameter Symbol Value
Width of the flexures W 0.5 mm
Length of the flexures L, 7 mm
Width of the mirror W, 10 mm
Length of the mirror L, 10 mm
Composite thickness of flexures tr 0.26 mm
Composite thickness of mirror tm 0.26 mm
FR4 composite torsional modulus G 7.8 GPa
FR4 composite density P 3500 kg/m®
Average permalloy thickness t, 15 pm
Si mirror thickness ts 0.3 mm
Coil outer radius 7, 10 mm
Coil inner radius ti 4 mm
Coil height h 3.5 mm
120
— 100
£
=, 80
c
L 60
o
QL 40
@
o 20
(&)
< o0
365 370 375 380 385 390 395 400

Vibration Frequency [Hz]

Fig. 2. Experimentally obtained frequency response of torsional polymer scan-
ners. The quality factor of the device is approximately 100. Excitation is a sinu-
soid with zero bias at half the vibration frequency. Driving frequency is half of
the vibration frequency due to unidirectional actuation.

scaling issues of the model for microactuators and Section VII
summarizes the conclusions.

Il. DEVICE OPERATION

A. Structure of the Magnetic Actuator

A simple drawing of the scanner system studied in this paper
is shown in Fig. 1. The device consists of a torsional scanner
with aluminum coated thin mirror, permalloy layer and an ex-
ternal coil for actuation. FR4 with copper laminates (standard
PCB board material) is chosen as the substrate for its ease of
production and excellent mechanical and thermal properties.
Permalloy is electroplated on the rectangular mirror on one side
and a 300 pm thick silicon die with evaporated aluminum is
mounted as a mirror on the other side. The thickness of the
silicon mirror is chosen so as to prevent dynamic deformation
during operation. The dimensions and relevant material proper-
ties are summarized in Table I.
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B. Dynamic Operation

The scanner works on the principle that the mirror de ects
the light beam falling on itself to form a scan line on a desired
target. The resonant frequency of a torsional scanner is given by
[17]
kg
I 1)
where kg is the angular spring constant of the torsional structure
calculated through the torsional modulus of the polymer and
the geometry of the exures, and J,, is the effective moment
of inertia. The angular spring constant can be calculated using
the following equation [17]:

wo =

2K
ko =
0 Lf

)

where K, is the shape factor incorporating the composite tor-
sional modulus, G and is given by [17]

Wft?} i’f 1 tf 4
Kup=G——1 (533-336—L-) |1-— ( —L- 3
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where « is the elastic shape anisotropy constant that is equal to
1 for isotropic materials. For FR4, « can be taken as unity along
the two common perpendicular weft and warp cut directions as
the torsional modulus along those were measured to be about

equal.
The moment of inertia is calculated as [17]
Wntm L3
g, = PmbmZm 4)
12

For the scanner geometry given in Table I, the torsion mode
occurs at 383 Hz. This mode is utilized for laser scanning. The
quality factor of the device is measured to be about 100 in at-
mospheric pressure and this is mainly governed by structural
damping. Fig. 2 provides the experimental frequency response
of the device measured using a laser Doppler vibrometer (LDV).
For reasons explained in the following section, unidirectional
forces actuate the soft magnetic Im scanner. Therefore, the
largest de ections are obtained when the magnetic eld pro-
duced by the electromagnet oscillates at half of the mechanical
resonance frequency of the device. Therefore, to vibrate the de-
vice at resonance, the driving current is applied at 191.5 Hz.

I1l. MAGNETIC ACTUATOR MODEL

The magnetic actuator presented in this work is a torsional
scanner actuated with an external electro-coil. The actuation is
achieved by magnetizing the permalloy thin Im plated on the
moving mirror frame.

This section is divided into four parts: (i) B H loop modeling
for ferromagnetic Ims; (ii) electro-coil modeling; (iii) mag-
netic actuator model for thin Im actuator, and (iv) mechanical
model for the torsional scanner.

