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Design of Electromagnetically Driven Micro Scanning Mirror
for Laser Animation System

AR A E-FYETAFIT-9 8208
(Kyoung Gun Lee - Yun-Ho Jang : Byung-Wook Yoo * Joo-Young Jin -
Yonggeun Lim - Yong-Kweon Kim)

Abstract - In this paper, we present the design of an electromagnetic scanning mirror with torsional springs. The
scanning mirror consisting of torsional springs and electromagnetic coils was designed for the applications of laser
animation systems. We analyzed and optimized three types of torsional springs, namely, straight beam springs (SBS),
classic serpentine springs (CSS), and rotated serpentine springs (RSS). The torsional springs were analyzed in terms of
electrical resistance, fabrication error tolerance, and resonance mode separation of each type using analytical formula or
numerical analysis. The RSS has advantages over the others as follows: 1) A low resistance of conductors, 2) wide
resonance mode separation, 3) strong fabrication error tolerance, 4) a small footprint. The double-layer coils were
chosen instead of single-layer coils with respect to electromagnetic forces. It resulted in lower power consumption. The
geometry of the scanning mirror was optimized by calculations; RSS turn was 12 and the width of double-layer coil was
100 um, respectively. When the static rotational angle is 5 degrees, the power consumption of the mirror plate was
calculated to be 9.35 mW since the resistance of the coil part and a current is 122 Q and 875 mA, respectively. The
power consumption of full device including the mirror plate and torsional springs was calculated to be 9.63 mW.
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1. Introduction

Since 1980s, scanning mirrors using MEMS technology
have been studied and developed intensively in the
applications including imaging systems [1], scanning
devices [2-7], and high power laser systems. The mirror
structures including mechanical flexures and their driving
different to fit the application
requirements, but torsional springs are usually adopted for
rotational mirrors,

mechanisms  are

The torsional spring is related with resonant frequency
and mechanical torque. The straight beam springs (SBS)
are most commonly used in scanning mirrors due to
structural simplicity [8-10]. The SBS, however, should be
long to achieve the same amount of torsional angle in a
large mirror. The long SBS has a couple of drawbacks
such as a small ratio of resonant frequencies along
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z-axis to a resonant frequency of rotation, and a large
Serpentine
serpentine springs (CSS) and rotated serpentine springs

lateral length. springs including classic
(RSS) have been numerically analyzed to alleviate the
problems of the SBS [11]. The selection of spring types
and its optimization should start from the design
and be analyzed based on

frequencies and fabrication error tolerance.

specifications resonant

Electrostatic actuations, piezoelectric actuations, and
electromagnetic actuations are popularly used for driving
electrostatic
actuation is a preferred method due to its simplicity, but
the angular deflection is generally limited by the gap
between driving electrodes. Since a driving voltage of the

mechanisms for scanning mirrors. An

electrostatic actuator increases in proportional to the
square of the gap between electrodes, the voltage should
be large to obtain large angular deflections. On the
contrary, an electromagnetic actuation is preferred in the
applications of large angular deflections, since it has a
large driving force compared with the electrostatic
actuations.

In this
electromagnetic scanning mirror supported with torsional

paper, we present the design of an
springs. The design factors are as follows: Serpentine

torsional springs and electromagnetic coils. Three types of




torsional springs including SBS, CSS, and RSS are
analyzed and compared to optimize springs under the
requirements of the scanning mirror. The electromagnetic
coils under a mirror plate is optimized in terms with
power consumption.

2. Design specifications

Laser animation systems could draw random patterns
on walls, ceilings or other surfaces. Fig. 1 shows the
schematic of the laser animation system consisting of a
laser light source, a two axis scanning mirror driven by
an electromagnetic force, and permanent magnets for
generating magnetic field The laser source has a
wavelength of 625 nm and a spot size of 20 mm
diameter. A mirror plate reflects the laser beam into the
display area both vertically and horizontally. The
maximum mechanical tilting angle should be larger than
5 degrees since the display area is 2 m x 2 m and the
distance to the screen is 11 m.
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Fig. 1 Schematic view of the laser animation system

