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Design Methodology for
Microelectromechanical
Systems. Case Study: Torsional
Scanner Mirror
Future optical microsystems, such as microelectromechanical system (MEMS) scanners
and micromirrors, will extend the resolution and sensitivity offered by their predecessors.
These systems face the challenge of achieving nanometer precision subjected to various
disturbances. Predicting the performance of such systems early in the design process can
significantly impact the design cost and also improve the quality of the design. Our
approach aims to predict the performance of such systems under various disturbance
sources and develop a generalized design approach for MEMS structures. In this study,
we used ANSYS for modeling and dynamic analysis of a torsional MEMS scanner mirror.
ANSYS modal analysis results, which are eigenvalues (natural frequencies) and eigenvec-
tors (mode shapes), are used to obtain the state-space representation of the mirror. The
state-space model of the scanner mirror was reduced using various reduction techniques
to eliminate the states that are insignificant for the transfer functions of interest. The
results of these techniques were compared to obtain the best approach to obtain a lower
order model that still contains all the relevant dynamics of the original model. After the
model size is reduced significantly, a disturbance analysis is performed using Lyapunov
approach to obtain root-mean-square values of the mirror rotation angle under the effect
of a disturbance torque. The magnitude levels of the disturbance torque are obtained
using an experimental procedure. The disturbance analysis framework is combined with
the sensitivity analysis to determine the critical design parameters for optimizing the
system performance. �DOI: 10.1115/1.2756087�
Introduction
Microsystems design and manufacturing technology are devel-

ping rapidly. There are a variety of specialized computer aided
esign tools in the microelectromechanical system �MEMS� area,
uch as SUGAR �1� and ANSYS �2�. Although these tools can pro-
ide a lot of insight into the design of MEMS devices, they are
imited with the built-in algorithms. These algorithms are not ex-
andable if the user wants to do further analysis. For conceptual
esign, there are a few existing design synthesis studies. Li and
ntonsson �3� developed an approach for automatic synthesis of
EMS mask layouts. Mukherjee and Fedder �4� have presented a

tructured design method for MEMS. Other examples include the
utomated design synthesis method for MEMS by Zhou et al. �5�.
eshpande and Saggere �6� used analytical and finite element
odels to obtain the key dimensions of a microactuator through

esign optimization. Sensitivity analysis is one of the design tech-
iques that can be used to identify the critical design parameters
or optimizing the performance of a system. Sensitivity informa-
ion provides the performance change of a system with respect to
hanging design parameters. In a previous work by Shi et al. �7�,
ensitivity analysis was carried out using the direct differentiation
pproach to compute the design sensitivity coefficients. The
oupled electromechanical design sensitivities were studied for a
eliability based analysis by Allen et al. �8�. Additionally, Sig-
und �9� presented the use of sensitivity analysis for topological

ptimization of electromechanical systems. In another study by
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Lusk and Howell �10�, the different properties of the mechanisms
were explored in the design space to improve the fabrication pro-
cess.

Our approach aims to integrate some of the existing analysis
tools and develop a generalized design approach for MEMS struc-
tures. The design methodology incorporates tools for analyzing
end-to-end system performance and sensitivity of design param-
eters. Our integrated design approach starts with the generation of
finite element model �FEM� of the MEMS structure using ANSYS

software �see Fig. 1�. The state-space representation of the system
is constructed in MATLAB using ANSYS results. The state-space
model is reduced using some reduction techniques, which will be
outlined in the following section. The reduction algorithms are
carefully chosen to keep the significant states for the transfer func-
tions of interest. After developing a reduced model of the system,
the next step is to predict the system performance under antici-
pated disturbance conditions. Section 3 outlines the disturbance
analysis framework. Disturbance levels are measured experimen-
tally and used in the disturbance analysis framework. The distur-
bance analysis is conducted using the Lyapunov approach. The
disturbance analysis results tell us whether the system is able to
meet the design requirements or not. If the requirements are met,
we may consider building the prototype of our MEMS design. If
the requirements are not met, then the designer can perform a
sensitivity analysis. Sensitivity analysis results can be used to
identify the critical design parameters for optimizing the system
performance. After the critical design parameters are identified,
required changes are made and the design process continues until
the requirements are met.