A. M-H and B-H Loop Model

The M H loop of the magnetic Im is modeled using a
slightly rearranged version of the hyperbolic tangent function,
whose parameters make it ideal to be used as a t function to
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Fig. 3. Exemplary loop using (5) for Alm,
A/m and corresponding relative permeability for the forward sweep
of ..

the actual major M H loop of the ferromagnetic materials.
Modeling of the minor loop is not required for many applica-
tions. The function used in this paper to model the forward and
the backward sweeps of the magnetic hysteresis are as follows:

H,— H.
Mf(Hx) = Mgat — 2Msat/<1 + exp <T>>

st 1 (2559

where subscripts f and b denote forward and backward sweeps,
M, is the saturation magnetization, H, is the radial compo-
nent of the external magnetic eld on the magnetic element,
which is responsible for magnetizing the sample, H. is the co-
ercivity of the ferromagnetic material, and D is related to the
relative permeability of the material. As D is increased, per-
meability decreases. The only difference between the forward
and backward sweep functions is the sign of H.. The fact that
this function has independently controllable parameters for each
critical value of a hysteresis loop and that it converges to =M.+
for large values of positive and negative magnetic elds make
it a rather easy and suitable t function for major M H loop
modeling.

The D parameter in (5) can be related to the relative perme-
ability using basic electromagnetic relations. M and H are re-
lated through susceptibility, x as follows [18]:

M(Hx) = X(Hx)H:r )

The equation for relative permeability as a function of y is
given by [18]

X(Hz)

pr(Hy) = (— + 1) o XU)

Ho

(7

Ho

The approximation above is valid when x/uo is much larger

than unity, which is the case for ferromagnetic materials. Then,

the relative permeability can be calculated by differentiating M
with respect to H,. and by using (7) as follows:

1 OM(H,)

ol Hy) = — . ®

B Ho
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The peak permeability, 1< Can be found by evaluating (8) at
H, = H_., which reveals the relation between the D parameter
in (5) and pmax :

_ Msat
2/1’n1axu0 '

Therefore, all the parameters of (5) have physical meanings.
In order to relate the M H loop to the B H loop, the relation
below can be used which simply requires adding a linear term
to the M H loop function [18]

©)

B(Hx) = poHy + M<Ha:) (10)

The remanent ux density, By which is the magnetic uxden-
sity remaining in a previously magnetized ferromagnetic mate-
rial in the absence of external magnetic eld, can simply be ob-
tained by evaluating (10) at zero magnetic eld, which yields

+H
BO = Msat - 2Msat/<]- + exp <Tc>> (11)

For the initial magnetization of the sample, H. should be taken
as zero. Fig. 3 shows the M H loop function based on (5) and
the relative permeability for forward sweep only with arbitrary
values of the parameters for demonstration purposes. An exper-
imental M H measurement is presented later.

B. Electro-Coil Modeling

Since the electro-coil and the permalloy Im have compa-
rable footprint areas, the magnetic eld is highly nonuniform
across the magnetic material. For the coil geometry given in
Table I, nite-element modeling (FEM) of the electro-coil with
Comsol Multiphysics 3.3 is used to calculate the nonuniform
magnetic eld across the magnetic Im. A circular air-core
electro-coil was used for accurate and fast axially symmetrical
simulations. The vertical and radial magnetic eld obtained
from FEM is exported to a numerical routine in MATLAB to
calculate the distributed moments. Fig. 4(a) shows the experi-
mental magnetic eld measurements obtained by using an FW
Bell 5080 Gaussmeter with an active probe area diameter of
0.4 mm, and the FEM simulation results of the perpendicular

eld (B.). Fig. 4(b) shows the FEM result for the radial eld
(By) of the coil. The experimental data is obtained by rst
placing the teslameter at the center of the coil, and then moving
it along the horizontal axis using a micrometer. Both vertical
and horizontal magnetic eld values substantially change with
radial distances of a few millimeters, which clearly reveals the
need for a model capable of handling nonuniform magnetic

elds.

C. Magnetic Actuator Modeling

The length and the width of the permalloy layer is 10
mm x 10 mm whereas the thickness of the Im is 15 um.
The surface of the permalloy Im was analyzed with a sur-
face pro ler and the plating thickness was observed to have
some variation. Hence, average thickness is reported here. The
thickness to length and width ratio of the Im is very small
(< 0.002); therefore, shape anisotropy is dominant in the mag-
netization of the permalloy Im. Other directionality factors
such as crystalline or stress anisotropy [19] are ignored in the
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Fig. 4. (a) Experimental and FEM simulation results of vertical magnetic ux
density . for 35 mA rms coil current. Vertical ux density measurements

are taken as a function of radial distance from the coil along the  vector shown

in Fig. 1, by moving the teslameter tip with a micrometer. (b) FEM simulation

results for radial magnetic uxdensity . forthe same currentalong vector.

