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ABSTRACT 

 

Out-of-plane micromirrors have proved to be a vital component of Micro-

Opto-Electro-Mechanical Systems (MOEMS).These systems have been developed for 

a wide range of applications including optical switching, beam steering and precise 

transmission and reception of bio-optical signals. This thesis focuses on design, test 

and characterization of rotating out-of-plane micromirrors. The system consists of a 

polysilicon micro-mirror which is held at a 45° angle on gear which has a rotational 

freedom of 360°. The mirror assembly is pushed into position using an assembling 

probe. Actuation of the rotating structure is accomplished via a coupled torsional 

ratcheting actuator (TRA). A test setup was developed for the characterization of the 

mirror in which the average intensity of reflected light is measured. Also, effect of 

TRA ratcheting events on the gear rotation is studied. A design for auto pop-up micro-

mirror is discussed which allows the system to self assemble by using force from 

electrostatic actuator (TRA). However, the mechanism was not successfully 

demonstrated. Failure analysis of this design is done and alternative design with 

improvements is suggested. 
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CHAPTER I 

INTRODUCTION 

Thesis Statement 

 The purpose of this research is to design, test and characterize rotating out-of-

plane micromirrors. Particularly, this work focuses on the 45° out-of-plane polysilicon 

micro-mirror which has a rotational freedom of 360°. The mirror is tested for robustness 

as well as its optical performance. Furthermore, an auto pop-up mechanism is suggested 

which allows the system to self assemble and avoids manual pop-up of micromirror as 

required in the prior case.  

Overview of Microelectromechanical Systems (MEMS) 

Microfabrication technologies are an enabling force behind mechanically 

functional devices integrated with miniature electronics. Many engineering and 

scientific accomplishments would not have been possible without advancements in the 

fields of miniaturization and microfabrication. MEMS use integrated circuit 

fabrication techniques to build minuscule systems with both mechanical and electrical 

components [1]. These complex electromechanical systems are manufactured using 

batch fabrication techniques, decreasing the cost and increasing reliability and yield.  

After the 1990‟s MEMS entered the period of accelerated and effective growth. 

Examples of MEMS devices developed by industries worldwide are integrated inertia 

sensors by Analog Devices, Digital Light Processing chips by Texas Instruments for 

displays, ink-jet print heads, and optical switches.  

MEMS devices can be grouped into sensors and actuators. Sensors are the 

devices which measures a physical quantity converting the energy from the physical 

stimulus into an electrical signal. Conversely, actuators are the devices which convert 

the energy from the electrical signal into a mechanical stimulus/motion. The 

transduction mechanism which is used to convert energy from one form to other is the 

backbone of sensors and actuators. The different transduction mechanisms are: 

Electrostatic, Electrothermal, Piezoelectric and Magnetic actuation systems.  It is very 
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important to select an appropriate actuation system for the application. This thesis 

focuses on the design and test of an out-of-plane micromirror which is actuated using 

a rotary electrostatic drive mechanism.   

MEMS Micromirrors 

There are several inherent advantages of using MEMS technology for optical 

applications. Firstly, the silicon microfabricated devices are robust for optical 

applications and secondly, the packaging for these devices is relatively 

straightforward. Optical devices can be sealed in transparent housings that shield them 

from environmental exposure.  

The optical mirrors are the devices used to direct light from one position to the 

other over a range of angles. The reflection angle of the micromirror is adjusted by an 

actuation mechanism that rotates the mirror surface. The actuation mechanisms that 

are chiefly utilized in mirror design are electrostatic, piezoelectric, magnetic, and 

electrothermal mechanisms. The applications require a wide range of specifications 

such as maximum angular displacement, power consumption, voltage ratings, stability, 

fabrication and post-fabrication packaging. Therefore, the actuation approach is 

selected on the basis of the application.  Examples of commercial products and 

research efforts concerning micromirrors will be discussed in the subsequent sections.  

 Commercial Products Using Micromirrors 

 Industry has used micromirrors in variety of applications like imaging [2], 

optical switching, and scanning. Texas Instruments‟ Digital Light Processing™ 

enables the world‟s smallest data and video projectors, HDTVs, and digital cinema. 

These compact spatial light modulators (SLMs) are arrays of thousands of individually 

addressable and tiltable micromirrors. The micromirror used in this device is an 

electrostatically actuated mirror called a Digital Micromirror Device™ (DMD). It 

consists of array of thousands of torsion micromirrors that are controlled by 

underlying CMOS electronics as shown in Figure 1.1. The DMD serves as highly 

reflective light switches light modulators, thus making it a reflective SLM. The 
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mirrors are made to rotate ±12º position depending on the binary state of the SRAM 

that exists below each mirror. The electrostatic attraction is created by applying 

SRAM voltage to the address electrodes. When a voltage is applied, each mirror then 

either stays in place or rotates to its opposite state according to the SRAM feed. Once 

the mirror is stabilized, it may then be considered “latched” in its desired position, and 

the state of the SRAM cell may then be changed [2, 3]. 

       

                                          (a)                                                         (b) 
 

                Figure 1.1 (a) DMD Architecture [2] (b) Exploded view of DMD [3] 

When a specific mirror is turned on, the mirror is positioned such that reflected 

light from the mirror forms a pixel on the target screen and similarly when the mirror 

is off, it is positioned to reflect light out of the projection lens to make the 

corresponding pixel black. All the mirrors in the DMD work on the same principle and 

form a complete image on the screen with the total number of pixels equal to the 

amount of micromirror devices in the chip. Apart from the projection technology, the 

DMD is currently used for different applications addressing a broad variety of 

markets. Some of them include: photofinishing, volumetric displays, lithographic 

applications, spectroscopy and microscopy [2]. In digital photofinishing, the DMD is 
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used in scan mode which enables continuous printing at >300 full color dpi at the rate 

of 10,000 color prints/hr.  Advantages are image clarity due to the high resolution, 

excellent fill-factor, and discrete spot size. In volumetric display, DMDs are used to 

display 3- dimensional images that appear to float in space. Use of the DMD in 

lithographic applications allow semiconductor patterning directly from a digital file 

and avoid cumbersome traditional techniques of patterning via film or photo masks. 

The DMD in microscopy spatially modulates the incident and collected light rays to 

get a higher spatial resolution. In spectroscopic applications DMD SLM‟s are used so 

that complex transforms are performed to significantly improve the signal-to-noise 

ratio of imaging spectrometers.  

 In the late 1990‟s, Lucent Technologies launched first commercial high 

capacity all-optical router called LambdaRouter [4]. This optical switch receives the 

incoming light beam from a fiber and directs it to other fiber when it is reflected by the 

suitable tilt angle.  LambdaRouter is electrostatically actuated optical cross-connect of 

direct optical signal avoiding the need of optical-electronic switches. This permits it to 

have higher efficiency, lower optical power loss and higher switching speeds and 

intern higher bandwidths. The Figure 1.2 (a) shows the micromirror used in 

LabdaRouter.  

                

    (a)                          (b) 

Figure 1.2 (a) Lucent‟s LambdaRouter optical switch [4] (b) Applied MEMS 

Durascan™ mirror [5] 
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 The Applied MEMS DuraScan™ micromirror is an electrostatically actuated 

mirror capable of rotation about two distinct axes. The 3mm x 3mm Durascan mirror 

is implemented in barcode readers and is operated at its resonant frequency of 55Hz 

[5]. When a laser beam is reflected off the barcode and is collected by a photodetector, 

digital read out is taken. Using these micromirrors instead of conventional bulky 

mirrors allows smaller packages and reduced cost [6].  

Evolving Micromirror Designs and Their Applications 

 Chip-based optics is one of the pioneering and most enterprising areas to 

which MEMS technology has been applied. The major applications include digital 

displays [7, 8], adaptive optics [9, 10], interferometric systems [11], confocal 

microscopy [12, 13], reception and transmission of bio-optical signals [14, 15], beam 

steering [16, 17, 18], tunable reflectors for optical networking [19] and fiber optic 

switches [20, 21, 22, 23]. The benefits of using micromirrors over customary solutions 

are their small size, small mass, high speed operation, low power consumption, and 

lower cost through MEMS batch fabrication processing.   