Fig. 2. shows the detailed rotation principle of the
mirror plate and the movable frame. A current flowing
inside a spiral coil induces the Lorentz force in the 45
degree tilted magnetic field. In this system, the only
single magnet pair is used to generate magnetic field for
both the mirror plate and the movable frame. The tilted
magnetic field is decomposed into two orthogonal
directions, and the only magnetic field perpendicular to
the current direction can influence the electromagnetic
operation. The Lorentz force on different edges from a
rotation axis is generated same direction torque, even
though in a single magnet pair.
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Fig. 2 Rotation principle of the scanning mirror

The size of the mirror plate should be 25 mm x 25
mm to reflect the 2.0 mm diameter laser. The thickness
of the structural layer is set to be 50 pm due to the
fabrication process. The lateral length of torsional spring
is limited by 500 gm to minimize a chip size. The
resonant frequency of the scanning mirror should be
larger than 400 Hz since the scanning mirror will operate
actuate in vector scan mode. The laser animation system
requires relatively large angular deflections with in DC
signals.

3. Design of torsional springs

Three types of torsional springs are shown in Fig. 3.
Giuseppe Barillaro et al. derived stiffness equations under
the assumption of slender beam approximations, where a
beam thickness is relatively smaller than the width and
the length of the beam. The result of equation based on
the slender beam approximations shows more 10 % error
than finite element method (FEM) calculations, because
spring dimensions are different from the assumptions of
beam approximations [11]. Therefore, FEM simulation
(COMSOL Multiphysics 3.4) is used to analyze resonant
frequencies instead of analytic equations using beam
approximations. Table 1 shows simulated model
parameters and results of resonant frequency. Firstly, we
set the resonant frequency to be around 400 Hz. Then,
the dimensions of six springs from three types are
extracted by FEM simulations to fit the resonant
frequency. The serpentine spring turns, the parallel length
and orthogonal length of the spring are calculation
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parameters. The scanning mirror has two pairs of springs
to suspend a mirror plate and a movable frame. This
chapter describes the design procedure for a pair of
springs in a mirror plate, but it can be easily expanded
into a movable frame.

Fig. 3 Structural views of three spring types. (a) Straight
beam spring (SBS), (b) classic serpentine spring
with 4 tuns (CSS) and (¢) rotated serpentine
spring with 4 turns (RSS).

Table 1 Simulated parameters and result of resonant
frequency
Spring models
Parameter
SBS CSS RSS
Spring turns (N) 4 12 4 12 22

Parallel length I, (ym) 4250 100 100 | 600 | 220 | 90

Orthogonal length I,
1200 350 70 70 70
(m) )

Torsional resonant

401 408 405 | 393 403 | 413
frequency fo (Hz)

3.1 Spring length effect on resistance

The coil width on springs are naturally limited by the
spring width, while the coil width on the mirror plate can
be optimized. The length of coils on springs are small,
but the is small enough to affect total resistance of the
coil.

The specific resistance, p, and the thickness of coils, ¢
are measured to be 0.0036 Sum and 0.85 m, respectively.
The resistance of spring coils on springs, r, is calculated
by the equation,

r=p !
tXw

o))
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, where [ is the conductor length and w is conductor
width.

Table 2 shows the calculation results of coil on springs
in case that all springs have the approximately same
spring stiffness as well as the approximately same
resonant frequencies. The CSS shows larger resistance
than that of other models, which means the CSS is
longer than other models. The RSS with 4 turns shows
the lowest resistance 1.6 Q.

Table 2 Summarized spring analysis

Spring models
SBS CSS RSS
Spring turns (N) 4 12 4 12 22

Parameter

Resistance on
1.8 2.3 2.4 16 1.9 2.3

springs(&)

Resonant
frequency ratio, 13 3.4 3.2 5.3 46 29
fo/fe
Maximum
frequency =237 | -23 | -225 | -176 | 201 -22

variation (%)

Lateral length (¢m) | 4250 | 600 | 1400 | 860 480 350

3.2 Resonance mode separation

Fig. 4 shows two resonance modes of one axis mirror.
The first mode (Fig. 4(a)) is a torsional actuation and the
second mode (Fig. 4(b)) is z-axis actuation. If two modal
frequencies are close, unwanted actuation will easily
occur.

It is important to put the undesired frequencies as far
as possible for stable operations. Table 2 also shows the
simulation results of resonance mode separation defined
as the first and the second frequency ratios, f; divided by
fo, as an index of stability. A high frequency ratio means
a high stability. While the SBS shows the lowest
resonant frequency ratio, the RSS with lower turns
shows wide mode separation. The resonance mode
separation of the RSS becomes worse as spring turns
increase.