The outer coil dimensions for radius and thickness of the air-core coil are 10 mm
3.5 mm, respectively.

model presented. Due to the shape anisotropy, the magnetiza-
tion vector remains in-plane and the out-of-plane component
of the magnetization vector is neglected.

The magnetic model for torque calculation is illustrated in
Fig. 5. It shows the cross-sectional plane AA’ (see Fig. 1). The
detailed study of the ferromagnetic thin Im model presented
here is discussed in a prior work of the authors for static de ec-
tions, with application to cantilever beam actuators [12]. The
magnetic Im is divided into a grid of IV volumetric elements
with uniform thickness (¢,), width (W,,,), and length (L.,,/N)
where each element has a respective magnetization direction
determined by the magnetic eld vector at that location. Due
to the shape anisotropy, magnetization vector remains in-plane
and each magnetized volumetric element can be treated as a per-
manent magnet whose magnetization is determined by the inci-
dent eld and the material permeability. Therefore, thin mag-
netic Ims can be modeled as an array of permanent magnets
[12].

The distributed forces on each element, shown in Fig. 5, are
multiplied by the corresponding distances to the moment arm,
i.e., torsion axis, to obtain the corresponding torque. Finally,
contribution from every section is superposed to nd the total
net torque. The model is valid in nonuniform external elds for
both saturated and unsaturated magnetic material cases, taking
magnetic hysteresis effects into account.
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non-uniform H-field

Fig. 5. Moments ;1 - ~ and forces | o N N1
acting on the magnetic material volume elements. Figure inset shows a single
volume element.

The magnetic eld incident on each element is different, i.e.,
the north and south poles of each magnetized sample experi-
ences elds Hy and Hy.41, respectively. In this case, force
equations should be written as follows [12]:

Fy =My -W,, -t,-Hy
Fpy1 =My Wy, -ty Hyia (12)
where Hy is the z-component of the magnetic eld incident on
1th volume element. If the magnetic Im is single domain, all
elements would have the same magnetization and the net force
would simplify to Fygr = F1 —FJ’VH, which is consistent with
[15] when N = 1.

The net force on the mirror tries to actuate the device in the
out-of-plane direction. However, torsional resonator with @@ ~
100 is a very good mechanical Iter at the torsional resonance
frequency and its response to out-of-plane forces is very small.
Thus, the effect of the net force can be neglected. The moment
generated by these forces results in torsional actuation; hence
it is assumed that all the de ection is due to the net moment
(or torque) on the scanner. The moment due to each volumetric
element is simply calculated by multiplying the force by the
distance to the torsional axis

TN = (FJ/V+1 — FN)AL COS(G) (13)
where AL is the length of each volumetric element and 6 is the
angular de ection. Therefore, the net torque is

]\7
TNET = Z T;.
i=2

If the external magnetic eld is uniform, all forces and moments
cancel except for the two at each end and the net torque becomes

(14)

Tner = (Wit,L)MH = VM H cos(f) (15)
where V' is the volume of the magnetic material. This expression
of torque is consistent with [14].

In a general form, the driving current is a sinusoid at a fre-
quency of w/(27) with a dc offset. In addition to the current
offset, an external permanent magnet can also contribute to the
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dc components of the magnetic eld and magnetization. There-
fore, (15) can be written as

Txer = V(Mpc + Macsin(wt))(Hpc + Hac sin(wt)).

If the offset current is zero and there is no dc eld from a
permanent magnet, the net torque simpli es to

TNET = V(MAC sin(wt))(HAc sin(wt)) (16)
which is equivalent to
%
TNET = EMACHAC(I — COS(2wt)) (17)

assuming that the ac eld is not saturating the magnetic Im. In
this case, the net torque given by (17) has a dc component and
an ac component at twice the frequency of the driving current.
Additionally, changing the direction of the current has no effect
on the direction of the net torque, since the sign of MacHac
product is always positive, resulting in unidirectional torque
generation.