 As the DMD consist of millions of micromirrors, there is high-yield 

requirement for the micromirror fabrication process to ensure that there are no dead 

pixels. Addressing this issue, laser scanning displays (LSD) were proposed. The LSD 

principle is similar to that for CRT monitor; in this case, the laser beam is scanned 

instead of the electron beam. Milanović et al. of the Adriatic research Institute 

proposed a gimbal-less two axis mirror scanner actuated by electrostatic comb-drive 

actuators. The micrormirror diameter is 0.8mm and has a rotational capability of 16º 

on each side axis. This scanner could be driven from DC to 4 kHz frequency [7, 24]. Ji 

et al. came up with 2-D electromagnetic scanner which was compact and helped 

reducing the overall size of system. This gimbal structure was actuated with radial 

magnetic field with a single turn electroplated copper coils on frames. Optical 

scanning angles achieved using this device are 8.8º vertically and 8.3º horizontally at 

scanning rates of 60 Hz in slow scan mode whereas 19.1 kHz in fast scan mode [25], 

hence making the device suitable for raster scanning display systems [7]. Grating light 
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valve (GLV) display technology was developed by Solgaard et al., consist of fixed and 

movable ribbons for each pixel to function as tunable grating. Interferometric 

Modulator (IMod) technology was developed by Qualcomm Inc.. IMod has MEMS 

based Fabry-Pėrot etalons where each element has a role of forming sub-pixel of red, 

green or blue color [26]. Retinal Scanning Displays (RSD) are head mounted display 

techniques which scan laser images directly onto the human retina. Yalcinkaya et al. 

proposed a biaxial micromirror scanner which was able to achieve optical scanning 

angles of 53º and 65º as an RSD display. The device majorly consists of micromirror, 

two sets of orthogonal torsion springs and outer ring equipped with spiral coils. This 

device is electromagnetically actuated by Lorentz‟s force with scan speeds of 21.3 

KHz horizontally (fast scan) and 60 Hz vertically (slow scan) [27].  

 Kumar et al. proposed a handheld laser-scanning confocal microscope which 

was aimed at in-vivo early detection of epithelial precancers. The device consisted 

microscanners integrated with miniature objective lens system. They were able to 

achieve field of view of 200 μm × 110 μm, with 0.80 and 9.55 μm lateral and axial 

resolution, at frame rate of 3.5–5.0 fps [12].  Xie et al. also introduced a 

micromachined mirror to enhance the in-vivo scanning performance of endoscopic 

optical coherence tomography (EOCT). The scanning angle of the mirror was found 

up to 37º and an image area of 4.2 mm x 2.8 mm at 5 fps [15]. Nee et al. demonstrated 

tensile-optical-surface (TOS) micromirrors with high resonant frequencies for fast 

beam steering scan at frequencies up to 68.2 kHz at the same time limiting dynamic 

deformation to be less than ~70 nm [16]. Kim et al. presented a MEMS based optical 

beam steering crossconnect for more than 1000 ports limiting maximum insertion loss 

to 4 dB of optical power.  Sundaram et al. proposed a dynamic 1 x 4 optical switch 

based on digital mirror arrays. It was found that total insertion loss of 5.5 dB, crosstalk 

of less than 36.8 dB, and bit-error rates of less than 10-12 is achievable at the rate of 

2.5 Gb/s [21].  Aubuchon et al. came up with micromirror structures in which 

electrodes are arranged sequentially and progressively attract mirror in different 
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portions. Electrode variations with multitude stages employed can help model a true 

angular surface. This device could either be used as switch or even in projection 

displays similar to DMD‟s [22].  Bernstein et al. proposed an electromagnetictically 

actuated micromirror for use in 3-D optical switching applications. There are multiple 

coils in on the back of the mirror that interact with permanent magnetic fields to 

provide two-axis orthogonal actuation. Linear relationship was found between 

actuation and drive currents on both the axes and displays negligible charging and 

drift. 10º of mechanical rotation is achieved at per mA increase in each axis [23].  

 The need for integrating solid-state light sources like LEDs or LASERs into 

MEMS optical applications has led to the evolution of out-of-plane structures. Since 

Pister et al. [28] introduced the staple hinges; there have been many innovative 

developments in out of plane structures in order to realize various applications (Figure 

1.3(a)). The hinged fold-up mechanism was used by Morgan et al. to develop 

polysilicon deep phase Fresnel lenses [29] (Figure 1.3 (d)). Reid et al. employed 

thermal actuators for the flip-up mechanism used to make a scanning micromirror 

(Figure 1.3 (b)) [30]. Tien et al. designed an out-of-plane micromirror using an on-

chip electrostatic actuator for beam steering and precise laser positioning [31]. Allen et 

al. integrated a vertical mirror over a rotary indexing device to form a 1xN optical 

switch (Figure 1.3 (c)) [32]. Since the staple hinges need multiple structural layers, 

there is a need for hingeless assemblies where the process is limited to fewer layers. 

Recently, there has been a development which allows fabrication of MEMS-actuated 

vertical mirrors using the combination of potassium hydroxide (KOH) etching and 

deep reactive ion etching (DRIE) of (110) SOI wafers to develop active optical 

components in a silicon optical bench (SOB) technology [33].   
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                          (a)                                                                        (b) 

                                             
                         (c)            (d) 

 

Figure 1.3. (a) Schematic of the staple-and-axle-pin hinge first used for foldout 

structures by Pister et al. [28] (b) Scanner for off-chip beam positioning by Tien et al. 

[31] (c) 1xN optical switch by Allen et al. [32] (d) Out-of-plane micro Fresnel Lenses 

[29].  

Tsang et al. [34] came up with a design for 90° out-of-plane microstructures 

which are assembled by a lateral push provided by a micro-prober tip or a wire-bonder 

assembly. Utilizing a serpentine spring and mirror concept, the out-of-plane 

micromirror device assembly is accomplished as the spring restricts lateral motion.  As 

the probe tip pushes the mirror forward, the out-of-plane rotation is accomplished and 

the mirror is held in place at 90° by friction. This technique avoids the possibility for 

mechanical jamming and friction that occurs in hinges. It also removed the major 

obstacle in assembly which was the complexity required to lift and lock the out-of-

plane micromachined structure.  
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Ayers et al. proposed the first design showing a rotating micromirror which is 

held at 45° on a 360° rotating platform. The rotating platform is formed by employing 

a series of rotary scratch drives [35]. It can be fabricated utilizing the commercially 

available PolyMUMPs process. Ayers et al. proposed two mirror designs namely Pull-

up mirror and Flip-over mirror [35]. For out-of-plane assembly, the pull-up mirror 

uses two photoresist hinges located at the either end of trusses in the mirror to be 

pulled out of plane (Figure  (a,b,c)). The Flip-over mirror utilizes the surface tension 

developed upon photo-resist melting to generate force to flip over itself and assemble 

at a 45° angle (Figure  (d,e,f)).  

 

 
 

Figure 1.4. Pull-up mirror design and assembly: (a) perspective view as fabricated (b) 

during pull-up (c) after assembly. Flip-over mirror design and assembly: (d) 

perspective view as fabricated; (e) during flip-over and (f) after assembly. [35]  

In this thesis, we present an out-of-plane micromirror system which has the 

potential to meet the 360° scanning requirements of various micro-optical systems. 

While incorporating a similar serpentine configuration to the Tsang et al. design [34], 

we equipped the mirror with position specific “catch blocks” to hold the mirror at 45° 

angle, making it more robust and shock resistant. This design is fabricated using the 
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Sandia Ultra-planer, Multi-level MEMS Technology 5 (SUMMiT V
TM

). The 

assembling is done using a single lateral push by a metal micro-probe which avoids 

complex post-fabrication processing. Combining this design with a rotational drive 

produces a mirror with a rotational freedom of 360° for use in either optical switching, 

laser beam steering applications or OCT applications.   
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CHAPTER II 

BACKGROUND 

This chapter will present an overview of the various processes used in the 

fabrication of MEMS devices. The first section will give an introduction to two 

dominant MEMS fabrication technologies. 

 

 Bulk micromachining 

 Sacrificial surface micromachining (SSM) 

Bulk micromachining is capable of generating large MEMS architectures which 

could range from tens of microns to a millimeter thick. These structures are presently 

used for applications in micro fluidics and as inertial or pressure sensors. 

Sacrificial surface micromachining facilitates the integration of electronics and the 

MEMS structures developed. This combination helps realizing sensing and control 

systems for SSM devices. This technology limits the overall device thickness to less 

than 15μm.  

Sacrificial Surface Micromachining 

Surface micromachining is a fabrication technology based on the stacking of 

alternative layers of a structural material and a sacrificial material. The sacrificial 

material is etched and removed at the end of fabrication process, which allows a three 

dimensional assembled mechanical architecture formed of structural material. Figure 

2.1 illustrates a typical process sequence of the surface micromachining technology.  

SSM is widely used in industrial fabrication of MEMS and micro-devices. The 

most enticing feature of SSM is the ability to combine micro-mechanics, micro-

electronics, and optics on same chip. This process allows batch processing and hence 

it is more affordable, and provides higher yields.  

There are three key challenges in fabrication by surface micromachining: 

minimization of stress and stress gradient in structural layers to avoid bending and 
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clamping of released microstructures; high sensitivity of sacrificial layer to etchant, 

and avoidance of stiction of the suspended structure to the substrate [37]. The stress in 

deposited thin films can be controlled by choosing appropriate doping and deposition 

parameters. Hydrofluoric or buffered hydrofluoric acids are used for optimizing the 

selectivity of sacrificial layer against structural layer and silicon substrate. Stiction 

effects are generally avoided by application of gaseous HF acid and controlling the 

substrate heater temperature.  

 

Figure 2.1. Surface micromachining 

       A number of distinct kinds combinations of structural, sacrificial materials and 

release etches are used in commercial processes. The mechanical properties required 

by the application decide the parameters like residual stress, hardness, Young‟s 

modulus, etc. Table 2.1 summarizes various micromachining technologies used and 

their applications.  

