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Abstract

NOVEL DISTAL SCANNER FOR ENDOSCOPIC OPTICAL
COHERENCE TOMOGRAPHY BASED ON THIN FILM
PIEZOELECTRICS AND POLYIMIDE

Cancer is the second leading cause of death in the United States accounting for 1 of
every 4 deaths. A growing percentage of cancers are occurring in the bladder. Of these
cancers, a majority originate either on or very near the surface of the bladder wall.
Optical Coherence Tomography (OCT) has demonstrated the potential to be of great
value in the diagnosis and staging of these cancers due to its high spatial resolution and
ability to penetrate up to 2mm in tissue. OCT holds the promise of being an all optical
biopsy technique which will greatly reduce the cost of current diagnosis techniques as
well as improve the chances of detecting the cancers at an early stage resulting in greatly
improved treatment and survival rates. Development of optical components that are
small and robust enough to fit in the accessory port of a cystoscope is critical to the
clinical success of OCT in bladder cancer imaging.

In this work, a novel method of fabricating a 2-D microelectromechanical system
(MEMS) mirror for use in endoscopic OCT (EOCT) is presented. The proposed device
was designed, modeled, and built for use in EOCT applications. The fabrication
methodologies utilized common MEMS processing tools to create devices that can be
fabricated inexpensively and in most MEMS foundries. The resulting devices are
capable of being used in existing endoscopic probes to create a 2-D OCT image of tissue.
The successfully fabricated devices have been packaged and images have been made

using several different types of OCT systems.
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Chapter 1. Introduction

Cancer is the second leading cause of death in the United States accounting for 1 of
every 4 deaths [1]. The probability of dying from cancer in the U.S. is 21% based on
statistics from 2002-2004 [2]. Within this group, the probability of developing cancer in
the urinary bladder is 3.70% [1]. The probability of dying from this type of cancer is
21%. The total estimated number of urinary bladder cancers in 2008 is 68,810 [1]. There
are various types of cancers with differing points of anatomical origin but those that
originate in the epithelial tissues (the tissues that line the surfaces and cavities of the
body) account for a majority of human cancers. The successful diagnosis of cancer in its
earliest stages is imperative to the successful management of the cancer. Bladder cancer
specifically requires early detection and treatment to preserve the bladder and reduce
patient morbidity. While there are several methods in use for the detection and diagnosis
of cancers that originate in epithelial tissues, endoscopic methods are still the most
prevalent. Other non-invasive imaging modalities such as ultrasonography, x-ray,
computed tomography (CT), and Magnetic Resonance Imaging (MRI) have significant
limitations with respect to their spatial resolutions [3]. The resolutions are such that they
do not provide sufficient spatial resolution to be considered the equivalent of a
histological evaluation or analysis [4, 5].

Endoscopic methods are minimally invasive and involve the insertion of flexible or
rigid probes into a patient via the urethra. These probes are used to provide video and

still images of the tissue surfaces. Fiber optics are the primary medium for conveying



video images in current endoscopic procedures however, these images are not always
conclusive as some cancerous and pre-cancerous epithelial lesions are not visible with
conventional visual imagery and the resulting diagnosis is therefore usually inconclusive.
Physical biopsies are usually done to accurately diagnose the tissue. Physical biopsies
require the use of forceps inserted through the endoscope to remove a portion of the
suspect tissue — making the procedure more invasive than visual imagery alone. The
tissue sample must then be sent to a pathology laboratory for histological analysis and
diagnosis. This is a costly and time consuming process due in part to the inability of
current imaging techniques to provide conclusive evidence regarding the nature of the
suspect tissue. Current imaging modalities (x-ray, CT, ultrasonography, MRI) do not
allow for a diagnosis or optical biopsy due to the spatial resolution limitations of those
systems. The ability to image below the epithelial surface with a high degree of
resolution can provide valuable insight into the optical properties of mucosal tissues.
This opens the possibility of making a diagnosis in-situ that would otherwise not be
possible with current conventional endoscopic techniques.  Optical Coherence
Tomography (OCT) is an imaging modality that can provide this capability.

OCT 1is an optical imaging technique that is analogous to ultrasound that uses
partially coherent near-infrared light to interrogate tissues and create high resolution
cross-sectional images of sub-surface microscopic structures based upon the interference
of the scattered light beam and a reference beam. The promise of OCT is the ability to
conduct accurate optical biopsies in a minimally invasive manner that does not require
the excision of tissues. This capability will allow for less expensive, less invasive, and

faster endoscopic procedures. OCT is also contributing to the rapidly evolving field of



image-guided intervention (IGI) [6]. The use of OCT as a diagnostic imagining modality
is not new and has been previously proven in other medical fields [7-13]. Recently the
use of OCT in bladder cancer diagnosis has gained momentum [3, 14-23].

OCT systems have demonstrated resolutions of 10-20 um or less [10, 24-28]. The
penetration depth (axial) of typical OCT systems is limited due to the high level of
scattering of near-infrared light in biological tissues but is generally between 1 and 2 mm
[29]. At the heart of a simple OCT system is an interferometer. Figure 1 is a diagram of

a simple time-domain OCT system.

Broadband Source

Reference Arm

(Delay Line) :E

50/50 ‘ .
Coupler Galvanometer
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Arm Ontics
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Figure 0-1: Block diagram of a simple time-domain optical coherence tomography system.

Light from both the reference arm and the scanning arm interfere when they are
combined via the 50/50 coupler. The intensity of the interferogram is detected using a
photo-detector. This information corresponds to a single axial point based upon the
optical path lengths of both the reference arm and scanning arm being the same. The
path length of the reference arm is varied using a movable mirror affixed to the

galvanometer. This path length difference corresponds to varying depths in the sample



placed in the scanning arm. A full translation of the mirror in the reference arm
corresponds to a single axial scan (A-scan) through the sample. If the scanning arm has
no mechanism to laterally scan the beam the resultant image is simply an A-scan through
the sample — a single line. Multiple A-scans allow a 2-D image of tissue microstructure
to be constructed.

