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The use of MEMS-based technologies for producisgring mirrors enables its batch

production with a consequent increase in the thhgud and a decrease in the

manufacturing costs per device. However, the usilicion as a structural material could

introduce non-linearities in the device behavioredio the variation of its mechanical

properties according to the crystalline orientaticfrhe orthotropic properties when taken
into account in the finite element model of theickeeould enhance the accuracy in the
design of micromachined scanning mirrors. The mageld in this paper does not take
into account the orthotropic behavior, however,isfattory results were obtained. To

validate the finite element model, a modal analg$ithe device was performed using the
Laser Doppler Vibrometry method. The normal modes® structure were identified and

the results agree well with the finite element nhotleis work presents the FE model and
experimental modal analysis results of a Silicorrorhachined double-rotor scanning

mirror.
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to the crystalline orientation. The orthotropic pedies should be
considered for better modeling but the use of égotr properties
presented satisfactory finite element models, asudsed in the
following sections.

Introduction

In the field of optomechatronic systems, scanningars or
scanners have gathered a significant attentiorgesthey are a
fundamental element of a wide variety of deviceshsas barcode
readers, confocal microscopes and laser printexs 1987, Urbach
1982, Miyajima 2003). Scanners project laser betiras are used,
for example, to produce images by raster scanmimmléect images
in confocal microscopy.

Large area devices (mm order), as the one preséntéidis
work, have a broad spectrum of specific applicatiovhere the
power of the laser beam and/or the optical apertare a
requirement for the system. In this context, theromachined
scanners competes directly with the galvanometransers
(Rolland2004) that are fine and precise mechanilices and
whose prices are on the hundred of dollars ranijeo® mm-size
micromachined scanning mirrors are an alternativeuch devices.
The structure usually adopted in scanners congfssssingle rotor
devoted to both; actuation and light beam deflectibhe device
presented in this work is a double-rotor scannelivé®a and
Ferreira, 2003) where the basic idea is the sdparéetween the
actuation and the beam deflection mechanisms ierdaimprove
the performance of each one separately, Fig. 1.

In the field of scanners some of the most imporfarameters
are the frequency and amplitude of the torsionadesoof the
structure. These are the operational modes oféliee and have to
be enhanced in order to improve the device perfocmaThe
identification of the other modes is important dagheir influence
in the device operation. Such modes are responfibléhe noise

Torsion bars

Figure 1. Double-rotor scanner geometry. The struct  ure consists of two

and must be reduced or have their frequency tuaddetjuencies
that do not affect the device operation in a sigaift way.
The presented device was prototyped
Microelectromechanical (MEMS) fabrication proce3tie use of
such technology makes it possible the batch fatiwitaof such
devices and causes a potential decrease in thiedtibn costs due
to the scale of production. On the other handuteof Silicon as a
structural material could introduce non-linearities the device
behavior due to the variation of its mechanicalpgrties according

Presented at XI DINAME - International Symposium on Dynamic Problems of
Mechanics, February 28th - March 4th, 2005, Ouro Preto. MG. Brazil.
Paper accepted: June, 2005. Technical Editors: J.R.F. Arruda and D.A. Rade.

J. of the Braz. Soc. of Mech. Sci. & Eng.  Copyr

ight O 2006 by ABCM

square rotors linked to a fixed frame by two torsio
bar connects both rotors.

n bars, a third torsion

using

The development of an analytical model that takés account
all of these aspects is not an easy task. In dalewercome these
drawbacks and create a realistic model of the @ordibr scanner, a
finite element model is proposed.

In what follows, the fabrication process of the ldiedrotor
scanning mirror is presented. The scanner is fatait using a
single-crystal Silicon. The finite element modepigsented and the
modal parameters, natural frequencies and modeeshape shown.
An experimental modal analysis, using laser Doppierometry is
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performed and the identified modal parameters ampared with
the numerical ones.

Scanning Mirror Fabrication

The devices were made using bulk micromachiningitton
(Kovacs 1998), thin film and mechanical assembbhiégues. As
substrate, a Silicon single-crystal 2" diameteQG=, 200um thick,
was used. A 1.30um SiO, film was thermally grown and
lithographed. The micromachining process was basedthe
anisotropic etching of <100> Si wafer, using PatassHydroxide
(KOH) as selective etchant (Seidel 1990, Seid€ob9 Williams
1996). The fabrication process is described in Eig.

