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Abstract
In this article a numerical approach for a hybrid actuated two-dimensional micro scanner with large
aperture is presented for applications like 3D distance measurement and high power laser applications
like laser material treatment or medical laser surgery. No micromachined mirror with large aperture
(>ø6mm) and large quasistatic deflection (>2°) is known. Only fine mechanically fabricated scanners
reach large deflection angels with, in comparison to micromirrors, huge aperture [1, 2]. Our approach is,
to combine a micromachined structure with an external actuator. To be able to choose the best suitable
actuator, an analytical design model was developed. Optimizations of a magnetic actuator guiding the
magnetic flux are presented and evaluated experimentally with a gimbal micromirror with 6mm × 8mm
mirror plate. Static deflections of 3° were reached.

Key words: quasistatic scanning micromirror, large aperture, two-dimensional, hybrid actuation,
high power application

Introduction

Miniaturized active optical elements like mi-
cromechanical scanning mirrors are successfully
applied in many optical application fields like
Fourier transform infrared spectroscopy, time of
flight distance measurements and image projec-
tion. Vertical comb drives [3] are easy to inte-
grate in micromechanical fabrication processes
and allow a quasi-static positioning but they are
limited due to the scaling-laws of electrostatic
actuation and can achieve only small actua-
tion forces resulting in small deflection angles
for larger mirror diameters of several milimeters.
Further “macro-”mechanical approaches like in
[1] try to miniaturize a system with a classically
mounted and fabricated mirror platform. How-
ever relatively huge afford has to be undertaken
to fabricate this device.

State of the art

Some scanning devices with different actuation
principles are posed in tab. 1. The maximum
mechanical scan angle Θ̂mech, the area of the
mirror plane A and the resonant frequencies f
are compared. Only fine mechanically fabricated
scanners reach large deflection angles with, in
comparison to micromirrors, huge aperture [2].

Tab. 1: Review of quasistatic actuated micro
mirrors. Quasistatic characteristic values are
shown bold. “ø” stands for the diameter of a cir-
cular mirror plane, “×” in between side lengths of
rectangular planes.
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Θ̂mech/° A/mm2 f /kHz

Electrostatic actuation
[4] 2 6/7 ø 1 0,14/0,46
[5] 2 9/10 ø 0,6 4,6/4,6
Piezoelectric actuation

[6] 2 0,3/0,25
(4/2,3) 5×5 0,03/0,09

[7] 2 8,6/5,5 1×1,5 0,43/1,52
Thermal actuation
[8] 2 2,7/2,6 ø 1 ca. 0,01
[9] 2 4/4 ø 0,6 0,04/0,04
Electromagnetic actuation
[10] 1&1 22/0,5 ø 1,5 0,4/22,2
[2] 2 2,5/3 ø 40 0,12
Hybrid actuation
[11] 1&1 10/12 ø 1,2 1,58/3,05

Choice of actuator, design model

There are many aspects that have to be taken
into account to rate different actuation principles.
The most significant are the moving range, the
attainable force and the dynamic of an actuator.
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Tab. 2: Several actuation principles using electromagnetic forces and the related laws of force calcula-
tion used in the design model.

Schematic illustration Physical relationships Working range Scoring

Electrodynamic actuator

N S

N, IW

F

2 rc

B
F (IA) = B 2πrcN IA

with

B . . .magn. flux density
rc . . . radios of the coil
N . . . number of turns

x

F
+ force not dependent of deflec-

tion
+ bidirectional force action

− electrically active component
moved

Electromagnetic actuator with flat coil

N
S

hm

x F

2 rc

N, IW

F (x, IA) = BrAm
∫ x+hm
x

∂Hx(x,IA)
∂x

dx

H(x, IA) =
N IA r2c

2(r2c+x2)
3
2

with
H . . . field intensity hm . . . height of magnet
Br . . . remanent flux density rc . . .mean coil radius
Am . . . footprint of magnet

x

F
+ high energy densities
+ flat coils easy integrable

− nonlinear force characteristic
− mutual actuation necessary
− thus asymmetric load

Electromagnetic actuation with cylindrical coil

N
S

l

N, IW

F

x

2 rc

F (x, IA) = BrAm
∫ x+hm

2

x−hm
2

∂Hx(x,IA)
∂x

dx

H(x, IA) = N IA
2l

(cosα1 − cosα2)
with
α1 = arctan

rc
l
2
+x

, α2 = π − arctan
rc
l
2
−x

further symbols see actuator with flat coil

x

F
+ nearly constant actuation force
+ high energy density
+ symmetric bidirectional actua-

tion achievable

− minimum force at maximum of
deflection

Legend: Fdyn

Fstat

FA at unidirectional actuation
FA at bidirectional actuation

For instance piezoelectric actuators are limited
by their very small moving range, piezoelectric
stepper motors have an unlimited moving range
and provide a sufficient high force, but they are
limited in speed and resolution. Another aspect
is the possibly needed additional mass at the mir-
ror. Actuators with a moving magnet are there-
fore unsuitable for higher frequencies.