A key component of an OCT system is the mechanism by which the laser light is
scanned across a sample (laterally) to provide multiple A-scans of the sample. This part
of an OCT system, called the scanning arm, is responsible for scanning the laser beam
across the targeted area of interest. Ideally we would like the largest scan angle possible
in order to image as large an area as possible within a confined space. This is not much
of a challenge when we are not confined by space — as in a barcode scanner in the grocery
store. For use in an endoscopic OCT system however, the scanning mechanism is of
great importance. Due to the size constraints of an endoscopic probe tip, a very small
scanning probe with an extremely large scan angle is very desirable. Actuation voltages
and currents are also important considerations for this type of device.

Current scanning micromirrors are not suitable for use in an endoscopic OCT
system for a variety of reasons. OCT scanners have been demonstrated that address some
of the imaging issues associated with catheter based systems but these are proximally
actuated scanners, requiring mechanical linkages to extend through the entire length of
the endoscope. The bending of these linkages can lead to non-linearities in the scan and
poor repeatability. The few distally actuated endoscopic OCT systems that exist do not
have scan ranges that are large enough to provide a useful amount of image data for a

diagnosis. Circumferential scanners exist that are capable of achieving 360° scans but



due to the structure of the bladder most of the scan does not contain usable information
since it is oriented away from the targeted area of interest. Side sector scanning devices
are preferable in the imaging of the bladder wall since the entire scan range of the device
is focused on the area of interest. There is a definite need to develop a small, high-speed,
scanning micromirror using conventional microelectromechanical systems (MEMS)
technology for in vivo imaging in Endoscopic Optical Coherence Tomography (EOCT)
applications. A distal scanning system has the potential of being more robust and can
image with high speed, precision, and repeatability. Most importantly, with the scanning
capability of a MEMS scanner, in vivo 2-D and 3-D real-time imaging can be achieved
from OCT based endoscope systems, which promises to enhance visualization of tissue
architecture.

A device capable of achieving large scan angles at low voltages which is easily
manufactured would be of great use in the field of EOCT. A large scan angle is one that
would allow a 2-D image to be constructed in a hollow organ with the probe resting on
the surface of the tissue or as close as possible due to packaging constraints. An ideal
large angle scan with the probe on the tissue surface would be 120 degrees. Such a
device may also have applications in other fields in which an optical beam must be
scanned over a target in a confined area. This work fills this void in EOCT systems with
respect to distal, side-scanning devices. Furthermore, this work presents a novel method
of beam steering using piezoelectric actuators and polyimide structures [30]. The
objective of this research is to fabricate a micromirror which is capable of large scan
angles at low voltages. This micromirror device will be encapsulated in a package that is

suitable for use in an endoscopic system. The scanning micromirror will be fabricated on



a single wafer (including the mirror, the support structure, and the actuator) with minimal
post processing requirements. The proposed device will utilize common MEMS
manufacturing practices where possible to reduce the overall cost of the device. For our
target application, the entire device should be of the appropriate size to fit in the
accessory port of a cystoscope for bladder imaging. Thus the outer dimension of the
device cannot exceed 2.8mm.

The scanning mirror proposed here will satisfy a growing requirement for large
optical scan angles for use in EOCT systems. Such a device will help speed the
realization of EOCT as a diagnostic tool. Using single wafer processing, the devices will
be sufficiently inexpensive to be used as a disposable medical device thus making OCT a

viable option in the diagnosis of various types of cancer.



Chapter 2. Background

2.1. Review of bladder cancer.

Cancer is the second leading cause of death in the United States accounting for 1 of
every 4 deaths [1]. The probability of dying from cancer in the U.S. is 21% based on
statistics from 2002-2004 [2]. Within this group the probability of developing cancer in
the urinary bladder is 3.70% [1]. Bladder cancer is a disease which involves the
formation of malignant cells in the tissues of the bladder. The bladder is a hollow organ
shaped like a small balloon with muscles that allow it to expand and contract. Figure 2-1

is a schematic of the urinary bladder depicting various stages of cancer development.

Superfical /
Muscle :

Lamina ('
Propria ~

Mucosa

Pelvic sidewall
musculature

Prostate

Figure 2-1: Schematic of a typical human urinary bladder with various T levels depicted [31].



There are three types of bladder cancer that originate in the bladder lining. These
types of cancer are named for the cells in which they originate. Transitional cell
carcinoma begins in the innermost layer of the bladder. Most bladder cancers originate
here. Squamous cell carcinoma begins in cells that can form in the bladder after long-
term infections. Adenocarcinoma begins in glandular cells that can form in the bladder
after long-term infections. Cancers that are confined to the lining of the bladder are
called superficial bladder cancers. Cancers that begin in the transitional cells and spread
through the lining of the bladder and invade the muscle wall or other organs are called
invasive bladder cancers. The stage of the cancer (i.e. whether it is superficial or
invasive) is important when determining treatment options. Early detection and staging
of bladder cancer greatly increases survivability rates.

Transitional cell carcinoma is the most prevalent type of bladder cancer with over
90% of all bladder cancers originating here [31, 32]. The treatment of bladder cancer is
primarily based on the depth of tumor invasion and metastases [32, 33]. The successful
diagnosis of cancer in its earliest stages is imperative to the successful management of the
cancer. The accurate staging and detection of cancer remains a clinical challenge [15].
Current screening techniques such as urine tests are unable to provide sufficient
sensitivity for low-grade or early cancers. As previously discussed, current medical
imaging modalities (ultrasound, x-ray, CT, and MRI) fail to detect early cancers due to
their limited spatial resolution.