The cooper coil was patterned separately and &eesf to the
silicon surface by mechanical assembly. Prototypbscation can
be greatly enhanced by using this technique instéatnventional
thin film techniques. Figure 3 shows details of tfabricated
devices. Figure 3(a) presents the trapezoidal Iprofi the torsion
bar. One of the convex corners of the rotor is show3(b).

]

ey

(b) (e) O}

Figure 3. Fabricated scanner details (a) Torsion ba r; (b) Convex corner.
= =y e =
(d) (e)
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Figure 2. Scanner fabrication process: (a) Si wafer ; (b) Humid Oxidation;
(c) FR (Photoresist) UV exposure; (d) FR Developmen t; (e) KOH etching.

Figure 4 shows the whole device and Table 1 itsnmai
dimensions. The packaging used was a PMMA (Polyhye¥eta-
Acrylate) support specially designed to accommottetescanner.

FEA Modeling

In order to analyze the dynamic behavior of thebiiewotor
scanner structure a 3D finite elements analysisasaslucted using
the general purpose finite element package ANSYS®. Table 1. Main scanner dimensions.

Two kinds of analyzes were performed. Initially, naodal

Figure 4. Double-rotor scanner prototype.

analysis was used to identify the natural frequemand mode Scanner total size [rrith 23x8.5
shapes of the structure, where the torsional mddmes of the Mirror size [mri] 5X5
scanner and their respective natural frequenciee feeind. Then, Rotor size [mrf] 5x5
an harmonic analysis was conducted to determinestthady-stead Coil lateral length [mm] 4x4
response of the scanner with a load that variesiseidally Torsion bars widthlim] 100
(harmonically) with time. Torsion bars length [mm] 4
The device was modeled using Solid45 finite elemeee Fig.5
is element is defined by eight nodes having theggees of freedom In this model, Silicon was approximated as an étr material

on each node: translations in the nodal x-, y- ardrection. A and its properties are given in Table 3. The eftédhe orthotropic
regular pattern (mapped mesh) was generated usinly o characteristic of Silicon on the FEA results is aonducted but will
hexahedrons. Table 3 presents the main simulaticaneters. be reported in a future work.
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Table 2. Silicon properties used in the FEA model ( Petersen, 1980).

Elements and mesh

Solid45

UX, UY, Uz

1.8 mm
1290/3100

Element
DOFs
Element size
Number of elements/nodes

Figure 5. FEA model of the double-rotor scanner. Th e model includes the

trapezoidal aspect of the Silicon device.

Table 3 Silicon properties used in the FEA model (P etersen, 1980).

Bulk Silicon Properties
Density 2330 Kg/m
Young modulus 45 GPa
Poisson ratio 0.09

The FEA modal analysis shows the first five modésthe
double-rotor scanner structure. From these resudtan identify
the torsional modes of the structure, in this dase3® and the 8.
These modes are the main modes of the device andbeaasily
identified experimentally.

(@) (b)

© (@

(e)

Figure 6. FEA predict modes: (a) 1 ' mode - 677 Hz; (b) 2™ mode - 1130 Hz;
(c) 3" mode (torsional) - 1595 Hz; (d) 4 ™ mode — 2528 Hz; (e) 5" mode
(torsional) — 2766 Hz.
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Experimental Characterization

In order to validate the FEA results two experirsemtere
response of the device. In this way the frequemmy amplitude of
the main torsional modes could be obtained. Thdaser Doppler
vibrometry was done to perform a modal identificati These
experiments are explained in the following sections

Frequency Response

Figure 7 presents a schematic view of the measuresatup
used in the device characterization. A laser beareflected by the
mirror and directed to a semiconductor positionsig&@ device,
PSD, which generates an electric signal proportiota the
deflection angle of the laser beam. This outputaigs read by the
acquisition system that generates the scannermsspo

The acquisition system is composed basically byurctfon
generator and by a digital oscilloscope. An usderface was
specifically developed to control the instrumemtatiand to
automatize the measurements. The interface chdirgemly the
frequency of the AC magnetic field generated by thagnetic
circuit and reads the electric output signal geeerdy the PSD.
The results of the measurements were archived ta file for
posterior analysis.

Laser source PSD
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Figure 7. Schematic view of the characterization se

quuisition
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tup.
Figure 8 shows the frequency response for the dendbor

scanner. As expected for this second-order system resonant
peaks were detected.
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Figure 8. Deflection angle vs. drive frequency for the double-rotor

scanner.
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A typical second-order system response with
frequencies of 1316 Hz and 2542 Hz was obtained.dduble-rotor
scanner show a maximum optical deflection angl&°opp at the
first resonant peak, 1316 Hz. Quality factors, 200 and 422,
were achieved what implies in a bandwidth of 6.6dtz 6.0 Hz,
for the first and second resonant peaks respegtiv8luch
performance in accordance with the performance ashroercial
devices and with previously published results fangke-rotor
devices (Barbaroto 2002).