3.3 Fabrication error tolerance

The strong tolerance against fabrication errors is
generally important for uniform characteristics such as
the resonant frequency. The resonant frequency of the
scanning mirror is designed to be 400 Hz. Since the
mirror will actuate around 300 Hz at maximum in a
static mode, over 25% resonant frequency variation may



cause resonance. Therefore, resonant frequency variation
should suppressed under 25 % after fabrication.

(b)

Fig. 4 Example of modal views of (a) the first resonance
mode (fO), (b) the second resonance mode (fz)

The fabrication process is described briefly as shown
in Fig. 5. The metal layer is deposited and lifted off on
the insulation layer from the top side of an silicon on
oxide( SOI) wafer (Fig. 5(a)). Then, additional insulator
and second metal layer is formed to complete
electromagnetic coils (Fig. 5(b)). Torsional springs and
mirror patterns are formed on the device layer, and then
whole structures are released from the backside by silicon
etching (Fig. 5(c), (d)).

There are two major fabrication error possibilities in
the process. First, a spring thickness is easily varied
from the design due to the footing effect in deep reactive
ion etching (DRIE) process. A thickness variation of the
SOl wafer can also be a factor for the thickness
variation. Second, a spring width are caused by the
undercut  effect during the DRIE process and
photolithography. The thickness error is much larger than
width error through the fabrication process: Therefore, the
thickness variation more than width variations are
selected as follows : £10 , +20 % of 50 gm thickness and
4, 2, -2, -4, -6, -8 % of 50 im width.

A resonant frequency variation is plotted and listed in
Fig. 6 associated with the deviated frequency divided by
the initial frequency. As shown in Fig. 6(a), the resonant
frequency of the RSS has smaller errors than that of the
CSS in terms of a thickness error.
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Fig. 5 Fabrication process. (a) 1st photolithography and
metal deposition, (b) after metal lift-off and SOz
deposition, 2nd metal lift-off and SiO. deposition, (c)
deep reactive ion etching (DRIE) patterning, (d)
backside DRIE patterning and aluminum deposition.

On the contrary, a width error gives more significant
effect on the RSS than the CSS as shown in Fig. 6(b).
To find the maximum variation of resonant frequency,
the worst cases of thickness and width errors are
calculated together as shown in Fig. 7. Three cases of
the RSS show better tolerance than other types. The
RSS with 12 turns has 20.1 % variation when the
thickness error and the width error are -20 % and -8 %,
respectively. Note that the increasing coil turns reduce a
lateral chip size but the resonant frequency becomes more
sensitive to fabrication errors.

4. Design of electromagnetic coils

There are many types of electromagnetic coils for

various  applications [1, 4, 10]. Especially, an
electromagnetic coil with a single-layer (Fig. 8 (a)) is
usually adopted in many scanning mirrors because of its
simplicity [12]. But multi-layer coils can achieve stronger
magnetic flux than the single-layer coil [10].

Both single and double-layer coils are considered in
terms of power consumption. We also optimize the width
of the double-layer coils for minimum power consumption
because the laser animation system allows under 20 mW
power consumption. The analysis is done for the coils on

the mirror part without coils on springs.
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Fig. 6 Resonant frequency variation according to (a) a

spring thickness and (b) a spring width error.

582

35 T

SBS

CSS with 4 turn
= 30+ == CSS with 12 turns
':._.Q' EEEH RSS with 4 turn
Ropy (LT RSS with 12 turns
5= RSS with 22 turns
; ‘é 25
5 9 ,

-1
v & 20f
o E -17.8
%] e
58 i b
g+ ;
™ 25 o
D

> %
m 0.0 [»

Fig. 7 Resonant frequency variation at maximum error.

4.1 Structure of electromagnetic coils

Electromagnetic coils are usually composed of three
parts as shown in Fig. 8 The first layer has spiral metal
The
electrically connects the first layer to the second layer for

coils on an insulating material. contact via

current carrying.
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Fig. 8 Schematic views of (a) a single-layer coil and (b) a
double-layer coil.