Currently staging with direct visualization using white-light cystoscopy via an
endoscope is the predominant method for detecting superficial tumors but this method

does not allow for the visualization of sub-surface tissue architecture and often misses



flat bladder cancers that do not show outgrowth [20, 32, 34, 35]. A biopsy is required
when suspect tissue is located. This technique of endoscopic diagnosis in conjunction
with biopsy is based on technologies developed in the 1950s [36].

Clinical staging is determined by the depth of invasion of the bladder wall. The
American Joint Committee on Cancer (AJCC) designates the TNM classification as the
primary means of classification to define bladder cancer [37]. The TNM consists of three
components; the primary tumor (T) depth of penetration (Table 2-1), the lymph node

involvement (N) (Table 2-2), and finally the degree of metastasis (M) (Table 2-3) [38].

Table 2-1: Table of primary tumor penetration levels of the bladder wall [38].

T level Description
T0 No tumor
Tis Carcinoma in situ
Ta Papillary Tumor, confined to epithelium (Mucosa)
T1 Tumor invades sub epithelial connective tissue (lamina propria)
T2a Tumor invades superficial muscle
T2b Tumor invades deep muscle
T3a Tumor with microscopic invasion of perivesical fat
T3b Tumor if macroscopic invasion of perivesical fat
T4a Tumor invades surrounding organs
T4b Tumor invades pelvic or abdominal wall

Table 2-2: Table of lymph node involvement levels in bladder cancer [38].

N level Description
NO No regional lymph node metastasis
N1 Metastasis to single lymph node, 2cm or less in size
N2 Metastasis to single lymph node, 2 to 5cm in size, or to
multiple lymph nodes, all less than Scm in size.
N3 Metastasis to regional lymph nodes greater than Scm in size.




Table 2-3: Table of metastasis levels involved with bladder cancer [38].

M level Description
Spread of cancer to other organs cannot be
MX
evaluated.
MO No evidence of bladder cancer exists
elsewhere in the body.
M1 Bladder cancer cells are found somewhere

else in the body.

The three separate classifications of T, N, and M result in the overall staging of the

bladder cancer as can be seen in Table 2-4.

Table 2-4: Table of cancer staging with respect to TNM classification [38].

Stage TNM Classification
0 (a) Ta, NO, MO
0 (is) Tis, NO, MO
I T1, NO, MO
I T2a, NO, MO
T2b, NO, MO
T3a, NO, MO
I T3b, NO, MO
T4a, NO, MO
T4b, NO, MO
Any T, N1, MO
v Any T, N2, MO
Any T, N3, MO
Any T, Any N, M1

Clinical statistics reveal that a majority of bladder cancers originate within the bladder
epitheliul or urothelium [17, 39]. Figure 2-2 is a depiction of the typical layers that
comprise the bladder wall and clearly shows the urothelium layer and its proximity to the
surface of the bladder wall. It also clearly depicts the penetration of stage 0 and stage 1
carcinomas. The epitheliul and urothelium layers range in depth from 20-200pum, well

within the range of most OCT systems[17].
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Figure 2-2: Illustration of the typical layers of the bladder wall.
(Illustration copyright 2003, Nucleus Communications, Inc. All rights reserved.
www.nucleusinc.com)

The ability of OCT to provide a high degree of spatial resolution (< 20pm) with a
good depth of penetration (approximately 2mm) makes it an attractive alternative to the
current clinically accepted endoscopic methods for the staging of early bladder cancers.
The early detection of these cancers via OCT may prevent the penetration of the
underlying muscularis and could greatly increase the successful treatment of early stage

bladder cancers.

2.2. Review of Optical Coherence Tomography

Optical coherence tomography is an emerging optical imaging technique analogous
to ultrasound that uses partially coherent infrared light to create images of sub-surface

microscopic structures with a resolution of 10 um or less [24-26, 40, 41]. The time delay
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of the received backscattered light creates an interferogram. The data from the
interferometry along with the time delay allows for a map of reflectivity versus optical
depth to be created. OCT has been shown to produce images with high spatial resolution
but, due to the high level of scattering of infrared light in biological tissues, penetration
depths range from only 1 to 3 mm [29]. OCT has the potential to have a significant
impact on several traditional fields of imaging. It can significantly impact medical
diagnostics, materials science, and microscopy [42]. This research is motivated by the
medical diagnostic capabilities of OCT discussed previously regarding bladder cancers
and thus will focus on OCT technologies in that field specifically.

OCT has the potential to act as the basis for an optical biopsy that could provide
immediate feedback to a physician due to its ability to produce real time images of
biological structures at the micron scale in-vivo. It may also serve as a basis for image
guided surgery [43]. OCT has gained significant relevance as a medical imaging
technology in recent years [9, 11-13, 20, 29, 41, 43-46]. Figure 2-3 is a graph depicting

the explosive growth in research surrounding OCT over the last 20 years [47].
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Figure 2-3: Graph of OCT publications over the last 20 years [47].

OCT can be used for a variety of diagnostic medical imaging purposes. Any tissue
which can be irradiated by an OCT probe can be imaged. In its infancy, OCT was used
to image easily accessible tissues such as ocular tissues. The first OCT Company,
Advanced Ophthalmic Devices (AOD), was founded in 1992. Following several years of
development, the first commercial OCT system was approved for imaging of the eye in
1996 [47-53]. In the last several years there has been much work dedicated to imaging
interior structures in the body as well as developing more advanced techniques for
imaging of the eye, living tissue structures, and tissue morphology (see Figure 2-3) [47,
54]. These include endoscopy, ophthalmology, coronary artery imaging, and imaging of

the skin. OCT has found use in a multitude of medical imaging applications. The
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Cleveland Clinic recently listed OCT in its’ top ten medical innovations for 2007 [55].
The FDA recently approved OCT for cross-sectional anterior segment imaging as well as
an endoscopic use [56, 57]. EOCT use in the diagnosis of bladder cancers continues to
be one of the fastest growing fields with respect to OCT and medical imaging. Numerous
groups are actively developing EOCT systems specifically for the diagnosis and staging
of bladder cancers [17, 18, 22, 58-60].

