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Abstract. In this study, it is aimed to perform Finite Element Analysis (FEA) of micromirror
based on Micro-Electro-Mechanical Systems (MEMS) and to examine the nonlinear and dynamic
responses of this system. Micromirror devices are indispensable, especially for optical systems
and form the basis of them. In this work, dynamic and nonlinear responses of micromirror with 4
symmetric arms and one reflective surface were investigated. During the design and modeling, it
is assumed that the upper and lower layers of the reflective surface have equal tensile and
compressive stresses. The analysis of the system was obtained by applying a force of up to 30 GPa
Prestressed on the reflective surface. The design and FEA of the micromirror system were made
with the Comsol Multiphysics program. The nonlinear response of the analysis was carried out
with the MATLAB program. This model, which has the most basic design of micromirror
structures used in optical systems, is thought to be a source for a good examination of the nonlinear
dynamic model and for understanding more complex structures.
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1. Introduction

The concept of MEMS emerged many decades ago and pioneered the development and
advancement of technology. Many studies on Nano Electro Mechanical Systems (NEMS) were
started many years ago thanks to MEMS technology [1]-[7]. As MEMS technology and
fabrication techniques developed, device diversity began to increase. In particular, studies on
micromirror have been closely followed by industry and academia for years. Since micromirror
systems have very common usage areas such as optics, projectors, and the defense industry, a lot
of work has been done every day [8]-[11]. There are different types of micromirror movement
diversity. A general classification is made as electrostatic [12], [13], Electrothermal [14], [15],
electromagnetic [16], [17], and Piezoelectric [18]. In this classification, the drive-actuator element
and the material used are of great importance. It is also possible to use hybrid structures in complex
and complicated systems. Sometimes they can be used with actuator structures to drive the
micromirror system. In other words, a micromirror system with both piezoelectric and electrostatic
structures can be considered based on the material used.

Nonlinear dynamic response of MEMS micromirror structure was obtained using Invariant
Manifolds Calculation [19]. This technique is also known as the nonlinear reduction technique.

Dynamic Response of Electromagnetic MEMS micromirror at vibration time was obtained by
constructing a conventional dynamic model [20]. In this study, conventional control systems were
applied by modeling the micromirror as mass and spring. Simultaneously, micromirror fabrication
and real-time tests were performed. When the obtained data were compared, it was seen that quite
good results were obtained.

The nonlinear analysis of Piezoelectric micromirrors was performed using the Harmonic
Balance Method [21]. This technique was applied to the system during the finite element analysis.
Additionally, micromirror experimental system was established and both methods and
experimental data were compared.
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Hologram and image acquisition studies have been conducted using Digital Micromirror
Devices (DVC) [22]. After controlling the display times of each hologram on the DVC, the
problems related to the image acquisition were resolved in this study.

There have been some studies on the effects of the time-averaged holography technique on
MEMS [23], [24]. It is seen that these studies are on microcantilever and microsystems.

In this study, the nonlinear dynamic response of the system was obtained by designing and
analyzing the MEMS-based micromirror structure, which is widely used in optical systems. When
the literature studies were examined, it was seen that similar studies were generally only
performed with FEA analyzes and fabrication processes. We believe that this study will contribute
to the literature in terms of both finite element analysis and nonlinear response of the micromirror
system.

The remainder of this study is organized as follows. In Section 2, material details and design
conditions of the micromirror system are explained. In Section 3, all analysis results of the system
are given in detail. Finally, in Section 4, the results of this study are given and interpreted.

2. Materials and methods

In order to obtain the nonlinear and dynamic responses of the system, the design conditions
and simulation details of micromirror should be known. The geometry, mesh conditions and
material of the system are pre-designed so that FEA can be performed smoothly. After all the
simulation details were determined, analyzes were made in the Comsol Multiphysics program.

2.1. Design of the micromirror

The design and meshing of the micromirror system were made in the Comsol Multiphysics
program. The design and overall dimensions of the system are shown in Fig. 1(a). The length of
the reflective surface of the system is R = 1200 pm, and the length of each symmetrical arm is
L =400 pum. The mesh structure of the system is shown in Fig. 1(b). The physics-controlled mesh
of the Comsol program was applied to the system. Mesh values of the designed system are given
in Table 1.
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a) Design and dimension b) Mesh of micromirror
Fig. 1. Design and mesh of micromirror

Table 1. Mesh statistics of design
Description Value
Minimum element quality | 0.08741
Average element quality | 0.4642

Tetrahedron 8501

Triangle 4664
Edge element 628
Vertex element 96

1 5 0 'VIBROENGINEERING PROCEDIA. AUGUST 2022, VOLUME 44



COMPUTATIONAL MODEL FOR THE NONLINEAR DYNAMIC RESPONSE OF MEMS-BASED MICROMIRROR.
ISHAK ERTUGRUL, SEZGIN ERSOY, MINVYDAS RAGULSKIS

2.2. Material detail

In order to analyze the system, the appropriate material to be used must be selected. In this
study, four symmetrical arms were used. Ag-Silver material is used for these arm materials.
Structural steel material was used for the reflective surface. Material selection was carried out
using the Comsol Multiphysics program library.