As shown in Fig. 8(a),

single-layer coil connects mirror part coils to spring part

the second layer of the

coils. The second layer of the double-layer coil in Fig.
8(b) has additional coils. The second layer coil requires
no extra fabrication processes but just changing a layout.
The double-layer coil can manipulate twice force as much
as the single-layer coil with the same current so that
less power consumption by two times for the same
deflection angle is expected.
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Fig. 9 The coil width effect of the single and double-layer
coils on power consumption

4.2 Optimization of power consumption

Additional coils on the second layer have influence on
resistances, currents, voltages, and power consumption.
We calculated the power consumption of the double-layer
coils with various widths to find out an optimal value for
minimum power consumption.

The space gap between coil windings are designed as
10 mm for vprevention from leakage and
misalignment. The resistance coil, R, is given by the
following equation,

current

1
R= pw—t;h 2)

, where Ix is the length of unit conductor and k is the
winding turn number of the coil. The current, I, is
extracted from the equilibrium condition between an
electromagnetic torque by the coil and a mechanical
torque by torsional springs.

‘Xk](_B)x 1D 7,{1: ko0 (3)

. iy
B 'g(ﬁx 1) % 7_?’

, where ke is the stiffness of the torsional spring, @ is
the torsional angle, B is the magnetic field of 0.3 T, r¢ is
the distance between a rotation axis of the mirror and
the current carrying conductor. The stiffness of the
torsional spring is obtained from the rescnant frequency.
The power consumption, P, for a certain torsional angle
is then calculated by Ohm’'s law using Eq. (2) and (4),
and it is expressed as,

(4)

ky0 2
perr=la=? sy
YBxL) %7, (o wt Z; G
%

Eq. (5) shows a relationship between the coil width
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and the power consumption so that the optimal width can
be obtained from the numerical calculation. As shown in
Fig. 9, double-layer coils give half power consumption
compared with the single-layer coil. Minimum power
consumption of 9.35 mW appears at 100 gm width and 11
coil turns. The resistance of the coil and the current are
calculated as 122 &, 875 mA, respectively.

5. Result of scanning mirror design

Table 3 shows the selected parameters for the current
application based on the analysis. At first, the RSS has
better performance than the other types so that we have
chosen the RSS as the torsional springs for the current
application.

Table 3 Result of the design and expected performance

Design result
Torsional spring
Parallel length, I, (ym)
220 m, 70 mm
Orthogonal length, I, (zm)
Spring turns (N) 12
Electromagnetic coil
Coil width 100 m
Space between coil windings 10 tm
Spiral coil turns 11
Expected performance
Resonant frequency, fe 403 Hz
Resistance of the coil on springs 19 Q x2
Resonant frequency ratio, fo / fz 46
Lateral length 480 m
"Power consumption of the coil
A 9.35 mW
under the mirror plate only
Power consumption of the coil of
9.63 mW
the full device
"Metal line in mirror plate 122 Q
"Current 875 mA

Only the mirror plate is biased

While small turns of the RSS show better results
except the lateral length as shown in Table 1, the RSS
with 12 turns has been selected because the lateral length
of the device should be smaller than 500 gm. The selected
spring have a parallel length of 220 un and an orthogonal
length of 70 wm, which results in the lateral length of 480
un. The optimized coil width using the double-layer spiral
is 100 gm and space between windings is 10 . Using
this designed parameters, the resonant frequency is
calculated to be 403 Hz and electrical resistance on
springs is 3.8 . The resonant frequency separation
between 1st and 2nd modes is 4.6. The designed
double-layer coil will have 122 £ and the required
current for 5 degree actuation is 875 mA. The expected
power consumption of coils under only the mirror plate
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and the full device including coils on springs are 9.35
mW and 9.63 mW, respectively.

6. Conclusion

We described an approach to design an electromagnetic
scanning mirror with torsional springs. The SBS, CSS,
and RSS were analyzed by FEM simulation and
calculation. The RSS with 12 turns was adopted to the
scanning mirror because it has various advantages such
as low resistance, small dependency on the spring
thickness variation, and wide separation between the first
and the second resonant frequencies. The double-layer
coils were expected to consume half lower power than
single-layer coils. Also a width of the metal coils was
optimized for minimal power consumption of 9.35 mW
and 963 mW for the mirror plate and the full device,
respectively. The designed scanning mirror could be

applied to a laser animation system.
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