There are two main OCT system variants: time-domain and spectral-domain OCT
systems. A typical time-domain OCT system uses a broadband light source in the near-
infrared region. The light source is coupled into one branch of a 50/50 coupler fiber.
This fiber contains a Michelson interferometer, the heart of the OCT system. The light is
split into two fibers via the 50/50 coupler. One branch leads to the scanning arm of the
system and the other leads to the reference arm of the system. The light in the reference
arm is reflected off a mirror which translates in the z-axis (variable group delay) and is
coupled back into the fiber while the light from the scanning arm is directed onto the
target; in the case of medical systems this is normally tissue. Light is backscattered from
the tissue sample and is coupled back into the scanning arm fiber. The light recombines
within the 50/50 coupler. Light from the two different branches will cause constructive
or destructive interference when the optical path lengths of the two arms (the reference
arm and the scanning arm) match. The variable group delay introduced by the reference
arm allows for the interference of light from different depths in the sample. This
interference is detected using a balanced detector in the final arm of the system. A very

basic time-domain OCT system can be seen in Figure 2-4.
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Figure 2-4: A typical OCT System.

Other OCT systems have been developed that offer a much greater capability than
the simple system shown in Figure 2-4. Figure 2-5 shows an example of a spectral-
domain system [61]. Spectral-domain systems do not require a moving reference arm.
There are two main types of spectral-domain systems. Swept-source (SS) OCT uses a
source with a wide optical bandwidth divided into narrow bands representing the
different wavelengths. Fourier-domain (FD) OCT uses a broadband light source and uses
a spectrometer in place of the detector arm. The diffraction pattern of the incident light is
captured via a linear CCD array. The Fourier transform of this pattern allows
reconstruction of axial data and creation of images of the tissue sample. Spectral-domain
systems have the capability of being much more compact than time-domain systems since
there are no moving parts required for the reference arm. They also tend to have

significantly better image quality than a time-domain system.
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Figure 2-5: Schematic of a SD-OCT imaging system.

The axial resolution of a TD-OCT system is given by equation 2-1 [62].

2122

A

Al eq. 2-1

Where 4, is the wavelength of the source being used and A, is the bandwidth of the

source. The lateral resolution of an OCT system is less straight forward than that of the
axial resolution and is dependent upon the optics used to focus the source on the target.
A lengthy derivation of the lateral resolution based on a Gaussian beam can be found in
[62]. Simply stated, the lateral resolution can be approximated by equation 2-2.

i
d

Al eq. 2-2

Where A is the source wavelength, f is the focal length of the lens, and d is the diameter
of the beam incident on the lens.

In TD-OCT, the speed of the imaging system is dependent upon the speed of the
device used to vary the path length in the reference arm. In this type of system the speed

of the scanning mirror in the scanning arm are constrained by the speed of the reference
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arm and thus cannot be too fast. This work focuses on a novel scanning MEMS micro-

mirror for use in the distal end of an EOCT system.

2.3. Review of beam scanning methodologies for use in endoscopic probes

The last decade has seen a large increase in the microelectromechanical systems
(MEMS) industry. Optical MEMS, or MOEMSs, have recently begun to catch up with the
rest of the MEMS industry. Applications for MOEMS are increasing at a fast rate. Most
uses involve switching applications. Many of the switching applications use
micromirrors to switch between various fibers.  Numerous other examples of
micromirrors abound; the most notable of these being the Texas Instruments Digital
Micromirror Device (DMD). Recently another use for micromirrors has been found in
the field of OCT.

OCT imaging systems create a single line of data through the target at a time (axial
scan). The infrared beam must be scanned (laterally) across the target to form 2-D or 3-D
images. This makes the beam scanning method one of the most critical aspects of an
OCT system. In endoscopic OCT (EOCT) the entire device must be cable of fitting in an
existing endoscopic port. This requires small devices. In order to create 2-D images of
large areas of tissue, it is necessary that the scanning device in the cystoscope port be
capable of large angular displacement. The larger the scan range, the larger the image is
that can be created, and the more usable diagnostic information is present. It becomes
clear that a good scanning device is critical in the design and manufacturing of a

commercially viable EOCT System.
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Current scanning micromirrors are not ideal for use in such a system for a variety of
reasons. OCT scanners have been demonstrated that address some of the imaging issues
associated with catheter based systems but most of these are proximally actuated scanners
that require a mechanical linkage to deliver the actuation to the tip of the probe.
Recently, proximally actuated scanners have demonstrated image resolutions of 7um in
depth and 30um laterally with a 4.5cm long scan. The scan is created by rotating the
imaging optics while simultaneously retracting a balloon centering catheter [45]. The
resulting volumetric data set covers a 4.5cm length of esophageal tissue. Due to the
pullback motion, the images do contain some motion artifacts. The use of this probe
design for EOCT for application in the urinary bladder would be complicated by the non-
circumferential geometry of the urinary bladder. In general a circumferential scanner is
of limited use in the imaging of hollow organs. The beam is only oriented at the targeted
area of interest for a small portion of the 360° rotation. Proximally actuated probes also
experience problems because the moving components must be fed through restricted
routes into the body. The non-linearity due to the pullback of the probe in the bladder is
difficult to compensate for during image reconstruction. Furthermore, the centering of
the device inside the bladder would be difficult. In a 360° degree rotation most of the
scan would be unusable because it would be oriented at the other side of the bladder, well
out of range of the focusing optics of the probe. The distally actuated EOCT systems that
exist do not have scan ranges that are large enough to provide a significant tissue image,
are too large, or do not function at real-time speeds [63-71].