The developed methodology is demonstrated through a case
study which includes the disturbance analysis and sensitivity
analysis of a torsional MEMS scanner mirror. A microscanner is a

tiny movable mirror that can scan or steer a laser beam in 1D, 2D,
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r 3D. Major application areas of these mirrors can be listed as
isplay and imaging technologies and optical switching applica-
ions in telecommunications industry �11,12�. These scanners are
lectromagnetically actuated. The permanent magnets on the sides
reate a constant magnetic field. When a current is passed through
he coils on the moving plate, an in-plane electromagnetic force is
xerted on the mirror, which leads to torsional deflection. In this
tudy, the input to our system is the disturbance torque acting on
he mirror about the scanning axis. The output or equivalently the
erformance is defined as the variation of the mirror position un-
er the effect of a disturbance torque. The absolute value of this
otation should be kept as small as possible in order to improve
he performance of the mirror.

The scanning capability of such microscanners can be signifi-
antly impacted by the disturbances coming from the outside
ources. Since these devices are electrostatically or electromag-
etically actuated, driving electronics jitter, control loop sensor
rrors and thermal changes in the environment are the examples of
isturbances that may affect the performance of the mirror during
he operation mode. Accurate representation of these disturbances
re important in order to predict the performance of these mirrors.

In Sec. 4.1, the exact modal parameter sensitivities are calcu-
ated and compared with the sensitivities calculated using the fi-
ite difference approach �see Sec. 4.2�. While these sensitivities
o identify which modes are the most important, they do not
eveal directly what physical characteristics of the design should
e modified to affect the modes and improve the design. Physical
arameter sensitivities are more intuitive, and this fact motivates
o investigate the physical parameter sensitivities for the torsional

EMS scanner. Section 4.3 summarizes the physical sensitivity
nalysis results obtained by using the finite difference method.

The following section describes the details of the FEM of the
irror. The FEM results are then utilized to construct the state-

pace model which is used in disturbance and sensitivity analysis.

Finite Element Model
The FEM of the torsional scanner mirror is created in ANSYS

2�. The first model is created using the 3D solid elements and it
onsists of 1312 elements and 21,294 degrees of freedom �see Fig.
�a��. The Lyapunov equation in the disturbance analysis takes
xcessive time for large-order systems. In order to reduce the time
or the disturbance analysis, the second FEM is created using

Fig. 1 Suggested design process flow for MEMS devices
eam and shell elements, consisting of 288 elements. First five
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natural frequencies are as follows: 5578, 9406, 10,664, 22,726,
and 27,342 Hz.

ANSYS modal analysis results, eigenvalues and eigenvectors, are
used to construct the state-space equations of the mirror. The
state-space equations representing the dynamic system are �13�,

ẋ�t� = Ax�t� + Bu�t�

y�t� = Cx�t� + Du�t� �1�

where A, B, C, and D are system matrices

A = �
0 1 0 0 . . . . . .

− �1
2 − 2�1�1 0 0 . . . . . .

0 0 0 1 . . . . . .

0 0 − �2
2 − 2�2�2 . . . . . .

. . . . . . . . . . . . . . . . . . �

Fig. 2 Finite element models of the MEMS torsional scanner:
„a… FEM with 3D solid elements showing the design parameters
and „b… simplified FEM with beam and shell elements
. . . . . . . . . . . . . . . . . .
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B = �T�
0

1

0

1

]

]

� C = ��1 0 1 0 . . . . . . � and D = �0� �2�

here �i is the natural frequency, �i is the damping factor, and �
s the modal transformation matrix obtained from the ANSYS

odal analysis results.
The state-space form in the Laplace domain allows the calcu-

ation of the transfer functions H�s� that relates the output rotation
�s� to the given torque disturbance inputs u�s�, such that

H�s� =
y�s�
u�s�

�3�

he size of the matrices can be reduced by taking only the degrees
f freedom �DOFs� associated with the rotation about the flexure
xis �x axis�. This criterion eliminates the other modes of the
ystem, which are associated with other DOFs. In the disturbance
nalysis especially the variance about the x axis is the most criti-
al one because it is designed to work in the torsional mode. In
his study, the performance is defined as the variation of the mirror
osition in the torsional mode. However, one can also include the
ther modes in the analysis if the performance criterion is
hanged. The results of the ANSYS modal analysis, eigenvalues
nd eigenvectors, were written to text files and standard MATLAB

outines were used to read these files and extract the eigenvectors
nd eigenvalues to construct the state-space matrices.