Laser Doppler Vibrometry

The numerical results obtained via the finite eletmanalysis
were validated experimentally. An excitation chsjgnal, in the
range of 1 Hz to 4 kHz with 0.5Hz resolution, waststo the rotor
and was used as the reference signal. The outokplelocity of
the scanner surface was measured with a laser Bropibrometer
(Polytec OFV 330) aiming the laser beam orthogtoals surface.
The excitation and the response signals were amjusing the HP-
VXI data acquisition system and LMS CADA-X® softvear
package, Fig. 10. The Measurements were takenlat&®ns on
the surface of the double-rotor scanner, as shov#ig. 9.

Figure 9. LDV setup.

(1) Power amplifier,
electromagnetic actuator, (4) Laser, (5) Double-ro

(2) LDV m odule, (3)
tor scanner.

3 6 9 13 16 19
1 2 4 7 10 12 14 17 20 22 23
5 8 1" 15 18 21

rotor mirror

Figure 10. LDV measurement points.

The experimental modal analysis resulted in thiefohg mode
shapes and natural frequencies. The first five nmeitpes of the
scanner were identified using the measured FRFstaad MS’
modal analysis package. These mode shapes are shdvig. 11,
with a special attention to the®2and the % mode shapes of
torsional characteristic. A good agreement was dobetween the
numerically predicted and the experimentally id@edi modal
parameters, with a small difference.
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Figure 11. The experimentally identified mode shape s of the scanner: (a)
1" mode — 658 Hz; (b) 2™ mode — 1357 Hz; (c) 3™ mode (torsional)— 1258
Hz; (d) 4™ mode — 2269 Hz; (e) 5™ mode (torsional) — 2518 Hz.

Comparative Analysis

Figure 12 presents the FEA predicted modes and the
experimental torsional modes of the device, the tnioportant
modes in this kind of device. According to thisuiig the measured
mode shapes are in good agreement with the FEAcpeddones.
Observe that the experimentally identified modepsisacould be
related to the fact of using a macro-sized LDV wathielative big
beam spot, when compared to the scanner dimensBetier
experimental analysis could be conducted by usisgegific micro
LDV, suitable for MEMS.

(b)

© —

Figure 12. FEA predicted and experimental torsional modes of the device:
(a) 1°' FEA torsional mode -1595 Hz; (b) 1 *' experimental torsional mode -

1248 Hz; (c) 2™ FEA torsional mode - 2765 Hz; (d) 2 ™ experimental
torsional mode - 2518 Hz.

Table 4 presents a comparison between the FEAgbredd the
measured frequencies. The FRF results presenfeetiieency of the
odd modes of the structure. Th& and modes are torsional
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modes and their frequencies are in good agreemédift the
experimental results obtained.

Table 4 Results comparison between the FEA, LDV and Frequency
Response methods.
Results Comparison
FEA[HZ] | LDV [HZz] | Freq.Resp[Hz | % Error
1% mode 677 658 - 2.8
2%mode| 1130 1357 - 16.7
39 mode 1595 1248 1316 21.2
4" mode 2528 2297 - 10
5" mode 2765 2518 2542 8.1
Conclusions

Numerical models are considered as important toldesign
processes. Finite Element Analysis (FEA) is onthefmost reliable
tools for building such models. The FEA model af tfouble-rotor
scanner was build and tested. A double-rotor scannirror was
fabricated using Silicon. This scanner has showrsuéicient
deflection angle but this angle can still be imma\by optimizing
the geometry of the scanner mirror or by improvthg coupling
between the magnetic circuit and the scanner doilorder to
validate the numerical model, an experimental meatellysis was
performed on this scanner using laser Doppler vigom(LDV).
The numerically-predicted dynamical behavior of shanner was in
good agreement with the experimentally-measuredjuecy
response. The torsional modes, which are the mygstritant modes
in such kind of device, were correctly predictedrman acceptable
margin of discrepancy of less than 15%. The acgumic the
numerical model can still be improved by takingoimtccount the
orthotropic characteristics of the Silicon and &weustic effects of
the surrounding air on the scanner structure. The of finite
element based methods in device modeling has showpay an
important role in enhancing the accuracy of microniaed
scanning mirrors in the design process.
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