There is a definite need to develop a small, high-speed, scanning micromirror using

conventional MEMS technology for in vivo imaging in EOCT applications. Distal-
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scanning probes have two main advantages. First, there is no effect on the scanning
mechanism if the catheter is bent though a restricted route to the imaging target. Second,
there is no need to use a rotational optical coupler to connect the probe to the light source.
The rotational optical coupler inherently introduces additional insertion losses into the
system. Non-circumferential scan geometries such as sector scans have a more intuitive
image display and are more conducive to guiding interventional procedures than are
circumferential scans. A sector-scanning probe enables the creation of images in a large
sector to the side or front of the probe to guide interventional procedures conducted using
instruments that are introduced concurrently with the imaging device through a different
port in the endoscopic probe. The following sections will discuss in depth the current
geometries and actuation methods used in distal endoscopic probe design. For the
purposes of this work, and to enable some common figures of merit to benchmark one
technology against another, the following parameters will be considered when evaluating
each: size, voltage requirements, operational frequency, and optical scan angle. These
metrics are important in the design of any OCT system and often times are a contributing
factor to the quality of the image and the speed of the image acquisition.

Micromirrors are classified differently in the literature. In general, micromirrors can
be classified based upon their method of actuation. The various types of actuation
techniques employed in the development of micromirrors can be roughly divided into one
of five energy domains or -categories: thermal, -electrostatic, electromagnetic,
piezoelectric, and mechanical [64]. These five methods of actuation are used to achieve
one of three scanning geometries: sector, linear, or circumferential. Figure 2-6 depicts

the three different scanning geometries. Within the sector scan category of scanning
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geometries there are two variations; the forward sector scan and the side sector scan.

These three geometries are often called radial, linear, or transverse scans as well

= |
(@) (b) T ©

Figure 2-6: (a) Schematic of circumferential, (b) sector, and (c) linear scanning imaging probes

Microfabricated OCT scanning probes have been reported that image in both
circumferential [72, 73] and non-circumferential geometries. Several distal scanning
OCT probes have been developed that image in a non-circumferential scan geometry.
These non-circumferential designs include probes that use low voltage polymer
cantilevers to scan the imaging fiber [74], thermoelectric actuators to swing a scanning
mirror[75], a linear-scanning galvanometer to move the optics in a catheter probe[76],
piezoelectrically driven optical waveguides[77], electrostatically driven silicon comb
drive tilt mirrors[78], and electrostatically driven polyimide actuators [79]. The scans of
these probes range from 1-3 mm, with scan angles up to 40°. Many of these methods are
also limited in available scan speeds. Reported results of non-circumferential probes

have included scan angles up to 50° with imaging rates of 30 frames/ s or less [30].
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Table 2-5 shows the imaging methods and actuation methods currently in use for

endoscopic OCT. The shaded cell represents original work done in this field by the

author. Until the prototype devices discussed in this paper were demonstrated no

acceptable piezoelectric actuation method existed for large sector scan imaging in EOCT

[80].

Table 2-5: A summary of current actuation methods and scanning methods used in endoscopic OCT.

Imaging Circumferential Sector Linear
Geometry =
Actuation —
Method
Demonstrated [72, Demonstrated[76,
Mechanical 73] Demonstrated[81] 82. 83]
Demonstrated[63, 71, Demonstrated
Electrostatic Demonstrated[84] 79, 85-87] [38]
Demonstrated [68, Not
Electromagnetic Not Demonstrated 69, 89] Demonstrated
Demonstrated[30, 77, Not
Piezoelectric Not Demonstrated 80, 90, 91] Demonstrated
Demonstrated Not
Thermal Not Demonstrated [3, 75, 92-100] Demonstrated

2.3.1. Electrostatic Actuation

Many micromirrors rely on electrostatic actuation. The operating principle of

electrostatic actuation is based upon the electrostatic attractive and repulsive forces that

exist between electrical charges. Two oppositely charged plates form the basis of a

simple electrostatically actuated mirror. Electrostatically actuated mirrors often make use




of torsional hinges so that they are able to deflect in two directions [101]. In general,
micromirrors that rely on electrostatic actuation require rather large drive voltages
(>50V) in order to overcome the air gap between the two electrodes. Electrostatically
actuated micro-mirrors have been fabricated that are capable of achieving rotational
angles of 90° with drive voltages of 100V at 200Hz [86]. Other electrostatically actuated
micromirrors have demonstrated scans of 21° at 3.6kHz with a driving voltage of 75 V
[102]. Micromirrors which utilize comb-drives for electrostatic actuation have also been
demonstrated. These devices are capable of 8.5° of mechanical deflection at 19.55kHz
with an applied voltage of 100V [103]. Polyimide support structures similar to those
used in this work have also been built into optical probes and actuated electrostatically.
These devices are capable of scanning up to 146° at 50V [79, 104]. The following figure
shows an example of an electrostatically actuated mirror for use in endoscopic OCT [85].
This device operates between 45V and 55V. The maximum scan angle it can achieve is

approximately 1° at 45Hz.
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Figure 2-7: Layout of 2-D scanning micromirror [85].
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Recently another electrostatic device was demonstrated for use in a catheter based
OCT system. This device is capable of achieving 6° of mechanical scan at 140Hz and
150V [66]. Electrostatic actuation generally involves high voltages for actuation to
achieve scan angles that are insufficient for use in OCT systems. These devices also tend
to have natural frequencies that are too high for OCT systems. Finally, the fabrication of

such devices is often complicated and involves numerous post processing steps.