Table 2.1 Example of SMM technology materials [37] 

Structural Sacrificial Release Application 

 
PolySi 

 
SiO2 

 
HF 

 
SUMMiT V 

 
SiN 

 
PolySi 

 
XeF2 

Grating light valve 
(Silicon light machines) 

 
Al 

 
Resist 

 
Plasma etch 

 
TI DMD 

 
SiC 

 
PolySi 

 
XeF2 

Multi user silicon 
carbide (FLX micro) 

Deposition and patterning of 

sacrificial layer 

Deposition and patterning 

of structural layer 

Etching of sacrificial layer 
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SUMMiT V™  

SUMMiT V (Sandia ultraplanar, multilevel MEMS technology V) is an 

advanced 5–level SMM process developed by Sandia National Laboratories. This 

process is optimized for materializing thicker films which are about 2 μm and are used 

in MEMS applications. Figure 2.2 schematically show the layers and features in 

SUMMiT V surface micromachining technology.  SUMMiT features four polysilicon 

structural layers which are deposited atop highly doped polysilicon electrical 

interconnect and ground layer. Silicon dioxide (SACOX) is the sacrificial layer used in 

this process which is sandwiched between the structural polysilicon layers.  

 
Figure 2.2. SUMMiT V layers and features [36] 

 

Figure 2.3 and Figure 2.4 show the layout and fabrication process at various 

stages of a gear structure. The entire structure is formed on a 6 inch n-type wafer 

having miller indices <100>. A 0.63μm thick Silicon dioxide layer is thermally grown 

over the substrate. After the SiO2 deposition, 0.8μm layer of silicon nitride is deposited 

over the oxide layer. These two layers act as an electric insulator between the 

MMPOLY0 layer and silicon substrate. Nitride layer can be patterned using 

NITRIDE_CUT to establish electrical contact with the substrate. MMPOLY0 layer is 

not a structure layer but instead acts as an electrical interconnect or mechanical 

anchor.  
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Figure 2.3. Layout of gear 

 

 

 
Figure 2.4. SUMMiT V fabrication sequence for a gear 
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2μm thick sacrificial layer of SACOX1 is deposited after the MMPOLY0 

deposition. SACOX1 takes the shape of the patterned underlying MMPOLY0 layer. 

Dimples are made in MMPOLY 1 by timed etching of SACOX 1 layer to the depth of 

1.5μm, still providing a 0.5μm clearance between the dimple and MMPOLY0 layer. 

Dimples play an important role in reducing stiction issues that are caused due to broad 

area surface contact between adjacent MMPOLY layers, which cause these layers to 

stick together. After the dimple etches, sacrificial layers are patterned again with 

SACOX1_cut mask to form a penetration through depth of SACOX1 to the 

MMPOLY0. The MMPOLY1 deposited over SACOX1 layer comes in contact with 

the MMPOLY0 layer at the SACOX1 cuts and anchors to form an electrical 

interconnect between MMPOLY0 and MMPOLY1. Figure 2.4 (a) shows the deposited 

MMPOLY1 layer over the patterned SACOX1. MMPOLY1 can be etched and 

patterned using the MMPOLY1 mask or the PIN_JOINT_CUT mask. 

PIN_JOINT_CUT allows us to create a rotational hub or pin-joint structure. 0.3μm 

layer of SACOX2 is deposited and patterned with SACOX2 mask. Clearance in the 

hub structure is provided by this layer [37].  

MMPOLY2 layer is deposited over the patterned and etched SACOX2. This 

1.5μm thick layer is directly deposited over the MMPOLY1 layer and is bonded 

together.  An anisotropic etch process laminates these two POLY layers together to 

form a single 2.5μm thick film. Figure 2.4(b) shows the deposited, patterned and 

etched MMPOLY2 layer. After etching of MMPOLY2 layer is complete 6μm of 

SACOX3 is deposited over MMPOLY2. Planarization process removes 4μm of 

SACOX 3 layer and then it patterned to provide dimples and anchors to MMPOLY2 

layer. 

A 2μm thick layer of polysilicon, MMPOLY3, is deposited after SACOX3 

pattering and etching. MMPOLY3 layer would be flat, non-conformable and 

unaffected by patterning of underlying layers. This attribute gives more freedom in 

using MMPOLY3 and higher layers. The patterning of the MMPOLY3 layer is done 

using MMPOLY3 mask. Figure 2.4(c) shows the deposited and patterned MMPOLY3 
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layer. MMPOLY3 and MMPOLY4 layers can be used to form micromirror surfaces 

and in other MOEMS applications.  The fabrication sequence for SACOX4 and 

MMPOLY4 is similar to that for SACOX3 and MMPOLY3 layers.  

The fabricated device is released and dried by etching away all the exposed 

oxides with 100:1 HF: HCL solution. Following this wet etch process; drying can be 

done by simple air evaporation or supercritical CO2 drying [37].  Figure 2.4(e) shows 

the final fabrication step after the release.  

The SUMMiT V process is capable of creating truly complex and advanced 

systems. The design flexibility in this five-layer process is truly enormous. Ability to 

make 12μm tall structures provides us with greater stiffness and robustness to 

fabricated MEMS devices. Taller structure also allows the actuators to generate more 

force in same die area. The low-clearance hub enables us to make rotary mechanism 

and gear systems.  

Description of Standard Components 

Sandia National Laboratories has some developed and patented some MEMS 

actuators and tools.  These tools and devices can be imported from the standard Sandia 

library and could be used for designing MEMS applications actuated by these 

actuators. In this section, the working principle of high performance comb drive 

actuators will be described first.  Next, the function and design of torsional ratcheting 

actuators will be explained. Lastly, a brief review of the gear generator macro will be 

given.  

High Performance Comb Drive Actuator 

A variety of actuation mechanisms are used for actuating microstructures 

including electrostatic, electromagnetic, thermal, and thermo-pneumatic. 

Electromagnetic actuators have a problem of accommodating coils with sufficient 

number of turns in planar structure and the high power dissipation caused due to eddy 

currents which are needed to produce the magnetic field. The thermal actuators are 

capable of producing high force but at the same time has slower response times [37]. 
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Electrostatic actuation remains an attractive choice because of the fact that the force 

generated by the actuator is inversely proportional to the gap between the elements 

[38]. Sandia National Laboratories has developed a high performance electrostatic 

comb drive actuator which consists of interdigitated stationary and movable combs. 

The stationary comb has a series of spaced fingers extending outwards from a cross-

beam and a movable comb having second series of spaced fingers extending outwards 

from second cross-beam towards first series and partially meshed with them at rest 

position. The second series of spaced fingers is electrostatically movable in response 

to the applied voltage [39]. Figure 2.5 depicts interdigitated stationary and movable 

combs. It also shows the displacement on application of voltage.  

 

Figure 2.5. Interdigitated comb drives 

Working principle 

For the interdigitated comb-drive, the electrostatic attraction force is in the x-

direction exerted by the movable comb in the fixed one is given by Equation 2.1. 

𝐹𝑒 =
𝑑𝑊

𝑑𝑦
                                                                 (2.1) 

Let Ci be the total capacitance of the comb, V the applied voltage and W the 

capacitive energy, which is given by Equation 2.2. 
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𝑊 =
𝐶𝑖 .𝑉2  

2
                                                              (2.2) 

Ci could be expressed as in Equation 2.3, 

𝐶𝑖 = 𝑛 . 𝜀 . 𝑧 . [
 𝑥0−𝑥 

𝑦
+

𝑤

(𝑙−𝑥0−𝑥)
]                                           (2.3) 

Where, n is the number of fingers, z is the thickness of fingers, x0 is the initial overlap 

length of movable and fixed finger and l is the length of fingers.  

 

Figure 2.6. Comb drive model 

By putting in equations 2.2 and 2.3 into equation 2.1, we get 

𝐹𝑒  = 𝑛. 𝜀. 𝑧. 𝑣2  
1

𝑦
+

𝑤

1−𝑥0−𝑥
                                             (2.4) 

For displacement in the x-direction the restoring force by the beam consisting of 

moving combs is given by Equation 2.5. 

𝐹𝑠 =  − 𝑘 .  𝑥                                                         (2.5) 

For an electrostatic actuation, the electrostatic force Fe and restoring force Fs. The 

voltage required to displace the movable comb by x distance is given by Equation 2.6 

[40]. 

𝑉 =   
𝑘 .𝑥

𝑛 .𝜀 .𝑧 . 
1

𝑦
+

𝑤

𝑙−𝑥0−𝑥
 
                                                     (2.6) 

Force generated per gap can be calculated by  

𝐹𝑥 =  
𝜕𝑊

𝜕𝑥
=

𝜀 .𝑉2 .𝑧

2𝑦
                                                        (2.7) 
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So, we can see that electrostatic force generated is directly proportional to V
2
, 

inversely proportional to y and independent of x.  

The equation 2.4 shows that the electrostatic force Fe, at a given voltage, V can 

be increased by increasing the number of fingers, n, by increasing the height of 

fingers, z, and decreasing the gap in between them, y. Significant amount of force, Fe 

can only be achieved if the movable combs are fixed on to rigid support, which is 

provided by the truss [38]. This truss consists of multiple longitudinal beams which 

support multitude of moving combs at each end (Figure 2.7). The truss forms an 

electro-statically movable shuttle. This shuttle transforms all the force generated by 

the comb drives to the load. 