Iftheac eldis much larger than the saturation magnetic eld,
Mac in (16) cannot exhibit a sinusoidal behavior and can ap-
proximately be considered as switching back and forth between
+/—Mjg,, at the frequency of the driving current, while Hac
remains a sine function. Then it follows from (16) that the net
torque becomes

TNET = V|MACHAC sin(wt)| (18)
whose odd harmonics are suppressed since the torque is a full-
wave recti ed sinusoid. A simple harmonic analysis reveals that
the largest harmonic of (18) is at 2w. Therefore, if there is no
offset in the excitation current, net torque is always unidirec-
tional and its largest harmonic component is at 2w. The main
conclusion of this study is that the torque generated on a mag-
netic Im has double the frequency of the coil current, given that
no offset is applied in the current and no permanent magnet is
used. Hence, vibration frequency of the actuator is also at 2w.
As suggested by Fig. 2, the actuator has a resonance frequency
where de ection is maximum. Therefore, largest de ections are
obtained when the driving frequency is at half of the mechan-
ical resonance frequency, so that applied torque is at the resonant
frequency of the actuator.

When the excitation current has a large dc and a small ac
component, variations in the magnetization can be neglected.
The same approximation can be made if a strong dc eld is
incident on the magnetic Im due to a permanent magnet. In
this case, the net torque can be written as

TNET = V(MD(])(HDC + HAC Sin(wt)). (19)
Then, the net torque becomes bidirectional and the frequency of
the forcing function is the same as the driving current frequency.
Hence, in this case, current should be applied at the exact me-
chanical resonant frequency for achieving maximum scan angle.

The model can be applied to cantilever or other geometries
and can be generalized for 2-D actuator geometries.
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Fig. 6. Experimental and theoretical results of ac tip de ection versus scanner
position over the coil at 40 mA rms current. Scanner is operated at low scan
angles.

D. Torsional Scanner Mechanical Modeling

In all the following calculations, the mirror plate is assumed
rigid and the torsion takes place in the exures without causing
dynamic deformation of the mirror piece.

Since the scanner is actuated in torsion mode, governing
equation of motion can be written in terms of the rotation angle
0 as

JO + b6 + ket = Txpr(6) (20)
where J and kg are calculated as described in Section Il and
damping constant b is calculated from the experimentally mea-
sured () factor. At the sinusoidal steady state, solution of (20)
will be in the form of

0(t) = A(rms) Sin(Wexct + @) (21)
where 7,5 1S the rms current through the coil, wey. is the fre-
quency of the forcing function and ¢ is the phase of the vibra-
tion with respect to driving current. A(7.,s), the amplitude of
the solution for ¢, depends linearly on the magnitude of the gen-
erated torque. Assuming i, is the coil current required to sat-
urate the magnetic Im, # increases quadratically with the cur-
rent for i,ms < isat and increases linearly with the current for

Irms > ?sat-

IV. MAGNETIC ACTUATOR CHARACTERIZATION
AND MODEL VALIDATION

Maximum velocity at the tip of the sinusoidally vibrating

scanner is measured with an LDV while avoiding specular re-

ections back to the LDV. Rotation angle can be calculated
using the mirror size and the operation frequency.

Fig. 6 shows experimental results and calculations for the tor-
sional scanners using the model developed in the previous sec-
tion. For this experiment, the scanner is moved along the x-di-
rection shown in Fig. 1. Experimental data is used to obtain the
effective magnetic parameters for the permalloy Im. Best tto
the experimental data is obtained using the M H loop function
given in (5) with p, = 600 and Mg,; = 0.85 T. Since the ap-
plied magnetic eld is large and M H loop is narrow, H. is
taken as 0.
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Fig. 7. Experimental and theoretical results of ac tip de ection as a function of
rms current at mm radial distance from the coil. The curve makes
a smooth transition from quadratic to linear relationship between de ection
and current between 15 and 25 mA rms coil current, where saturation occurs.
Scanner is operated at low scan angles.