2.3.2. Electromagnetic Actuation

While there has been some work done with electromagnetically actuated
micromirrors no one is currently pursuing this form of actuation as a viable method for
endoscopic OCT scanners [105]. Electromagnetic actuation normally requires that a
large external permanent magnet be used to provide a field. In addition, the required
magnetic field necessary to cause actuation is too large. There are often substantial
power requirements as well to power the magnetic coils [101]. The following figure
depicts an electromagnetically actuated mirror device. The 4mm x 4mm dimension

makes this current device too large for use in endoscopic OCT.
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Figure 2-8: Schematic top view and cross-sectional view (deflected) of permalloy type mirror

[105].

2.3.3. Mechanical Actuation

The most prevalent method of endoscopic or catheter-based OCT imaging uses an
external motor coupled via a connecting wire to the distal end of the probe tip to steer the
OCT imaging beam[11, 46, 106] . This technique uses a spinning reflective element to
scan the infrared beam across the tissue in a circular side-scanning configuration [11, 46,
106]. Figure 2-9 shows a diagram of the scanning mechanism used for this forward-
imaging probe [11, 46]. A similar mechanically actuated device has been demonstrated

for use in a side-scan configuration as can be seen in Figure 2-10.
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scanning configuration [11, 46, 106].
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Figure 2-9: A mechanically actuated forward-imaging probe [11, 46].
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Figure 2-10: A mechanically actuated side-scanning probe [61].

One endoscopic OCT (EOCT) system design used in clinical trials uses the same

spinning reflective element to scan the infrared beam across the tissue in a circular side-

probe to view targets only directly adjacent to the probe. While these scanning methods
have had a good deal of success in intravascular applications, there are disadvantages to

such probes. They require an external motor which must be mechanically coupled to the
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distal end of the probe which requires that a shaft be run through the catheter. The shaft
can become kinked due to anatomical geometries that must be navigated by the catheter.

This will affect the scan of the device to a large extent.

2.3.4. Piezoelectric Actuation

The principle of using piezoelectrics for actuation of micromirrors relies on the
phenomenon of the piezoelectric effect. The piezoelectric effect is one in which an
applied electric field produces a mechanical strain in the material. This strain translates
to a mechanical motion of the material in a certain direction depending on the
polarization of the piezoelectric. Recently MEMS flexure Lead Zirconate Titanate (PZT)
actuated scanners have been demonstrated which achieve optical angles of up to 40° in
static operation and 10° in resonance at 17.4kHz [107]. However, these devices were not
designed for use in an endoscopic OCT system. Previously, piezoelectrics have been
used to create scans by moving the actual fiber in endoscopic OCT applications. This
method has been used in forward imaging probes but does not give a large scan angle
[77]. These devices operate at 1.2 kHz and can achieve optical scans of approximately
45° at resonance with a drive voltage of 96V. Other forward imaging probes have also
been developed which operate at higher voltages (300V) and slower scan speeds
(<100Hz) [80].

The scanners described in this work use micromachined polyimide scanning
structures to amplify the scanning motion of piezoelectric bimorph actuators.
Piezoelectric actuators are capable of producing very high forces with precision control at

very high speeds, but have relatively small strains. These new scanning devices use a
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piezoelectric cantilever to provide a forced vibration near the resonant frequency of the
polymer mirror to scan the beam in much larger scan angles than those possible using the
cantilever alone. This amplification allows us to produce large scan angles at lower drive

voltages.

2.3.5. Electro-Thermo Actuation

The principle of using electro-thermal devices as actuators has been around for some
time. The most basic of electro-thermo devices is a simple cantilever made of two
different materials with substantial differences in their thermal coefficients of expansion.
When a heat source is applied, the differences in thermal expansion between the two
materials cause the cantilever to bend. Figure 2-11 shows an example of an electro-
thermally actuated mirror for use in endoscopic OCT systems [75]. This device is
basically a cantilever with an embedded polysilicon heater placed between the two metals
to act as the heat source [94]. The beam is etched such that it is a mesh rather than a solid
beam. The out of plane angle of the mirror seen in Figure 2-11 is caused by differences
in stress between the aluminum and silicon dioxide layers when the device is released.

When a current is applied to the heater the mirror rotates down [94].
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Figure 2-11: Scanning-electron micrograph of the CMOS-MEMS mirror [94].

2.3.6. Scanner Efficacy

In an effort to quantify and qualify the merits of the various types of scanners
currently being investigated for use in EOCT, a variable called scanner efficacy was
developed. The scanner efficacy variable attempts to describe the merits of each scanner
in an equivalent manner. The manner in which the comparisons were made is
independent of the scan methodology or physics used. In general the desirable
characteristics of any OCT scanner (small, fast, large scan range, low actuation voltage)
were used to make an equivalent comparison between the various scanners. In this table
only distally actuated side-sector scan devices were considered since they are the most
applicable to bladder cancer imaging. The scanner efficacy does not weight the
parameters differently. The efficacy value is determined by assigning a value between 1

and 5 for each of the parameters with 5 being a desirable characteristic and 1 being an
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undesirable characteristic. The sum of these values determines the scanner efficacy. See

Table 2-6 for a comparison and description of scanner efficacy.

Table 2-6: Table of scanner efficacy values. Values assigned to specific device characteristics are in
parenthesis following the parametric value. The last row is the proposed device discussed in this

work.