 

Figure 2.7. Sandia high performance actuator model which was created with the 

MEMS 3D Modeler [41] 

The actuators also consist of the electrostatic shields which are fabricated close 

to the stationary electrostatic combs. These electrostatic shields reduce the 

electrostatic force of attraction between the movable comb and underlying electrical 

distribution network which is used for voltage application. This mechanism avoids 

unwanted electrostatic forces that act against the force generated by the meshed 

combs.  

On application and removal of voltage between the stationary and movable 

comb banks, the electrostatic field will cause the combs to mesh and unmesh with 



 Texas Tech University, Sahil Oak, August 2009 
 

20 

stroke length of 5μm. This motion causes the shuttle to move back and forth to 

provide displacement at the load end. This 235μm high performance comb-drive 

actuators is capable of providing 100 μNewtons of force when operated at 40-50V 

[41]. 

Torsional Ratcheting Actuator (TRA) 

The Torsional ratcheting actuator or TRA is a MEMS ratcheting device that 

consists of a ring gear which rotates about a central axis. The driving force behind 

TRA remains to be electrostatic actuation mechanism similar to high performance 

actuator in previous article, but in this case, rotational comb drives are used instead of 

linear comb drives.  

TRA Operation 

Figure 2.8 shows the SEM of fabricated torsional ratcheting actuator. The TRA 

consists of a circular frame which holds the movable rotational combs together.  Four 

cantilever beams are used to support this frame structure in the center. The beams are 

restricted to have any sideward motion but it allows the frame to rotate. Spring stops 

are made in order to limit the frame rotation to 2.8°. The dimples are fabricated under 

the frame to ensure its separation from the ground plane and in turn reduce stiction 

effects [42].  

The frame is bounded by a 200 teeth gear ring on its circumference which 

could be used to run different components having same module number and teeth size. 

This gear ring is supported by four overhanging structures which holds it to the 

substrate and restrains it motion laterally. Ratchet teeth having a pitch of 13μm are 

lined inside the gear to engage with ratchet teeth. Three ratcheting pawls and three 

anti-reverse pawls are placed symmetrically around the ring gear [43].   

For operation, a periodic voltage is applied amidst the movable and stationary 

combs. As the voltage rises, the frame rotates counter-clockwise in response to the 

electrostatic attraction between movable and stationary combs. As the frame rotates 

the ratchet pawls engage into the ratchet teeth of the outside gear and cause it rotate. 
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When the gear moves the anti-reverse pawls are put out of its engagement with the 

ratchet teeth and engage into to next tooth of the ring. As the voltage drops, the central 

springs brings the frame to its rest position but as the anti-reverse pawls are engaged 

with ratchet teeth, the ratchet pawls are forced to skip over to the next tooth. As there 

are 160 inner teeth, it takes 160 complete voltage pulses to make a complete rotation 

of gear. This 800μm diameter actuator is capable of generating the force of 

80μNewtons at 100V. The minimum voltage required for its operation is about 18 

Volts [41]. 

 

(a) 

                 

(b) 

Figure 2.8. SEM of fabricated TRA b. shows the zoomed in view of central torsion 

springs [44] 
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Rotational Hubs 

In order to make a 360° spinning structure, we need a rotational hub. In the 

SUMMiT process the rotational hub can be produced two ways: 

1. Cap and post hub 

2. Low-clearance hub 

Cap and post hub 

A cap and post hub is fabricated by making a central post composed of 

MMPOLY1 and MMPOLY2 layers surrounded by a MMPOLY2 gear structure. The 

clearance between the hub and gear is formed using MMPOLY2_CUT and 

MMPOLY1_CUT. A cap is formed by overhanging MMPOLY3 layer which is 

supported on the central post. The MMPOLY2 gear rests on the dimple formed 

beneath the MMPOLY1 layer which avoids the large area contact with the substrate 

beneath. Dimples can also prove to be useful in reducing the clearance between hub 

and gear. Figure 2.9 shows the cross-section of a cap and post hub structure.  

 

Figure 2.9. Cross-section of cap and post hub layout 

Low-clearance Hub 

A low-clearance hub is the most important feature for which SUMMiT was 

developed. Figure 2.10 shows the cross-section views of fabrication sequence 

designing low clearance hub. Figure 2.10(a) shows the deposition of SACOX1. This 

sacrificial layer is patterned to produce dimples and MMPOLY1 anchor. MMPOLY1 

layer is deposited and patterned using PIN_JOINT_CUT. The combination of wet and 

anisotropic etching enables PIN_JOINT_CUT to create special grooves underneath 

MMPOLY1 layer. Figure 2.10(b) shows the fabrication step in which SACOX2 is 
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deposited, patterned and MMPOLY2 is deposited. In this step MMPOLY2 could be 

seen to make 0.3μm lateral and vertical clearances. After this step, MMPOLY2 etch is 

performed which makes the etch release holes and provide us with planar rotating 

gear. Figure 2.10(d) shows the released structure of the gear generated using low 

clearance hub and a pin-joint structure. The SUMMiT gear generator generates gear 

for fabrication in the SUMMiT-V process. 

 

Figure 2.10. Cross-section of low clearance hub layout 

SUMMiT Gear Generator 

The SUMMiT gear generator is program developed by Sandia National 

Laboratories that generates a gear within the AutoCAD environment. This program 

creates complex gear tooth profiles, dimples, etch release holes, central hub, and other 

required gear components. The generator is also capable of actualizing a pin-joint 

structure for direct mechanical coupling to the gear [41].  
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Figure 2.11. Dialog box of SUMMiT gear generator 

Figure 2.11 shows the dialog box which allows the user to set different 

parameters required for gear generation. The description of each control is as follows: 

 

Number of gear teeth: The user can specify the number of teeth required. The program 

generates the gear with specified number of teeth after clicking „Begin‟. Gear 

generator was designed to create a gear with minimum 6 teeth. 

 

Gear rotation: Using this command user can set the initial rotation angle of the 

fabricated gear. It is useful for placing the gear tooth at specific angle.  

 

Module: The module could be defined as the ratio of pitch diameter to number of 

teeth. In other words, the module size provider the dimensions for the tooth. The larger 

the module, the larger the gear teeth will be. In order to have an appropriate meshing 
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in between the teeth the gear module for both the gears should be the same. The 

Sandia standard components have module value of 4. 

 

Generate hub: The user can indicate whether a gear hub will be generated. If the 

option is not checked the gear is generated without hub. These gears are generally 

used where there is need of hub-less gears. These kinds of gears are generally used 

where there is a possibility of large lateral forces being applied over the hub or gear. 

 

Generate pin joint: The user indicates if a pin joint will be generated. If the gear is too 

small to accommodate the pin-joint, the program gives an error in the command line.  

 

Relative pin joint angle: They entry specifies the relative angle between horizontal and 

the rotation of the gear specified in the gear angle. For example, if the gear angle 

given is 45° and the relative pin joint angle is specified as 105°, the pin joint will be 

placed at 150° with respect to the horizontal.  

 

Generate dimples: If this option is checked, the program automatically creates the 

dimples around the gear according to the SUMMiT design specifications. 

 

Generate etch release holes: If selected, the generator creates square 

MMPOLY2_CUT etch release holes. These cuts are spaced according to 

mmpoly2_cut space advisory rule. 
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CHAPTER III 

DESIGN AND FABRICATION OF OUT-OF-PLANE MICROMIRRORS 

 

The micromirror designs presented in this thesis are fabricated by the Sandia 

Ultra-planer, Multi-level MEMS Technology 5 (SUMMiT V
TM

).  The out-of-plane 

structures employed in these designs are inspired from the Tsang et al. hingeless 

design. The first design discussed is a 360° spinning micromirror which requires 

manual assembling of out-of-plane structure. The device design work was primarily 

carried out by Greg Edmiston, PhD. This is followed by a description of a 360° 

rotating structures which are integrated with on-chip, auto pop-up assembling 

techniques.  

Spinning Out-of-Plane Micromirror 

The rotating out-of-plane micromirror, shown in Figure 3.2, is comprised of several 

main components: 

  

1. Design of an Out-of-Plane Structure 

2. Design of a Rotating Gear and Support Structures 

 

Design of Out-of-Plane Structure 

Since Pister et al. [45]
 
introduced the staple hinges; there have been many 

innovative developments in out of plane structures in order to realize various 

applications.  Staple hinges cannot be used when processes are limited to a single 

structural layer, as they require multiple structural layers. Furthermore, hinges are 

susceptible to friction and mechanical jamming, which reduces the yield of assembled 

structures. Because of the difficulties with staple hinges, there has been interest in 

developing compliant hinges. Compliant hinges can be made either using a torsion 

beam or springs.  In order to create an out-of-plane rotational motion while the 
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microstructure is restrained in-plane, the microstructure is attached to a torsion beam. 