3. Results and discussion

The FEA, nonlinearity and dynamic response of the system is examined in this section. In
order to perform nonlinear and dynamic analysis of the system, first of all, micromiror’s design
and FEA were obtained using the Comsol Multiphysics program. Because of the simulation, the
displacement effects of the prestressed pressure acting as the entrance to the system on the
reflecting surface of the micromirror were investigated. It has been discussed that the prestress
acting on the system makes the system nonlinear after a certain value. The nonlinear regions where
the prestressed values affect the system has been examined in detail. After all, these analysis, the
computer calculations of the micromirror and the phase diagram were made and the dynamic
response result of the system was obtained.

3.1. Simulation results

A simulation graph of micromirror is given in Fig. 2(a). According to the simulation results,
the maximum displacement on the system was at A and C points and was measured as 250 um
(Since the system was designed symmetrically, these points had to be equal). The minimum
displacement is at point B, which is marked as the midpoint of the reflective surface, and is
approximately 205 um. These values were obtained when 30Gpa prestress was provided as an
input to the system. The length between points A and C was measured as approximately 1200 pm.
In Fig. 2(b), the maximum and minimum displacement curves are given according to the A and C
sections.
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Fig. 2. Simulation results of micromirror
3.2. Nonlinear respond results

Because of the analysis made with Comsol, the prestress and displacement graph are obtained
in Fig. 3(a). The prestress-displacement relationship is linear in Region I. In other words, it has
been understood that the micromirror gives a linear response when Prestress is applied to the
system up to 10 GPa. However, the system does not give a linear response in Regions II and III.
(As the deformations in the material affect the analysis results, the analyzes in this study were not
performed after 35 GPa. Also, all analyzes were performed between 1-30 GPa).

The computer analysis of the system in Region I is given in Fig. 3(b). In this region, the
response of the system is linear. In other words, the micromirror displaces a maximum of 11.3 pm
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and a minimum of 9 um at each GPa prestress applied to the system. It is understood that the
system response is periodic.

The computer analysis of the system in Region II is given in Fig. 3(c). The response of the
system in this region is not linear. In this region, the maximum and minimum values of the signal
at the input of the system are 10.26 and 8.101 um, respectively. In other words, it is seen that the
difference value at the input of the system is 2.16 pm. The maximum and minimum values of the
signal at the output of the system are 8.31 and 6.25 um, respectively. The difference value at the
output of the system is also 2.05 um.

The computer analysis of the system in Region III is given in Fig. 3(d). The system also shows
nonlinear behavior in this region. In this region, the maximum and minimum values of the signal
at the input of the system are 7.65 and 5.69 um, respectively. In other words, it is seen that the
difference value at the input of the system is 1.95 pm. The maximum and minimum values of the
signal at the output of the system are 5.33 and 3.73 um, respectively. The difference value at the
output of the system is 1.6 um.
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Fig. 3. Nonlinear respond results
3.3. Dynamic response results

The displacement curve for each prestress applied to the system is shown in Fig. 4. As shown
in the figure, the system gives a periodic response. The dynamic behavior of the system can be
obtained by applying Lorenz equations [25] to this region where the system shows a periodic
behavior.

Lorenz chaos equations were applied to the region where the system in Fig. 4, gives a periodic
response. Because of the equation was applied with the MATLAB program, the graphics in Fig. 5
were obtained. Fig. 5(a) shows the dynamic response of the system and is the second computer
analysis of the system. Fig. 5(b) shows the phase diagram of the system.

The third computer analysis of the system is shown in Fig. 6. The chaotic behavior of the
system is provided by the Lorenz chaos equations. Here, it is seen that the system is non-periodic
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and exhibits a chaotic behavior. Fig. 6(a) shows the dynamic response of the system. Fig. 6(b)
shows the phase diagram of the system.
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4. Conclusions

In this study, the prestressed was applied to the system and the displacement analysis was
performed. In addition, that, nonlinear and dynamic analyzes were performed on the micromirror
model for the first time. The analysis was obtained with the development of the micro mirror
model in the Comsol library.

Maximum and minimum displacement values were obtained by simulating the system.
Prestressed is applied up to 30 GPa as input to the system. It has been observed that the system
exhibits non-linear behavior after 10 GPa. After all these data were obtained, the dynamic behavior
of the system was obtained by applying Lorenz equations to the system.

We think that this study, which explains the modeling of basic micromirror devices, which are
indispensable for optical systems, will be an important resource for models with complex systems
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and will fill the gap in the current literature in this respect. Time-Averaged Holography and
Chaotic Visual Cryptography (CVC) techniques can also be successful on the micromirror system
and we continue to work on this issue.
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