The Lyapunov equation calculations in disturbance analysis
see Sec. 3.2� may take a long time if we use the full scale FEM.

e need to reduce the size of the model while still maintaining
he desired input/output relations. The MATLAB control toolbox has

function “modred,” which can be used for reducing models
hile retaining the overall system dc gain. The “matched dc” or

mdc” gain option for the function modred reduces the selected
tates by setting their derivatives to zero, and then solving for the
emaining states. The other option for modred is the “del” option,
hich simply eliminates the defined states, typically associated
ith the higher frequency modes. The derivation of the mdc op-

ion is given in Ref. �14�.
The alternative method is to rank the modes according to “dc

ain” or “peak gain” approach. dc gain �for damped and un-
amped cases� is defined as

dc gain =
yji

uki
=

ynji · ynki

�i
2 �4�

here ynji ·ynki is the product of the jth �output� row and kth �force
pplied� row terms of the ith eigenvector divided by the square of
he eigenvalue for the ith mode.

At resonances, the peak gain amplitude of each mode is given
y the formula

peak gain =
yji

uki
=

− j

2�

ynji · ynki

�i
2 =

− j

2�
�dc gain� �5�

f the same value of � is used for all modes, then all the dc gain
erms are divided by the same 2� term and the relative amplitudes
f the dc gains and peak gains are the same, so there is no differ-
nce between sorting a uniform damping model using dc gain or
eak gain.

The results of the three reduction methods are shown in Figs.
�a�–3�c�. The frequency response functions in the figure show
he relation between the output mirror rotation y�s� to the given
orque input u�s�. Figure 3�a� shows the frequency response of the
verall system for del modred option, where all the modes above

7,342 Hz are eliminated �only six lowest modes are kept�. As it
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can be expected, it does not capture the higher frequency modes
since they are not included in the calculations. Figure 3�b� shows
the frequency response of the overall system for mdc modred
option. It cannot capture the system dynamics accurately at high
frequencies. Figure 3�c�, shows the results of sorting the modes

Fig. 3 Reduced Models are obtained using „a… the first six
modes, „b… “mdc” approach, and „c… “dc gain” and “peak gain”
approach
according to the dc gain and peak gain approach. Although the
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ize of the state-space model has been decreased significantly
e.g., size of the matrix A is reduced from 210�210 to 12�12�,
he reduced model captures all the significant dynamics. This

ethod is found to be the most efficient way to reduce the state-
pace model of the mirror for the transfer function of interest and
educed model obtained with this technique will be used for the
emaining part of this study.

Disturbance Analysis Framework
After developing a reduced model of the system, the next step

s to predict the system performance under the anticipated distur-
ance conditions. In this section, typical environmental and sensor
isturbances for a microscanner are measured experimentally and
pplied to the system using the Lyapunov approach. A simple
umped model in the time domain is used to validate the results.
he following section summarizes the procedure and the tech-
iques that we developed to calculate the disturbance levels acting
n the microscanners.

3.1 Characterization of the Disturbances Using Experi-
ental Techniques. Any unwanted effect that is coming from the

nvironment or from the equipment can be considered as distur-
ance, in that it potentially interferes with the accuracy of the
esired output. Development of a disturbance framework requires
he real time disturbance inputs to be measured and to be modeled
s precise as possible.

The experimental procedure �see Fig. 4� that we developed
tarts with measuring the translational velocity using a laser Dop-
ler vibrometer �LDV�. LDV is a device that measures the veloc-
ty of a moving particle using the Doppler effect �15�. LDV mea-
ures the translational velocity of a point �see Fig. 5�. The mirror
s actuated using a sinusoidal voltage input around its first funda-

ental frequency: this voltage input is converted to torque
hrough driving electronics. The velocity output is measured using
he LDV. The desired output is the angular position of the outer
rame. The angular velocity of the outer frame can be calculated
sing the following equation:

V = r � � �6�

here V is the translational velocity of the point, which is read by
DV, � is the angular velocity of the outer frame, and r is the
istance between the spot and the frame rotation axis. Note that
q. �6� is only valid when small angle assumption is made and
hen the mirror is moving in pure torsional mode.
Angular velocity of the outer frame is calculated utilizing the

ranslational velocity measured by the LDV. The next step is to
ntegrate the velocity data in order to obtain the angular position,
.
Any variation from the ideal output is generated by the distur-

Fig. 4 Schematic of the disturbance measurement procedure
ances acting on the system. In order to obtain an ideal output for

026 / Vol. 129, OCTOBER 2007
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mirror angular position, a low-pass filter was used to eliminate the
high frequency signals from the measured data. If we subtract the
“ideal” from the “measured,” that should give us the variation in
the angular position.

The variation of the position is �see Fig. 6�a�� is plugged into
the following equation to obtain the variation in the disturbance
torque �see Fig. 6�b��:

Jeff�̈ + b�̇ + ktors� = Tdist �7�

The inertia �Jeff�, damping �b�, and stiffness �ktors� properties are
calculated using the formulas tabulated in Tables 1 and 2 �16�. The
disturbance noise intensity is defined in Ref. �17� as

D = max������ �8�

where ���� is the frequency dependent power spectrum of zero-
mean disturbance. The intensity of the disturbance is calculated
using the above formula. The disturbance intensity for the input
torque is calculated as 1.75�10−12 N m. The Lyapunov approach
described in the following section is based on the “unit intensity
white noise,” and this unit intensity must be scaled by the real
“disturbance intensity” to simulate the actual disturbances acting
on the system.

3.2 Disturbance Analysis Using Lyapunov Approach. For
stochastic linear systems driven by white noise, the solution of the
Lyapunov equation represents the variance of the state vector �18�.
The disturbance torque is modeled as the output of a first order
shaping filter, which is driven by unit intensity white noise �19�.
The cutoff frequency of the filter is at 100 kHz such that it attenu-
ates the frequencies above 100 kHz. The magnitude content of the
disturbance shaping filter is scaled by an “intensity” constant,
which was determined by experimental measurements in the pre-
vious section.

The disturbance filter can be modeled in state-space form as

ẋd�t� = Adxd�t� + Bd · xd�t�

u�t� = Cd · xd�t� �9�

Placing this state-space system in series �see Fig. 7� with the plant
equations from Eq. �1�, an overall system of the form

˙

Fig. 5 „a… LDV measurement point to observe the torsional
mode of the outer frame. „b… Schematic view of the LDV mea-
surement setup „small angle � assumption….
x�t� = Azdx�t� + Bzdd�t�
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y�t� = Czdx�t� �10�
an be represented. Solution of the following steady-state
yapunov equation leads to the state covariance matrix �q.

ig. 6 Time history of the „a… angular position variance „b…
isturbance torque variance

able 1 Effective mass moment of inertia and effective stiff-
ess terms for the torsional mode of the scanner

Effective moment of inertiaa

Jeff=Jm,xx+
2

3
Jf ,xx

Jf ,xx=
1

3
Mf�a2+b2�

Effective stiffness

ktors=
2GK

Lf
, �=�Gxz /Gxy

GK= ��ab3Gxy��5.33−3.36
b

a� �1−
b4

12a4�4 �� a��b

�ab3Gxy��5.33−3.36
a�

b �1−
b4

12a4�4 �� a�	b 	

For mass moment of inertia terms check Table 2.
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Azd�q + �qAzd
T + BzdBzd

T = 0 �11�

This is a matrix equation with the unknown matrix �q, and solu-
tion techniques are available through standard commercial soft-
ware packages, such as MATLAB.

The performance covariance matrix is given by

�z = Czd�qCzd
T �12�

and the root-mean-square �rms� values of the performance metrics
can be obtained from the square roots of the diagonal entries of
the matrix

�z = �
�z1

2 �z1z2 ¯ �z1zn

�z2z1 �z2
2

¯ �z2zn

] ] � ]

�znz1 �znz2 ¯ �zn
2
� �13�

Using the Lyapunov approach, rms estimates �in the sense of sta-
tistical steady state� can be calculated easily and directly by solv-
ing a single matrix equation. It provides the exact mean-square
values of the performance variables subject to the accuracy of the
disturbance and plant models. The diagonal terms of �z represent
the mean-square values �zi

2 , and the rms values are simply �zi
�19�. The rms value for the mirror is found to be 1.75�10−8 rad
under the measured disturbance torque.