When a force is applied on either end of the microstructure, the resulting moment 

twists the torsion beam for out of plane rotation. However, torsion beam is compliant 

in all directions that are perpendicular to the axis hence it is not sufficient to create 

out-of-plane motion. On application of any lateral force, the beam will bend in-plane 

significantly before any out-of-plane rotation is created. Additionally, the assembling 

force is continuously applied onto microstructure in order to counterbalance the 

restoring force of torsion beam [46].  The out of plane compliance can be altered by 

changing the lengths of the beams.  Therefore, a modified design of serpentine springs 

is utilized to provide our designed microstructure with high stiffness in-plane while 

higher compliance out-of-plane [47].  

 

 
Figure 3.1. Serpentine spring design concept [47]. 

 

The Figure 3.1 shows that a serpentine spring design can be designed to be 

relatively stiff for in-plane motion but can be made compliant for out-of-plane motion 
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and rotation. When the structure is actuated, displaced slightly in vertical direction 

will cause the microstructure to rotate out-of-plane.  

 
Figure 3.2. Design overview for out-of-plane micromirror structure on rotating gear. 

The structure consists of a (60 µm x 90 µm) rectangular mirror suspended 

between two anchor pads by serpentine springs (130 µm long, 3 µm wide).  This 

spring structure is comparable to one developed by Tsang et al. as a 90° out-of-plane 

microstructure [47].  The mirror assembly concept for the device is summarized in 

Figure 3.3. The out-of-plane rotation is created by the combination of the lateral force 

supplied by a probe tip and the restoring force of the serpentine spring.  A critical 

design parameter to this architecture is the vertical space between the mirror/spring 

layer and the underlying layer. Without this gap, the initial torque required to flip the 

mirror out-of-plane cannot be created and the spring flexes in plane only.  Adaptation 

from the PolyMUMPs process to SUMMiT V requires investigation of the available 

gap spaces for this parameter.  The PolyMUMPs process utilizes a gap spacing of 2 

μm (Oxide 1) [48], and by placing the mirror structure on the SUMMiT Poly3 level, 

this same 2 μm spacing (utilizing SacOx3) is possible. The mirror structure by Tsang 

et al. was designed for full 90° out-of-plane positioning. It relied on the frictional 
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force between the bottom edge of the mirror and the underlying layer to keep the 

mirror from falling back to its fabricated position. This method works well for full 90° 

out-of-plane structures but is ill suited to handle other angles as the frictional force is 

insufficient to resist the lateral restoring force of the spring. To combat this issue, 

overlapping SacOx2 and Poly2Cut areas are applied to create a slot structure capable 

of “catching” the Poly3 mirror and preventing the mirror from sliding back to its 

initial position which allows our mirror to sit at various angles including 30°, 45°, 60°, 

75°, or 90° out-of-plane.  

 
Figure 3.3. Operational theory of “catch” structure 

In this work, we focus on the 45° system. The initial push from the assembling 

probe, as depicted by the Fprobe arrow in Figure 3.3, moves the mirror bottom edge 

over the 300 nm “lip” on the left side of the catch slot.  Once over the slot, the 

restoring force of the spring (both downward and anti-parallel to the assembly force) 

pushes the mirror bottom into the catch slot as shown in the insert of Figure 3.3(c).  

Once in the slot further lateral movement by the mirror structure is prevented. The 

catch slot structure does not span the entire width of the micromirror but rather is split 

into two segments which straddle the major axis of the mirror (see Figure 3.2) creating 

a flat “runway” for the assembling probe down the center.  This design feature is 

intended to reduce the risk of damage to the catch slot if the probe tip directly contacts 

it during assembly.    
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Design of Rotating Gear and Support Structures 

The mirror structure is placed atop a gear structure to provide for rotational 

movement.  The gear is a 75-tooth (O.D. 310µm) gear generated using the Sandia 

Gear Generator macro.  

 

 
Figure 3.4 (a) Detailed view of support arm with cross-section denoted (b) Cross-

section of support arm 

 However, unlike the gears created by the generator, the central hub has been 

removed.  Due to the relatively large forces exerted on the gear during the mirror pop-

up and assembly stage, the small dimensions of the traditional hub could lead to a 

structure weakness and/or failure.  In place of the hub, the gear is held in place by four 

overhanging support arms shown. Detailed views of a support arm are shown in 

Figure 3.4.  Each support arm, constructed on Poly3, has a pin extending down to the 

Poly2 (see cross section shown in Figure 3.4(b)) level which lies in a circular track or 

trench (Poly2 sides, Poly1 bottom) slightly inside the outside diameter of the gear (see 

Figure 3.2).  

This method of rotational constraint is similar to that found on the standard 

Sandia Torsional Ratcheting Actuator (TRA).  Also similar to the TRA is the “flare” 

found in the trench around each of the constraining pins.  This feature reduces the 

“play” that the gear experiences when rotated from the default state.  Furthermore, by 

introducing non-uniform rotational spacing in the support structures (45°, 136°, 227° 

and 318°), only one azimuthal state of the gear experiences the full ± 1µm of play.             
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Realizing that the assembly forces required to pop the mirror structure out-of-

plane can be sufficient enough to cause damage to other components of the design, 

many of those components are designed either to resist these forces or displace and 

“absorb” them.   

 
Figure 3.5 (a) Backstop designed to restrict movement of the gear in the direction of 

assembly forces; (b) Cross-sectional view of backstop assembly 

For instance, the base structure supporting the pin arms is constructed with 

multiple SacOx1 and SacOx3 cuts to create multiple Poly-Poly interfaces (see Figure 

3.5(b)), thereby increasing the strength of the structure. The support arm is equipped 

with a small serpentine spring which either compresses or stretches depending on the 

direction of the assembly forces.  This feature reduces the likelihood of the restraining 

pins snapping off when the gear is pushed by the assembling probe tip. In addition to 

the support arms, a large backstop is placed at one end of the structure (see Figure 

3.5(a)) to restrict the gear from moving more than 1 µm in the direction of the 

assembly forces.  This backstop, cross-sectioned in Figure 3.5(b), utilizes all levels of 

the SUMMiT process. In particular, Poly3 and Poly4 overhang the gear for increased 

restraint. Actuation of the rotating structure is accomplished via a coupled torsional 

ratcheting actuator (TRA) [43]. The 200-tooth TRA can be operated with a 1-1100 Hz 

signal. 1000 Hz corresponds to 6.25 rotations per second (RPS) or 1250 outer teeth per 

second. When coupled directly to the 75-tooth mirror gear, a maximum rotational 

speed is 16.7 RPS or 1000 RPM. Therefore, the frequency of the signal driving the 
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TRA (in Hz) is also the rotational speed of the mirror (in RPM). The experiments from 

Tanner et al. suggest that multiple stepping occurs when TRA is run at higher 

frequencies (greater than 50Hz); its effects on the mirror operation would be explained 

later in testing section [43]. Besides driving the TRA at a lower frequency, a gear 

transmission can be inserted if slower or more precise actuation is required.   

Auto Pop-up Micromirror 

 

This section presents a microsystem that was designed to generate a self-

assembled 45° out-of-plane structure on top of a rotating platform. It combats the 

issues of post-processing and would provide us with a cheaper alternative to the 

contemporary out-of-plane structures.  

The auto pop-up micromirror, shown in Figure 3.6, is comprised of several main 

components: 

 

1. Out-of-plane structure 

2. Rotating structure  

3. Pop-up mechanism 

  

 
Figure 3.6. Design overview of auto pop-up micromirror with actuator 
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Design of Out-of-Plane structure 

 

The out-of-plane 

structure is designed similar to 

one described in Section 3.1. 

The structure consists of (204 

µm x 135 µm) rectangular plate 

suspended between two anchor 

pads supported by serpentine 

springs. Typically the 

assembling technique remains 

the same where the actuating force is provided by the pushing beam. Once over the 

slot, the restoring force of the spring pushes the mirror bottom into the catch slot as 

shown in the inset as explained in Figure 3.7.  Further lateral movement by the 

structure is prevented once the mirror is in the slot.  

 

 
Figure 3.8. Design overview of auto pop-up micromirror 

 
Figure 3.7. Operational theory of “catch” 

structure 

 



 Texas Tech University, Sahil Oak, August 2009 
 

34 

Design of rotating structure 

The mirror structure is placed atop a gear structure to provide for rotational 

movement. The gear is a 145-tooth gear generated using the Sandia Gear Generator.  

However, unlike the hub created by the gear generator, the central hub‟s size is 

increased to almost seven times the original hub to withstand the forces applied from 

the pushing beam. Actuation of the rotating structure is accomplished via a coupled 

torsional ratcheting actuator (TRA). The TRA was used to turn a small gear (50 teeth) 

which transferred the power to the rotating structure. Assuming the TRA would be 

electrostatically actuated and could be operated over a frequency range of 10 - 1100Hz 

applying sinusoidal signal at voltages ranging from 50 – 100V, TRA would produce 

force of ~80µN. By generating this force the TRA module would be able to drive the 

rotating mirror structure. 