To consider the limits due to the actuation a sim-
plified model of an one-dimensional rotating mir-
ror is used. A sketch is shown in fig. 1. It is
assumed, that the acquired insights can be in-
terpreted for the two-dimensional case as well.
For a given actuation frequency the equilibrium
of torques is calculated:

0 = k (J,mA, l, f) ·Θ − FA (Θ, l) · l (1)

In this nonlinear equation the relation behind the
term FA (Θ, l) depends on the chosen actuation
principle that is characterized by analytical re-
lationships. The specific relationships depend
on the constructive realization. Some opportu-
nities for electromagnetic actuation are depicted
in tab. 2.

The electrodynamic called actuation, describing
the force on a current-carrying coil in a constant
magnetic field is not advantageous for micromir-

Θ

D

2l

(FA)

FA

mA

J

k

Fig. 1: Model for estimation of actuation princi-
ples for scanning mirrors.

rors because of design reasons. A moving mag-
net with a flat coil can generate high forces, but
only for a small moving range. Using a cylindrical
coil with a dipping magnet relatively large forces
can be generated over a wide moving range.
However the strength of the magnetic field is
smaller than with a flat coil, because a larger in-
ner coil diameter is needed.

Simulation results

The results of the simulations regarding two
magnetic and two piezoelectric actuators with-
out any additional lever mechanisms are shown
in fig. 2. Presented is in fig. 2(a) the maximum
quasistatic scan angle for a mirror with the re-
lated resonant frequency (corresponding to the
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Fig. 2: Simulation results for maximum static deflection angle for different actuation principles: (a)
maximum static deflection angle Θ̂mech; (b) optimal distance l; (c) maximum force at maximum deflection
F ; (d) moving range x; (e) resulting torque M .

resulting inertia Jres(J, l,mA) and stiffness k of
the flexure hinge). For low frequencies magnetic
actuation with a cylindrical coil provides the best
deflections. A piezoelectric stepper motor allows
only low resolution due to relatively big steps of
1µm and a short lever (see fig. 2(b)). Actuation
with a piezoelectric stack actuator shows, taking
the resolution into account, the best results at
frequencies higher than 500Hz. But without us-
ing lever mechanisms only very small deflection
angles were achieved.

Due to the principal aim of large deflection an-
gles requiring wide moving range electromag-
netic actuation was choosen for further investi-
gations.

Optimized electromagnetic actuation

The achieved forces of electromagnetic actua-
tors with moving magnet depend, beside the per-
manent remanence of the magnet, on the gradi-
ent of the magnetic field intensity in the volume of
the magnet. This can be increased by increasing
the field intensity in general or by positioning the
magnet exactly at the position of the maximum
field gradient. The former can be reached by ap-
plying high current densities to the coil, reducing

the inner diameter or (less effective) increasing
height or outer diameter of the coil. This sug-
gests the use of flat coils. The field gradient has
it´s maximum at the ends of the coil. Hence a
movement of the magnet into the coil would be
preferable. With the help of flux guiding material
(FGM) both, small inner coil diameters and max-
imum field gradient at the position of the magnet
over a wide moving range, can be achieved. In
fig. 3 a cutaway view of a rotationally symmetric
design with FGM is posed.

N
S

lc

hm

x

2 rca

2 rci

2 rm

b

δ

Fig. 3: Coil with magnetic flux guiding ferro-
magnetic material.
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As simulations with a finite element model
showed, two additional force determining para-
meters accure. The gap δ between magnet and
FGM influences the magnitude of the magnetic
force. The thickness of the sheet b has got even
an influence on the direction of acting forces and
the location of stable magnet positions. In fig. 4
the simulation results for force characteristics are
shown for two different thicknesses b with and
without electrical current.
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Fig. 4: Effects of thickness b of the flux guiding
material and the electrical current in the coil on
the resulting electromagnetic forces. “−” and “+”
label current with contrary orientation, “0” means
“no current”.

For slight sheets there exist two stable balance
points (footprint of the magnet at middle of the
sheet) and one unstable (center of the magnet at
middle of the sheet). For thicker sheets only this
latter balance piont is stable. This effect can be
used to affect the actuation forces directed.

The detail view in fig. 5 shows raise of actua-
tion force ∆F0 with FGM in the unstable balance
point. The magnetic force pulling the magnet out
of this unstable balance point can be described

1 2 3 4
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15A/mm2 0A/mm2 −15A/mm2
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F
/m

no FGM
with FGM

Fig. 5: Forces at the unstable balance piont
with / without FGM for different current densities.

as a negative magnetic stiffness km. For demon-
stration purposes a device was built and experi-
mentally investigated.