Actuation mechanism | Scanner Scanner Optical Drive Efficacy
width Speed scan angle | Voltage
(smaller is (Faster is (larger is inV
better) in better) better)
mm in Hz in°

Electro-thermal [3, 1(5) 100 (3) 18 (2) 33 (4) 14
75]
Electrostatic[70] 6 (1) 315 (4) 12.4 (1) 55 (3) 9
Electrostatic[66, 71] 6(1) 1400 (5) 12.4 (1) 70 (2) 9
Electrostatic[67] 5(1) 2400 (5) 20 (2) 100 (1) 9
Electromagnetic[68, 2.8(4) 18 (1) 40 (3) 3(5) 13
69]
Proposed Devices 0.8 (5) 30 (2) 60 (4) 5(5) 16

2.3.7. Conclusion

Most of the aforementioned devices operate at frequencies that are too low for use in
real-time medical imaging applications or require operating voltages that are too high.
Many micromirrors utilize silicon hinges that are too stiff to achieve the large scan angles
and slower scan speeds desired in real-time imaging systems. Several of the
aforementioned micromirrors require specialized processing techniques and are not a
viable means to produce such devices in bulk for use in real-time imaging applications.
The combination of the scanner and the speed of the OCT imaging system determines the
imaging frame rate; the optical scanner needs to have a resonance near 30 frames/ s and
the OCT imaging system must be able to operate fast enough to produce images at the

same rate. The high scan rates and large scan ranges produced by these probes require a

very high speed imaging system in order to make full use of their unique imaging
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capabilities. There are numerous methods that have been investigated to scan the OCT
beam for use in minimally invasive applications but few meet the requirements for real
time imaging with respect to scan speed and scan angle. Most of the aforementioned
techniques are also not mature enough for immediate use. The modeling, fabrication, and

characterization of new devices will be discussed in the remainder of this work.
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Chapter 3. 1 Generation Mirrors

3.1. 1* Generation Overview

Polyimide torsion structures have previously been investigated for use in EOCT.
These devices relied on an integrated force array (IFA) for actuation, however, and did
not yield the appropriate mechanical stability and robustness necessary for use in an
EOCT system [79, 104]. While the polyimide mirror support structures in this work are
similar to those used in the original IFA actuator designs, the actuation mechanism is
completely different. The polyimide support structure is comprised of a polyimide table
suspended by two small polyimide torsion hinges. These torsion hinges are fixed at one
end to the polyimide support structure of the device. In essence, the device functions as a
mass suspended between two torsional springs. A gold-coated silicon mirror is then
attached to the table of the device which provides the required mass. The 1* generation
prototype devices were then attached to a bulk piezoelectric actuator to scan the mirror.

Figure 3-1 is a schematic of a 1* generation prototype device without a mirror attached.
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Figure 3-1: Schematic of 1* generation device

No dimensions are given in this figure as this is a general schematic that depicts the
typical layout of all of the prototype devices. Parametric variations of the devices include
hinge width and mirror dimensions. Figure 3-2 is an exploded view of the hinge

structure.
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Figure 3-2: exploded view of hinge schematic

The polyimide support structure and mirror pivot about the torsion hinges when the
whole structure is subjected to a forced vibration. In these 1* generation prototype
devices, this forced vibration is generated by a commercially purchased piezoelectric
bimorph attached to the base of the device. The bimorph used was 3 mm in width and 32
mm in length (Piezo Systems, Cambridge, MA). The polyimide support structure and
mirror assembly has a relatively low resonant frequency (approximately 15-60Hz). This
enables the device to be driven at a frequency well below the bimorph resonant frequency
of 222 Hz. The small tip displacement of the bimorph at low voltages (<70 V) is enough
to excite the device when operated at the device’s resonance between 15 and 60 Hz. The
motion it causes in the polyimide structure amplifies the small tip displacement of the
bimorph into a large optical scan angle at the mirror.

Once in motion the mass of the mirror and its moment of inertia cause the hinges to

twist. This develops a restoring torque in the hinges. The restoring torque is realized as
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the bimorph tip displaces in the opposite direction of travel. In a perfect oscillator this
motion would continue indefinitely. However, in the case of the 1* generation prototype
devices there are numerous factors that cause the damped harmonic oscillation of the
device when no force is applied. Some of the factors that cause the device to stop
oscillating are the effect of air damping and the non-linear stiffening of the torsion hinges
as they twist. Driving the piezoelectric bimorph at the resonant frequency of the support
structure allows us to overcome these effects. This forced vibration causes the device to
behave more like a perfect torsional pendulum or oscillator.

These devices can produce larger lateral scan ranges at real-time imaging speeds
than previously investigated sector scanning probes. These devices have the potential to
expand the clinical utility of endoscopic OCT by enabling better detection of tissue
abnormalities and improving guidance of interventional procedures. In addition, the tip
displacement of the piezoelectric bimorph in the 1% generation devices is negligible
because the probes are driven well away from bimorph resonance and at low voltages.
This small tip displacement results in devices with a stable optical axis. Since these
devices have a central optical axis and scan laterally at real-time imaging speeds (around

30 Hz), they can easily be integrated into all types of OCT scanning systems.

3.2. 1* Generation Analytical Models

To predict the natural frequency of the device, the mirror and support structures
were modeled using one-dimensional beam theory and fundamental vibration mechanics.
This allowed for the rapid implementation of design changes to simply check the device

dimensions and the material properties to ensure the designed device would operate in the
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region of interest (approximately 30Hz). These models were developed to further
characterize the 1% generation devices but were later applied to the design of 2™
generation devices as well. The 2™ generation devices were designed to be fabricated
entirely on a single silicon wafer. The resonant frequency of the structure can be
predicted using equation 3-1 which treats the device as a mass suspended between two
equal springs [104, 108].

f, :i % eq. 3-1
27 VM

Where K is the deflection spring constant of the hinge and M is the mass of the mirror.
The torque applied to the hinges causes a twisting motion. This motion is related to the
torsion angle in the hinge. The angle at which a hinge twists is the same angle that the
mirror attached to the hinge is displaced. The deflection spring constant is determined by
treating each of the springs as a cantilever with a load at the tip.

The deflection spring constant is given by equation 3-2 [109].

3El

k eq. 3-2

Again, L is the effective length of the spring (hinges), E is the modulus of elasticity and |
is the area moment of inertia. The area moment of inertia is given by equation 3-3 which

treats the hinges as simple rectangles [109].

_bh®

= eq. 3-3
Xe 12 q

Here b represents the hinge width and h represents the thickness of the polyimide hinge.