The de ection is a function of both M and H.. Since M is
related to the radial magnetic eld with the M H loop of the
magnetic material, H, H, product of the magnetic eld due to
electro-coil determines the de ection of the scanner. Therefore,
as illustrated by Fig. 6, the de ection is maximized at about
6 mm radial distance from the coil top where the sum of dis-
tributed H,, H. product attains its maximum value. De ections
are lower in regions close to the center of the coil where H,, is
small and in regions far from the coil where H is small. The the-
oretical calculations based on the model and the experimental
measurements are in good agreement. However, a discrepancy
between calculations and measurements is observed for radial
distances smaller than 5 mm. Part of the discrepancy can be at-
tributed to thickness variations across the magnetic Im. An-
other factor can be that when H.,. is weak, it is not able to rotate
M by 180° in-plane due to the shape anisotropy, resulting in a
bidirectional twisting moment for part of the scanner near the
center where H,. is smallest and results in a larger net torque.

Fig. 7 shows the theoretical and the experimental tip de ec-
tions at z = —6 mm as a function of the rms coil current.
The same magnetic material properties are used for the theo-
retical calculations. It is important to note that de ection in-
creases quadratically with increasing current up to about 25 mA.
From this point on, the curve follows a linear trend. Once the
magnetic material becomes single domain at a certain current
level, magnetization reaches a saturation value and de ection
becomes proportional to M, H, product, resulting in the linear
relationship between de ection and current. As shown in Fig. 7,
the model successfully accounts for that effect.

Although torsional scanners are used for magnetic actuator
modeling in this paper, cantilever type magnetic Im scanners
are also fabricated and employed as laser scanners in a sim-
ilar fashion. Cantilever type scanners are designed to be more
compliant by choosing a thinner FR4 substrate (130 xm) and
have double sided 30 pm thick permalloy. Therefore, they are
more appropriate for applications requiring large de ections at
low oscillation frequencies. Fig. 8 shows a polymer cantilever
actuator in a large-de ection operation. The mechanical reso-
nance frequency of the cantilever mode is 82 Hz, with a quality
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Fig. 8. Large scanline image formed by a cantilever type scanner is shown.
Total optical scan angle (TOSA) of 25° at 82 Hz with 8 mm 8 mm mirror.

factor of 80. For an 8 mm x 8 mm mirror, the total optical
scan angle achieved is 25° while consuming about 90 mW rms
power. Below 10 mW operation should be possible with an op-
timized coil.

V. MAGNETIC HYSTERESIS DEMONSTRATION
WITH A TORQUE MAGNETOMETER

The experimental results presented in the preceeding section
are obtained at relatively large magnetic elds compared to the
coercivity of the magnetic Im. Therefore, hysteresis effects are
not observed and the nonlinear permeability model without hys-
teresis effects (i.e., H. = 0) works well. However, for low
de ection regimes where magnetic eld is cycling at low am-
plitudes comparable to the coercivity values, the effect of hys-
teresis and magnetic memory become apparent. To demonstrate
the accuracy of the model presented for low magnetic elds and
small de ections, the torsional scanner was utilized as a torque
magnetometer. An approach similar to [20] was followed to ex-
tract the M H loop information accurately. In the setup illus-
trated by Fig. 1, a dc sweep of the coil current was performed
from —60 mA to 60 mA, both in the forward and backward di-
rections to trace the M H loop of the permalloy Im. A con-
stant small ac current of 0.25 mA was applied on top of the
offset current to vibrate the actuator at resonance. In this case,
force is bidirectional, as discussed in Section I11-C, and reso-
nant actuation is achieved by applying current at the mechan-
ical resonance frequency of the scanner. Fig. 9 shows the results
of this experiment and the theoretical prediction of the model.
Peak-to-peak de ection tends to become constant despite the in-
creasing offset current on the coil, since magnetic Im reaches
saturation at large coil currents. The lowest de ections in for-
ward sweep and backward sweep of offset current are obtained
at different nonzero current values of the external eld due to the
memory of the permalloy Im. This observation is a clear evi-
dence of the magnetic hysteresis effects. AC de ections during
backward current sweep are shown as negative for illustration
purposes. As clearly seen, the magnetic model presented in this
work can accurately predict the de ection of the actuator both
for saturated cases and unsaturated cases under very low mag-
netic elds.
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