Mechanical characterization

The tested device is shown in fig. 6. On the
backside of a gimbal mounted micromirror with a
75µm thick high reflective coated mirror plate of
6mm × 8mm aperture four magnets with 1mm
diameter and 1mm height made from NdFeB are
glued. The static target-deflection is 2°. Exam-
ined are two actuator configurations without and
with FGM (b = 200µm, δ = 500µm). The coil di-
mensions are rca = 2,25mm, rci = 0,5mm and
lc = 5mm.

deflected mirror

magnetsgimbal frame

Fig. 6: Finite element model and photograph of
the evaluated electromagnetic micro mirror

Characteristic of static deflection of the device is
posed in fig. 7. With the use of FGM about 50%
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higher deflection angles can be reached at iden-
tical current density. This reduces the heating of
the coils which leads to undesired thermal drift
due to decrease of the magnetization character-
ized by the reversible temperature coefficient of
NdFeB (see fig. 8).
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Fig. 7: Characteristic of static deflection of the
mirror with and without FGM in all quadrants.

0 20 40 60
0

10

20

30

40

50

t / min

∆
T

/K

300mA 225mA 150mA
0 20 40 60

0,94
0,95
0,96
0,97
0,98
0,99
1

1,01

Θ̂
m
e
ch
/Θ̂

m
e
ch
(t

=
0

m
in
)

Fig. 8: Thermal effect on the deflection angle
for different currents in the actuating coils.

The combined deflection of both axes shows no
coupling. The measured deviations are less than
the measurement accuracy (ca. 0,04°).
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Fig. 9: Resulting deflection at simultaneous ac-
tuation of both axes.

The dynamic characterization with the help of
analysis of free damped oscillation resulted in
the resonant frequencies shown in fig. 10. The
fall of the resonant frequencies with FGM is
attributed to the current-independent magnetic
forces which take effect like a negative magnetic
stiffness. Obvious from the graph of the decreas-
ing vibration the damping coefficient with FGM is
much bigger (10 s−1) than without (6 s−1). This is
caused by eddy current occuring in the FGM due
to the movement of the magnet.
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Fig. 10: Dynamic characterization by measure-
ment of free damped oscillation for both axes
with and without FGM.

Optical characterization

To enable high power laser applications in laser
surgery the mirror plate is coated with a high re-
flective dielectric bragg coating. The coating de-
sign is temperature and stress compensated to
guarantee a high optical flatness of the 75µm
thick monocrystalline silicon mirror plate.

The flatness of the mirror plate was measured
by use of white-light interferometry. The results
for both, deflected and undeflected mirror, are
shown in fig. 11. The curvature caused by the
bending is only little effected by the deflection.
The radius of curvature remains above 5m.

0°
6,4mm

4
,8

m
m

−1,5 · 10−6
−1 · 10−6

−5 · 10−7

0

rk = 6,8m∆
z
/m

2°

rk = 5,7m

Fig. 11: Planarity of the mirror plate with and
without deflection. The points of origin of force
are posed on the right draft.
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Characteristics of the coating for an angle of in-
cidence of 45° are a reflectivity % ≈ 99,9% for
a wavelength of 532nm (see fig. 12). The sus-
tainable continuous power Pcw is 20W at a pulse
frequency of 20 kHz and a pulse length of 15ps.

5 5,2 5,4 5,6 5,8 6

·10−7

0,99

0,995

1

1,005

λ / m

%
/−

Fig. 12: Spectral reflectance % measured lo-
cally at the coated mirror plate at 45° angle of en-
try using a spectral ellipsometer setup. The mea-
surement uncertainty is estimated about 0,2%.

For a rotating mirror a high reflectivity over a wide
range of deflection is essential as well. That´s
why the reflectivity was measured for a deflection
range of 30°. The results posed in fig. 13 show
a reflectivity of over 99% at λ = 532nm in this
range.
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Fig. 13: Spectrum of reflectance % of the mirror
coating over a range of angles of entry.

Conclusion

Actuation principles for micro mirrors with large
aperture and hybrid actuation were investigated
by simulations. The electromagnetic actuation
has proved to be advantageous for large deflec-
tion angles without additional lever mechanisms.
An actuator design with magnetic flux guiding
material was designed and experimental exam-
ined. The predicted advantage of higher forces
was verified as well as the disadvantage of lower
resonant frequency. Nevertheless with the use
of flux guiding material and corresponding de-
sign the dynamic characteristics were improved.
Furthermore a faster positioning due to higher
damping coefficients can be realized. The high
reflective coating opens up possibilities for high
energy applications.
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