 

 Design of pop-up mechanism 

 The pop-up mechanism is mainly comprised of:  

(a) Pushing Beam  

(b) Guide Structure  

(c) Hinge Structure 

The pushing beam is a structure on Poly3 level and is attached to mirror by a 

hinge. The hinge structure as shown in Figure 3.9 and is inspired from the standard 

hinge (Hinge V2) in the Sandia‟s library. This hinge holds both the mirror as well as 

the pushing beam by providing a Poly4-Poly3 interface using a SacOx4Cut. The Poly4 

layer in the middle acts as an axis around which the mirror would rotate when the 

pushing beam exerts force in the forward direction and there is also a counteracting 

restoring force from the spring. This action of the hinge would cause out-of-plane 

mirror movement while the motion of the pushing beam would be linear along the 

plane. The beam goes beneath a Poly4 post as shown in Figure 3.10 which is anchored 

at both ends to the gear at Poly2. This post constrains the motion of the beam in plane. 
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The post also consists of a pin structure which moves inside the groove made in the 

beam and would keep it aligned while pushing. The pin structure goes from the Poly4 

layer down to Poly2.  

   
 (a)            (b) 

 

Figure 3.9. Hinge Structure. (a) 3-D Top View (b) 3-D Isometric View 

The pushing mechanism is implemented by outfitting a helical structure (see 

Figure 3.11). As the TRA is actuated, it would rotate the mirror along with beam. The 

beam would gradually move around in the guide and eventually push the mirror.  The 

extended Poly4 cap over the Poly3 layer of the guide avoids the beam tip to slip out of 

it. The structure of the helix is designed in such a way that the mirror covers exactly 

the same distance till the legs of the mirrors get into the catch grooves provided. The 

advantages of using the helical guide are that it pops up the mirror without external 

probing; secondly we would get a linear out-of plane movement of mirror. 

After getting the mirror popped up, beam would potentially move along with 

base gear. To avoid contact of the beam and end point of guide, the terminal region of 

the helical structure is made movable (Figure 3.12) so as it can be moved back by ~3 

µm by using a high performance comb drive actuator. The Sandia‟s high performance 

comb drive actuator was chosen for this purpose considering 200 µN of force 

produced by it and also could provide a movement of around 5 µm. The actuator 

generating this amount of force was required, as at terminal part of the guide, the force 

exerted by the beam would be the summation of force by the TRA and restoring force 

of the spring which would be ~200µN. Actuating this actuator during pop-up will 

move the movable guide forward and align it with rest of the guide. The bumper 



 Texas Tech University, Sahil Oak, August 2009 
 

36 

structure (Poly2) provided would help align the guide and restrict the motion of 

movable guide.  

The advantage of this design over other existent out of plane structures is the 

ability of self pop-up without external probing or post-processing and would only 

require actuation of the TRA and linear actuator to get a spinning 45° mirror.  

 

 

 
Figure 3.10. Over hang structure to restrict beam out of plane motion 

 

 

 

 

 

 
Figure 3.11. Guide Structure and pushing beam 
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Figure 3.12.  Terminal part of helical guide with linear actuator 
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CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSION 

 

In this chapter, results of experiments and simulations to determine the 

behavior of the micromirror will be shown. These results will be compared to the 

results of the models developed in finite element analysis tool and optical design 

software. Experiments were performed to analyze the dynamics of the spinning 

micromirror. In the first study, we measured the correlation between actuation signal 

and actual movement of the TRA. In the second study, we characterized the 360° scan 

mode of the micromirror. Comparison of CODE V model and experimental results is 

done to verify the optical performance of the mirror. 

Out of Plane Assembling of the Micromirror Structures 

Because of the planar nature of the SUMMiT V process, the out-of-plane 

assembly needs to occur through a post-processing step. Figure 4.1 shows the SEM 

image of as-fabricated state of the mirror.  

 
Figure 4.1. SEM of a fabricated image 
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The out-of-plane assembling is done using a metal micro-probe. The probe tip 

is slowly brought into the contact approximately at the center of mirror‟s bottom edge. 

The sequence of events can be seen in Figure 4.2. When the contact is assured, a slight 

downward push of ~2μm is made so that the Poly3 mirror comes in contact with the 

Poly2 gear. The mirror is then displaced laterally until the Poly3 mirror slides into 

slots made in the Poly2 gear by the Poly2Cut. Once the mirror slides into the 1.8μm 

grooves, it balances the restoring force from the spring and affirms its position at an 

angle of 45° with respect to the gear stage and substrate. The assembly dynamics were 

closely followed as predicted by the FEA results (Figure 4.3). The pliancy observed in 

the springs was also comparable to what is calculated in the previously performed 

FEA simulations by Greg Edmiston, PhD.  

 

                  
       (a)             (b) 

                  
       (c)            (d) 

Figure 4.2 (a-c) Manual assembly of mirror. (d) SEM image of mirror at 45° angle. 
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The FEA analysis was done by using Ansys [49].The polysilicon mirror/spring 

structure was modeled as an 8-node brick element (185), with a Poisson‟s ratio of 0.22 

and a Young‟s modulus of 1.69x1011 N/m
2
 (169x103 in µMKS).  The device pads, 

located on either side of the spring, were constrained for zero displacement in all 

directions. The underside of the mirror/spring structure was modeled as a contact 

surface moving into the target surface of the underlying polysilicon layer (also 

modeled as an 8-node brick element) with a 0.2 coefficient of friction. The assembling 

forces were modeled in multiple load steps simulating the order of forces applied 

during assembly.  At 90° the downward restoring force of the spring (-Z component) 

was determined to be 0.115mN which is reasonably close to the value calculated for 

the Tsang et al. design (0.159mN) [50].   

 

 
Figure 4.3. Simulation of micromirror assembly, color scale is plot of Von Mise stress 

While assembling it was felt that the backstop plays an important role by 

bracing the gear when a lateral force is being applied. The Poly2 layer in the backstop 

restrains any sideward motion of the gear whereas overhanging Poly3 and Poly4 
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layers provide an enclosure, preventing the gear from moving out-of-plane if the force 

applied by the probe tip is not perpendicular to the mirror edge. In order to test the 

utility of the backstop, the manual assembly test was performed when the mirror was 

positioned orthogonal to the backstop. The non linearity was observed in support pin 

springs during assembly, which resulted in an unsymmetrical lift up of the mirror.  

Robustivity Analysis  

In order to demonstrate the working 360° rotating micromirror and test the 

robustivity of out-of-plane structure, the device was actuated by powering the 

torsional ratcheting actuator (TRA). The TRA is operated by providing a periodic 

voltage in the frequency range of 1–1100 Hz. These alternating signals can have 

amplitudes in range of 40-100V depending on the particular device. Two 10µm 

diameter probes and micromanipulators (ψ Probing Solution, Inc., Dayton, NV) are 

used to provide electrical contact with a GPIB controllable Agilent function generator 

[Agilent 33120A] and power supply [Agilent 6645A]. A simple electronic switch 

circuit using an N-FET was built to generate high amplitude (40-100V) periodic 

signals required for operation of the TRA. To initiate, the TRA is driven at frequencies 

in the 20-70 Hz range to perform better overcoming stiction and friction issues [51]. 

However, the TRA was successfully operated at 1 Hz, producing 1 RPM of motion of 

the mirror.    

To test the immunity of the assembled structure to shock and vibration caused 

by continual rotation, the TRA was actuated by providing a triangular wave drive 

signal with peak amplitude of 50 V at frequencies of 50, 100, 250, 500, 1000 Hz. In 

all, ten devices were tested. Eight of the devices passed the test by maintaining the 

structure throughout the run but two of devices were unable to operate at 1000 Hz. 

This limitation was attributed to the TRA functionality at higher frequencies (> 500 

Hz) and not a problem with the mirror assembly. For all the devices, the mirror 

structure remained at 45° with respect to the substrate.  
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Two experiments were performed to analyze the dynamics of the spinning 

micromirror. In the first study, we measured the correlation between actuation signal 

and actual movement of the TRA. In the second study, we characterized the 360° scan 

mode of the micromirror. Comparison of CODE V model and experimental results is 

done to verify the optical performance of the mirror.  

Actuator Performance Test 

 The principle aim of this test is to monitor the occurrence of multiple 

ratcheting events in the TRA at different operating frequencies and its effect on the 

mirror rotation. The following section would brief the theory behind occurrence of 

click events in the TRA.  

Click Events in a TRA 

For a TRA operation when an alternating voltage is applied between the 

stationary and moving combs, the torsion frame rotates counter-clockwise about its 

springs in response to the electrostatic attraction (in positive cycle). As the frame 

rotates the ratchet pawls (Figure 4.4(a)) engaging the ring gear also causes it to rotate. 

When the outer ring gear starts rotating, the anti-reverse pawls (Figure 4.4(b)) are 

forced to move out of their engagement with the ratchet teeth. Once the gear has 

moved adequately, the antireverse pawls engage in to the next tooth. During the 

negative cycle, the central torsion springs force the frame to return to its rest position 

as a result of the restoring force stored in it. As the frame is returning, the ratchet 

pawls try to draw the ring gear backwards because of friction of the ratchet pawls with 

the ring gear. While the anti-reverse mechanisms have engaged, the ratchet pawls are 

forced to skip over the tooth and finally engage the next tooth. By this time, the frame 

returns to its initial position and the cycle can be repeated. So ideally if we assume one 

click of the gear per drive signal pulse, TRA operation would require 160 voltage 

pulses to make a complete rotation of the outer ring gear [43].  
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Figure 4.4. SEM images of the (a) ratchet pawl and (b) anti-reverse pawl. Direction of 

rotation is shown by the arrow [43]. 
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Calculation of Angle Traversed per Click of TRA 

As the 200-tooth TRA is directly coupled with the 75 tooth mirror gear, one 

rotation of the TRA corresponds to 2.667 rotations of the mirror gear. 