There are some shortcomings of the presented Lyapunov ap-
proach; first of all, it does not provide any direct insight into the
frequency content of the outputs. Rather, it yields the overall vari-
ances of the states and the outputs. In addition to that, the solution
time for the Lyapunov equation can be excessive for large-order
systems. In such cases, model reduction should be performed first
to bring the number of states to a reasonable level without sacri-
ficing the predictive capability of the model.

4 Sensitivity Analysis Framework
Determining sensitivity of design parameters can provide useful

information when the system does not meet the specified require-
ments. For systems with many design parameters, sensitivity in-
formation can identify which parameters in the system are the
most significant. These parameters might be the focus of redesign
efforts that attempt to improve the performance.

This section describes the mathematical theory for computing
sensitivities when the system is written in state-space form.

In order to compute the sensitivities, the following expression
must be evaluated:

��zi

�p
= sensitivity of a performance rms

with respect to parameter p �14�

The first step is to find the derivative of the variance �zi
2 with

respect to p. Taking the derivative of Eq. �12� with respect to p is

Table 2 Mass and mass moment of inertia terms for a rectan-
gular mirror geometry

Mirror mass Mass moment of inertia

Mm=
LmDtm Jm,xx=
Mm

12
�D2+ tm

2 �

Fig. 7 Disturbance shaping filter connected in series with the

mirror model
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ot possible because �q is the solution to Eq. �11�; therefore, �q is
mplicitly dependent on p. To get around this problem, it is pos-
ible to use the Lagrange multiplier method, treat the Lyapunov
quation Eq. �11� as a constraint equation, and augment it to Eq.
12� with the help of a symmetric Lagrange multiplier matrix. As
uggested by Gutierrez �19�, we are going to separate the problem
nto two sections. The first one would be to perform the modal
arameter sensitivity analysis and the second would be the physi-
al parameter sensitivity analysis.

4.1 Modal Parameter Sensitivities Using Analytical
pproach. While the modal sensitivities do identify which modes

re the most important, they do not reveal directly what physical
haracteristics of the design should be modified to affect the
odes and improve the design. The sensitivity calculation with

espect to a modal parameter is the first step to calculate the physi-
al parameter sensitivities. In this study, the modal parameter is
hosen to be the jth natural frequency � j. Since the state-space
ystem is constructed in the modal form, it is easy to calculate the
ystem sensitivities with respect to the modal parameters.

The system matrix Azd in Eq. �11� can be written as follows:

Azd = 
A BCd

0 Ad
� �15�

here A is the plant matrix in Eq. �2�.
It can be easily differentiated with respect to the modal param-

ter � j �i.e., j=1�.

�Azd

��1
= �

0 0 0 0 . . . . . .

− 2�1 − 2�1 0 0 . . . . . .

0 0 0 0 . . . . . .

0 0 0 0 . . . . . .

. . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . .

� �16�

he matrix derivatives with respect to � j consist entirely of zeros
xcept at the location where those specified modal parameters
ppear.

The only state-space element including a modal element is the
matrix: therefore, the sensitivity solution reduces to �19�

��zi

�p
=

1

2�zi
trace
Li · � �Azd

�p
�q + �q

�Azd
T

�p

� �17�

here �q is the steady state covariance matrix, which is the solu-
ion of the Lyapunov equation �Eq. �11�� and “trace” is the sum-

ation of the diagonal terms of the matrix shown in the brackets.
i is the Lagrange multiplier obtained by treating the Lyapunov
quation as a constraint equation.

In order to compare sensitivities taken with respect to param-
ters of different units or magnitudes, the normalized sensitivities
re computed as follows:

��zi/�zi nom

��/�nom
=

��zi

��
·

�nom

�zi nom
�

��zi

��
·

�nom

�zi nom
�

% change in �zi

% change in �

�18�
esults obtained for the modal sensitivity analysis of mirror are

hown in Table 3. The first mode analytical sensitivity is −1.73,
hich means if the first natural frequency of the mirror is in-

reased by an amount of 1%, it will result in a 1.73% decrease in
he performance rms value.