                                                      (1) 

                                       (2) 

160 ratcheting events (internal teeth) are required to complete one rotation of 

the TRA.  

                                                (3) 

Hence, for every rachet of the TRA the mirror rotates by ~6.0° and would 

complete one rotation in 60 rachets.  

                     (4) 

Experimental Methods for Monitoring Multiple Ratcheting Events 

Method 1: The occurrence of multiple ratcheting events would be tracked if 

the TRA completes the rotation in less than 160 actuation pulses. The data was 

extracted by capturing a series of images and then they were analyzed to find out the 

number of rachet events to ensue each rotation. The same procedure was repeated for 

every frequency in the range of 1-20 Hz. One-to-one ratcheting was observed for all 

the frequencies between 1 Hz and 20 Hz which verifies the result of testing the TRA 

with a load gear by Tanner et al. [43]. Due to image acquisition limitations we were 

not able to capture the images at a rate higher than 30 fps. Therefore we interpolate 

speeds of TRA and the gear as obtained by Tanner et al. at frequencies greater that 

50Hz. Figure 4.5 shows the speed (in rotations per second) of the TRA and the mirror 

gear at frequencies in the range of 1-1000 Hz. As the frequency is increased beyond 

50 Hz the occurrence of multiple ratcheting events are expected and we could lose 

track of input frequency to gear speed ratio. However, optical properties of the mirror 

remain intact and still could be used in the desired applications. The inset in the graph 
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shows our experimental results which turn out to be straight line as a result of one to 

one ratcheting.  

 
Figure 4.5. TRA input frequency versus TRA and Gear speed (in rotations per 

second) 

Method 2:  Overcoming the limitations of the image acquisition, we came up 

with a LabView based testing technique in which we could see whether one rotation of 

a TRA takes place in 160 pulses or fewer. Figure 4.6 shows the schematic of the setup. 

It consists of Basler area scan CCD camera. This camera is interfaced with console via 

IEEE-1394 / FireWire standard ports.  A LabView VI was developed to generate a set 

number of pulses at user defined frequency through National Instrument‟s Data 

Acquisition (DAQ) Hardware. Keithley 2400 was used as a voltage supply. DAQ 

pulses act as a drive voltage to the gate of an FET which switches the DC input 

voltage from Keithley source meter at a predefined frequency. The output of the 

switch is then given to TRA in order to actuate mirror gear.  
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The front panel and block diagram for this VI are shown in Figure 4.7.  In the 

program, DAQmx Write VI provides the pulse at virtual channel created. Initially the 

pulse starts with a low and then gets high after the delay specified in between these 

two states. The data flow is maintained using a Flat Sequence Structure which allows 

executing each frame sequentially. This routine is run in a while loop whose iterations 

are decided by the user input of ‘Number of Pulses’. ‘Pulse count’ shows the number 

of running iteration. ‘Milliseconds to Wait’ inputs the amount of delay between the 

pulses and ‘Frequency’ displays the current running frequency. The testing using this 

technique is to be performed. 

 

 
Figure 4.6. Setup for monitoring ratcheting events by method 2
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Figure 4.7. VI for actuator performance test (a) Front Panel (b) Block Diagram. 

 

(a) 

(b) 
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Attenuation versus Change in Azimuth 

Code V Simulation and Results 

In order to study the optical performance, we carried out CODE V simulations 

to obtain the relationship between the intensity attenuation and the change in azimuth 

angle of mirror. The simulated system (Figure 4.8) consists of a point source, the 45° 

tilted mirror, and a photo detector. The point source is modeled as a LED having a 

viewing angle of 30° and light emitted from this source is Gaussian in the far field. 

The mirror has the same dimensions as that of the micromirror used in the 

experimental study.  

 

 
Figure 4.8. Code V Simulated System 

In this system, we chose to keep the distances in accord with those kept in an 

optical setup while experimenting. The mirror was at 5 cm from the point source and 

the detector was placed 2.5 cm orthogonally with respect to  optical axis of source.  

The mirror surface was tilted 45° using decenter and return (DAR). In decentered 

systems, we actually tilt the local coordinate system in which the surface is defined. 

Using DAR type of decenter allows returning to original coordinate system before 

translating to next surface. Choosing „reflect‟ as our refract mode we made the mirror 

surface completely reflective. Figure 4.9 shows the Code V Lens Data Manager 

Dialog box. Figure 4.10 shows the Surface Property Dialog box for decenters. Alpha 

is entered as 45°, which shows the tilt in YZ plane (about x axis). To simulate the 
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change in azimuth, we alter the Beta which would show the tilt in XZ plane (about -y 

axis). We simulated the system from -15° to 15° to get the intensity profile reflected 

off the tilted mirror.  

 
Figure 4.9. Code V Lens Data Manager dialog box 

 
Figure 4.10. Code V Surface Properties dialog box for Decenters 

Figure 4.11 shows the illuminance plots of simulation performed. An 

illumination profile is the visualization of the luminance over an area in the image. 

The luminance plot allows a direct way to inspect the intensity values of an image. 

The average intensity can be calculated by dividing the total flux entering into the 

detector by the receiver area [52].  

 

                     (4.1) 



Texas Tech University, Sahil Oak, August 2009 

 

 

50 

 

 
(a) 

 

 
(b) 

 

Figure 4.11. Illuminance plots when β is 0° (a) shows the peak intensity at the center 

of the mirror (b) illustrate the intensity profile over the mirror area 
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So, in the simulated system, the flux of radiance is sent by the LED to the 45° 

tilted mirror and is reflected normal to the LED plane (optical axis). The reflected light 

is captured by a photo detector whose aperture is provided as 1 cm. The intensity of 

the reflected light is measured across each angle and is plotted in Figure 4.12.  The 

intensity calculated was normalized to peak intensity. This normalization allows us to 

compare our simulation results with the actual far-field intensity pattern of the LED 

used. 

 
Figure 4.12. Simulation results for intensity attenuation at various azimuth angles and 

LED far field pattern 

As seen from the graph (Figure 4.12), the intensity is constant for the angles 

±7° and then there is a steep drop in the reflected intensity. As we increase the angle 

there is a gradual decrease in mirror area facing the LED beam, which causes this 

attenuation. The flat response in the ±7° range and then a sharp cut-off clearly 

illustrates the possibility of the mirror being used in scanning or switching 

applications. 
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Experimental Results 

An experimental setup (Figure 4.13) was built to measure the intensity of 

reflected light from an LED incident on the continuously rotating micromirror (inset 

of Figure 4.13). The setup consists of a LED light source, rotating micromirror, and a 

frame grabber. We used a 5 mm ultra bright AlInGaP LED lamp with a viewing angle 

of 30°, similar to our point source in the CODE V simulations discussed above. 

 
Figure 4.13. Schematic representation of the test setup 

 The frame grabber is a LabView VI developed to capture number of images 

defined by user. Furthermore, we can also specify the rate at which images are 

captured providing the snapping interval between two images. Figure 4.14 shows the 

front panel as well as the block diagram of the VI. In the program, IMAQ init.vi is 

inbuilt VI which loads an NI-IMAQ configuration file and configures the image 

acquisition device. Interface name refers to the port of the image acquisition device. 

The port inputs a data stream from the camera. Property node reads and writes 

properties of a reference.  
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Figure 4.14. VI for image acquisition (a) Front Panel (b) Block Diagram 

 

 (a) 
 

(a) 

(b) 
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IMAQ create VI builds a temporary memory location to store an image. 

IMAQ snap VI obtains a single image into Image out. IMAQ write VI writes an 

image into a specified file name and location. IMAQ close VI stops the acquisition 

once the sequence is complete. To continually change the file name with every 

acquisition we inserted a while loop which increments the counter until the number of 

images specified by the user are taken. A delay routine is inserted in the loop which 

induces the user indicated wait time. Error handler VI show an error message if an 

error occurs.  

 The TRA was actuated at a constant frequency of 1 Hz, resulting in a mirror 

rotational speed of 1 RPM. The frame grabber was programmed to capture images at a 

constant rate of 20 images per second. The CCD camera‟s white balance was 

manually set to a fixed value and also, the auto gain control was turned off in order to 

avoid software alteration in the images. The whole experiment was carried out in a 

darkened room. A series of images (1200 total) were taken for a revolution of the 

mirror. 20 images were captured at each position as only one ratcheting event was 

taking place per second.  Multiple images at one position were taken to quantify the 

consistency of the reflected light signal. National Instruments Vision Builder Software 

was used to process the images, threshold them, and then quantify the intensity of the 

images. Figure 4.15(b) shows the steps for the image processing. At first, the images 

are loaded from the designated folder and then the images are allowed to threshold. 