If Table 3 is observed carefully, one can easily say that the first
ode’s sensitivity is significantly larger than the others. Addition-

lly, the second and third modes’ sensitivities are close to each
ther and they are much larger than the fourth, fifth, and sixth
odes. This is an expected result if we observe the transfer func-

ion plot that relates the mirror rotation output to the given torque

isturbance input in Fig. 3. The first mode of the scanner at

028 / Vol. 129, OCTOBER 2007

nloaded 25 Nov 2011 to 212.175.32.133. Redistribution subject to ASM
5578 Hz is very dominant so performance is very sensitive to this
mode. From the transfer function plot, it can be seen that the
second and third torsional modes are also dominating at higher
frequencies and they both have similar gains. The same trend is
observed for the second and third torsional mode sensitivities in
Table 1. The fourth, fifth, and sixth torsional modes are not ob-
served in the transfer function plot and their sensitivities are close
to zero.

4.2 Modal Parameter Sensitivities Using Finite Difference
Approach. Instead of computing the sensitivity exactly, another
approach is to approximate the derivative with a finite difference
method. The finite difference technique is used in the modal and
physical parameter sensitivity calculations as an alternative
method to the exact solution. In the modal parameter sensitivity
analysis, the natural frequency value is perturbed, Lyapunov equa-
tions are solved both for perturbed and unperturbed cases, and the
difference of the performances is calculated. This difference of the
two performance metrics is then divided by the perturbed param-
eter step size and the sensitivity value is approximated.

�zi − �zi perturbed

� − �perturbed
=

��zi

��
�19�

Modal parameter sensitivities calculated by finite difference
method are also listed in Table 3. As it can be observed from the
tabulated results, they all show good correlation between the finite
difference and analytical values.

4.3 Physical Parameter Sensitivities. If the nominal design
of a MEMS device fails to meet specified requirements, the physi-
cal parameters can be modified to improve the performance of the
system. Especially for the systems with many design parameters,
it is very difficult to identify the critical parameters that would
affect the performance of the system. When the physical param-
eter sensitivity information is available, it becomes easier to iden-
tify the redesign parameters.

If sensitivity is calculated with respect to a physical parameter
p, it will not appear explicitly in the state-space matrices Azd, Bzd,
and Czd.

It requires the derivative of state-space matrices with respect to
modal parameters �frequencies and mode shapes�, and also the
frequency and mode shape derivatives with respect to physical
parameter. These derivatives can be computed exactly using the
methods developed by Fox and Kapoor �20� and Nelson �21�.

The eigenvalue derivative can be determined by obtaining the
derivatives of mass and stiffness matrices with respect to physical
parameter p. One difficulty arises here since the stiffness and mass
matrices are not very easy to obtain for larger-order systems.
Computation of mode shape derivatives is even more
complicated.

Considering the amount of computation time required to calcu-
late the natural frequency and mode shape derivatives, analytical
method is not found to be suitable for our sensitivity analysis.

Table 3 Modal parameter sensitivity analysis results of tor-
sional scanner. Analytic solution and finite difference solution
techniques are compared

Analytic solution
�%�

Finite difference
�%�

First mode sensitivity −1.73 −1.73
Second mode sensitivity −1.38E−5 −1.38E−5
Third mode sensitivity −1.16E−6 −1.15E−6
Fourth mode sensitivity 3.81E−15 0
Fifth mode sensitivity 1.71E−16 0
Sixth mode sensitivity −1.83E−16 0
Instead, finite difference method is used for the calculation of the
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hysical parameter sensitivities of the torsional MEMS scanner.
The box shaped flexures of the scanner �see Fig. 2� are the main

esign variables when the stiffness of the system is considered.
e performed the physical sensitivity analysis on the design vari-

bles shown in Fig. 2 using the finite difference approach. The
hysical parameters are perturbed one at a time in the finite ele-
ent analysis, the state space model is reconstructed for the per-

urbed system, and the performance is calculated using the
yapunov approach. The performance difference between the per-

urbed system and the original system is then divided by the per-
urbed parameter step size and the sensitivity value is approxi-

ated. Table 4 tabulates the physical parameter sensitivities for
he torsional MEMS scanner.

Among the computed sensitivities, the greatest sensitivity be-
ongs to the flexure beam width and thickness. An increase of 1%
n the flexure width or thickness will result in 1.49% decrease in
he rms performance value. Since the performance is defined as
he deviation of the mirror tilt angle under random disturbances,
ncreasing the beam thickness or width results in an increase in
ystem stiffness and a decrease in this deviation. For the flexure
eam length, it is the adverse effect. Increasing the flexure length
y 1% results in a better performance by an amount of 0.75%. The
exure parameters, such as width and thickness, are suitable for
edesign; however, changing the length of the flexure may not
lways be possible due to spacing problems. The mirror dimen-
ions are directly related to optical resolution of the system so
hey are not generally included in the structural redesign efforts.
owever, the sensitivity results show that they are as significant

s the flexure dimensions in terms of determining the performance
f the torsional scanner.

Discussion and Conclusion
In this study, we developed an integrated design approach that

ncorporates modeling and analysis tools for analyzing system
erformance, sensitivity of design parameters, and critical compo-
ents of MEMS devices. We demonstrated the use of the devel-
ped methodology through a case study which includes the dis-
urbance and sensitivity analysis of a MEMS scanner mirror.

The MEMS scanner mirror is modeled using the commercial
EM software, ANSYS. Modal analysis module of ANSYS was used

o obtain the mode shapes and natural frequencies of the system.
he FEM results were then transferred to MATLAB in order to build

he state model of the mirror to investigate the input and output
elations for transfer functions. Inputs are defined as torque dis-
urbances acting on the mirror and outputs are the amount of
ariance about the mirror rotation axis. This variance should be
ept as small as possible in order to improve the performance of
he scanner mirror.

Disturbance analysis and sensitivity analysis with Lyapunov ap-
roach take a great amount of time if large scale systems are used.
herefore, some model reduction techniques are performed to re-
uce the size of the FEM. The reduced model is used in the

able 4 Physical parameter sensitivity analysis of the tor-
ional MEMS scanner

Computed normalized
sensitivity

lexure width �w� −1.49
lexure thickness �t� −1.49
lexure length �L� 0.75
lastic modulus �E� −0.75
ensity −0.25
irror thickness �tm� −0.25
irror width �wm� −0.25
irror height �hm� −0.74
erformance prediction and sensitivity analysis studies.

ournal of Mechanical Design
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The performance prediction methodology uses Lyapunov equa-
tions in disturbance analysis and calculates the rms value of the
angular displacement, which defines the performance of the scan-
ning mirror. The Lyapunov approach is found to be a very effi-
cient and accurate method. The disturbances used in the distur-
bance analysis framework are obtained experimentally. An
experimental setup was built to measure the disturbances on the
scanner mirror. An experimental procedure was developed to cal-
culate the magnitude level of the disturbances acting on the sys-
tem.

The sensitivity analysis framework is built on the disturbance
analysis framework. First, the exact modal parameter sensitivities
are calculated and validated with the results of the finite difference
method. Modal parameter sensitivities are able to identify which
modes are the most important; however, they do not provide any
information regarding what physical characteristics of the design
should be modified to affect the modes and improve the design.
The finite difference method is used to calculate the physical pa-
rameter sensitivities and we concluded that the flexure dimensions
play an important role in determining the performance of the mir-
ror.

Sensitivity analysis tool is an extremely valuable tool especially
when the MEMS system has many design parameters. One can
easily identify the most significant design parameters that may
affect the performance of the system. Then the designer can focus
on these parameters to improve the performance.

This paper summarizes our initial attempt to create a design and
analysis tool for MEMS devices. The disturbance analysis frame-
work provides the means for predicting the performance of such
systems in a very efficient and accurate way. The sensitivity
analysis framework is very valuable for diagnosing the problem-
atic components that degrade the overall system performance. All
the governing equations are written in MATLAB code, which pro-
vides any easy way for further additions to the design tool. An
automated routine was developed to generate the state-space
model from the results of the FEM. This routine can be applied to
other MEMS devices to perform disturbance and sensitivity analy-
sis. The sensitivity analysis can be extended and then be used to
perform a simultaneous optimization routine. In this study, we
investigated the disturbances only for scanner mirrors. Since most
of these disturbances are sensor and electronics dependent, other
MEMS devices can be also studied to develop various disturbance
models.
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