The threshold was established to facilitate the conversion of the grayscale image to a 

binary image. This allows the selection of significant parts of an image and the 

avoidance of unimportant parts and noise. Regions of interest are created at the center 

of the mirror area as well as one in surrounding region. The next step to subtract 

surrounding intensity from the average intensity of the mirror area is done to make 

sure that the intensity readings taken are those reflected from the mirror only, 

cancelling the effect of ambient light. The resultant intensities were then normalized to 

the peak intensity. The plot of intensities versus azimuth is shown in Figure 4.16. 

Another set of reading were taken changing the acquisition rate to 4 images per 
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second. The plot is shown in Figure 4.17. The plot in Figure 4.16 has more data points 

as the data acquisition interval was 50ms, hence it covered some intermediate points 

which were found missing in the latter.    

 

 

 
(a) 

 

 

 
(b)  

 

 

 
(c)  

 

Figure 4.15.  NI Vision Vision Builder AI (a) Intensity measuring routine after 

selecting the two regions of interest, (b) flow diagram and (c) logic for Calculator 1 in 

step 7.  
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Figure 4.16. Normalized intensities at various azimuths. Acquisition rate: 20 images/ 

sec. 

 
Figure 4.17. Normalized intensities at various azimuths 

        Acquisition rate: 4 images/ sec. 
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               The Figure 4.16 illustrates that as the azimuth was incremented from -10°, 

there is a gradual increase in the mirror area facing the LED and hence more light is 

reflected by the mirror. On the positive angle side, as the angle increases, the mirror‟s 

area facing the light source starts to decrease resulting in a decrease in intensity. 

Ideally, there should be equal number of data points for both positive and negative 

angles, but it can be seen that there are some missing intermediate points on the 

positive side. Vignetting of the reflected beam in the CCD plane can be one of the 

factors which cause such a steep drop in intensity at positive angles. As the mirror 

rotates, some of the reflected LED light exceeds the acceptance limits of the 

microscope objective and the CCD aperture to cause energy asymmetry in the mirror‟s 

image at the CCD plane. This energy asymmetry causes the shift in the energetic 

center of the image from the geometric center [53].To confirm the effect of vignetting, 

we performed the same test keeping the mirror stationary and instead moved the LED 

around the mirror through ±15° by placing it on a rotary stage. We observed the 

attenuation profile as seen in Figure 4.18. It can be seen that the number of data points 

are evenly distributed on both sides and the response is similar to that obtained by 

CODE V simulations. In this case, the amount of vignetting taking place would be 

symmetrical on both sides and hence the same amount of flux of radiance would pass 

through objective. Whereas in the prior experiment, as the gear rotates, the position of 

mirror in the field of view changes; hence causing asymmetric vignetting at positive 

and negative angles.  

 Qualitative analysis of the video images clearly indicates that small 

reverse movements of the gear are visible and will contribute to small variations in 

intensity. To analyze and confirm this phenomenon at our test frequency of 1Hz, the 

intermediate intensity profiles between fully and partially illuminated stable positions 

are studied. Figure 4.19 shows the plot of the intensity on a time scale when the mirror 

is moving away from the light source incrementing positive azimuth angle. It is 

observed that in the span of 0.825º of backlash angle there is a change in the intensity 

of ~9% of the peak intensity. The experimental setup modeled in CODE V predicts a 
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49% drop-off in intensity at ±8º compared to maximum at 0º. The experimental results 

showed a 65% change in intensity change at -8º. The disagreement between the results 

is attributed to vignetting of reflected beam. 

 
Figure 4.18. Normalized intensity when LED was placed at different angles 

 

 
Figure 4.19. Intensity variation due to backlash between TRA and mirror gear 
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Failure Analysis of Auto pop-up Micromirror 

The SEM image of the fabricated device is shown in Figure 4.20 (a). In order 

to actuate the auto pop-up micromirror, the TRA was powered up by providing 

pulsating input of 50 V at frequency of 20Hz. There was no motion seen in the mirror 

gear. To examine the causes, we checked the functionality of TRA by removing the 

transmission gear. The removal was done using an external metal probe. After re-

actuating the TRA, it was found to be functional and hence was not a cause for the 

failure.  In order to check the working of transmission gear (Figure 4.20 (b)) and make 

sure there is no jamming there, we tried to push the gear tangentially by touching the 

probe. It was seen that the gear could move and was not defective. Similar probing 

was done with the mirror gear and was found to be stuck, displaying a possibility of 

mechanical jamming in the hub/axle.  

 

 

  
       (a)          (b) 

Figure 4.20. (a) Auto pop-up micromirror (b) Transmission gear 

 

 

 

 

 

 

 



Texas Tech University, Sahil Oak, August 2009 

 

 

60 

 

Possible reason of hub failure 

Fabrication error 

The Poly2 cut in hub of gear allows the HF mixture to trickle down the Poly1 

layer and make an undercut (defined by pin joint cut). This undercut is responsible for 

creating a clearance and free rotating interfaces. The incomplete removal of SacOx2 

from this clearance region possibly causes jamming in the gear hub. The Figure 4.21 

shows the top view of the gear hub design and Figure 4.23 shows the 2D cross-

sectional view of the hub.  

 

 
Figure 4.21.Top View of the gear structure 

 

 
Figure 4.22. 2-D cross-sectional view of the gear hub 
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Pop-up Mechanism 

The working of hinge was tested by pushing the beam linearly by a probe. The 

contact of the probe was made on the lower edge of the hinge. The push was able to 

displace the hinge structure forward creating an out-of-plane motion of the mirror. But 

as the force applied from the probe was uneven and not in-plane, the hinge broke 

when the mirror was about 30°-35° out-of-planes. The mirror was assembled at 45° as 

the legs engage into the grooves and is shown in Figure 4.23. This mirror was placed 

in the auto-reflection set-up used in the testing of previous design. The reflected light 

from the micromirror is seen in the figure. 

 

 
Figure 4.23. The erected mirror at 45° 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Sahil Oak, August 2009 

 

 

62 

 

CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

This chapter analyses the research performed in this work and discusses its 

contributions. Finally, future work that could be done to improve the existing design 

will be summarized.  

Conclusions 

The work presented here chiefly included the testing of the rotating 

micromirror design made by Greg Edmiston, PhD. This design was fabricated at 

Sandia National Laboratories, Albuquerque by using the SUMMiT V process. Out-of-

plane assembly is often a difficult task involving complex post-processing or use of 

on-chip integrated actuators. Both of these techniques can be expensive in terms of 

money and time and at times result in poor yield. The design discussed in this thesis 

use a simple manual probing procedure for assembly and furthermore can be upgraded 

to wirebonder assembly mechanisms for higher yield and less time consuming steps 

[47]. The assembled structure was tested for robustiness actuating the micromirror at a 

range of frequencies (1 – 1000Hz). The performance of the drive actuator (TRA) was 

tested in order to check the occurrences of multiple ratcheting events and its effect on 

mirror rotation. It was found that for a range of lower frequencies (1-20 Hz) we obtain 

one-to-one ratcheting, whereas there is a possibility of having multiple ratchet events 

take place if the frequency exceeds 50 Hz. We could lose track of the frequency–speed 

relationship as we increase the input frequency further. An attempt has been made to 

generate a calibration curve to estimate the speed at frequencies greater than 50 Hz.   

As a part of the dynamic analysis of the optical properties, we developed an 

autoreflection measurement system which was used to quantify the amount of 

intensity of the reflected light from the mirror in its scan range. This experiment was 

verified by performing a similar analysis in CODE V optical design software.  There 

was some disagreement between the results of these two and were attributed to 

vignetting of the reflected beam at the microscope objective. The experimental setup 
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modeled in CODE V predicts a 49% drop-off in intensity at ±8º compared to 

maximum at 0º. The experimental results showed a 65% change in intensity change at 

-8º. Furthermore, the effect due to backlash between the TRA and the mirror was 

quantified and was found that in the span of 0.825º of backlash angle there is a change 

in the intensity of ~9% of the peak intensity.  

Failure analysis of the auto pop-up micromirror was performed and it was 

found to have a defective hub structure. It is believed that this defect is due to 

incomplete removal of sacrificial oxide from the rotating interfaces of hub. The hinge 

and pop-up mechanism is expected to work properly.  

Future Work   

The design of auto pop-up mirror has to be rectified in order to make it functional. 

The bi-directional linear drive actuators could also be used for out-of-plane assembly, 

keeping the existing design unchanged. The final aim of this device is to integrate this 

entire micromirror and actuator assembly into the end of catheter tip and use it for 

Optical Coherence Tomography (OCT) applications. Utilizing this method, „optical‟ 

biopsies are possible. In this technology, infrared light is used to image the cross-

sections of the tissues in micron range. Currently, stationary 45° micromirrors are used 

for in-vivo imaging purposes but using this design it is possible to get precise 

alignment of sidewall tissues and hence greater resolution. The rotational drive would 

allow complete control over the positioning of the mirror while imaging a tubular 

structure. This device could offer potential applications for imaging the 

gastrointestinal tracts and large blood vessels.  
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