A schematic of these parameters can be seen in Figure 3-3.

35



Ah/v Table

cutaway

Support

Hinge Length
cutaway

Figure 3-3: Hinge view for determining the polar moment of inertia of the hinge.

The angle of displacement can be predicted using equation 3-4 [110].

_TL

=— eq. 3-4
3G a

0

Where T is the twisting moment, L is the length of the torsion hinge, J is the polar
moment of inertia of the torsion hinge and G is the shear modulus. The torque is
generated by the tip displacement of the piezoelectric bimorph accelerating the mass of
the table and mirror. Equation 4 is true if the hinges are treated as uniform circular
sections. To improve the accuracy of the estimate, equation 3-5 should be used [110].
This accounts for the fact the hinges are in fact not circular.

_TL

=— eq. 3-5
KG q

0

Where K is a factor which is dependent upon the dimensions of the cross section, T is the
twisting moment, G is the shear modulus or modulus of rigidity, and L is the length of the

torsion hinge. K is the same as the polar moment of inertia when the hinges are treated as
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circular shafts. In other cases K may actually be much less than J (the polar moment of

inertia) [110]. For a solid rectangular section, K is given by equation 3-6 [110].

4
K =ab’ E—3.36E 1- b 7 eq. 3-6
3 a 12a

Where a is the width of the mirror and b is the thickness of the mirror. This leads to an
interesting discussion as to how this system should be modeled. The above model for
natural frequency does not account for the fact that the hinges are actually functioning as
torsion springs. Equation 3-7 could also be used to predict the natural frequency of the
device [109]. This formula is used to predict the frequency of a rigid body torsional
spring system.

= |25

= eq. 3-7
ooVl 1

Where x is now the torsion spring constant and J is the polar moment of inertia of the
mirror. The polar moment of inertia (J) of the mirror can be calculated using equation 3-

8 [109].
1

J=—M@*+w? eq. 3-8
B ( ) q

Where t represents the thickness of the mirror and w represents the width of the
mirror. The torsion spring constant can be determined experimentally or we can estimate

it based on equation 3-9 [111].

T

— =K €q. 3'9
) q

In this format the relationship between the applied torque and the corresponding angle

gives us the torsion spring constant. Re-writing equation 3-5 gives equation 3-10
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KG
=— eq. 3-10
L q

S K

Combining equations 3-9 and 3-10 gives equation 3-11, which is a method of estimating
the torsional spring constant.

_KG _

K eq. 3-11
L q

T
0

MATLAB was used to develop the analytical models for the device. The MATLAB
models were also used to determine a range of acceptable hinge thicknesses and hinge
widths for use in the fabrication of devices. The initial parameters for the MATLAB

simulation of the 1% generation devices can be seen in Table 3-1. The MATLARB file can

be seen in appendix A.

Table 3-1: Parameters used for the MATLAB analysis of 1% generation devices.

Parameter Value Used
Wafer Thickness 440 pum
Mirror Width 0.875,1,1.5,2 mm
Hinge thickness 3 um
Hinge width 60, 90, 120, 135, 180 um
Hinge length 250 pm
Polyimide Modulus 2.5GPa[l12]
Polyimide Density 1470 (kg/m’)[113]
Silicon Density 2400(kg/m’) [114]

To simplify the MATLAB model the table dimensions of the device are not
considered. The mass of the mirror is the primary factor that influences the resonance of
the device. The table width and height do not contribute significantly to the resonance
behavior of the devices. Using equation 3-1 as a basis for determining design parameters,
several parametric variations were chosen for the 1% generation. Table 3-2 shows the

parametric variations used for the 1* generation device.
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Table 3-2: 1* Generation device parameters selected for fabrication.

Table size Hinge Mirror Size
(in mm) width (in (in mm)
pm)
2.25x2 90 1.0
2.25x2 90 1.5
2.25x2 90 2.0
2.25x2 135 1.0
2.25x2 135 1.5
2.25x2 135 2.0
2.25x2 180 1.0
2.25x2 180 1.5
2.25x2 180 2.0
1.125x 1 60 0.87
1.125x 1 60 1.0
1.125x 1 90 0.87
1.125x 1 90 1.0
1.125x 1 120 0.87
1.125x 1 120 l.o

3.3. 1% Generation Finite Element Models

In addition to the analytical models finite element (FEM) analysis was also required.
This type of modeling gives the ability to conduct harmonic analysis on the device which
is required to predict the scan angle of the device. The structures were modeled and
simulated using a finite element analysis program (ANSYS, Inc., Canonsburg, PA).
These simulations allowed the alteration of certain dimensions of the device to achieve
the optimal resonant frequencies for use in imaging systems prior to manufacturing the
devices. Appendix A contains the code for the ANSYS batch file. FEM analysis is also
critical when determining the fabrication methods for new devices as it allows for the
calculation of stresses and strains throughout the device. With this ability it is relatively

straight forward to look for possible points of failure in the device before actually

fabricating it. Table 3-3 shows the material properties used to simulate the device.
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Table 3-3: Table of key material properties used for ANSYS modeling of 1* generation device.

Material Modulus Density Poisson’s Ratio | Piezoelectric strain
(GPa) (kg/m’) coefficient (d31)

Brass 97[115] | 8500 [115] 0.34[115] N/A
Platinum 171[115] | 21450[115] 0.39[115] N/A
Electrodes
Polyimide 2.5[112] 1470[113] 0.35[116] N/A
(Hinge Layer)
Polyimide 2.8[117] 1330[117] 0.35[116] N/A
(Support Layer)
Silicon<100> 160[114] | 2400[114] 0.22[114] N/A
PZT 63[118] 7800[118] 0.34[118] -1.9e-10 m/V [118]

Previous attempts at modeling the devices in ANSYS yielded acceptable results but

suffered from numerous unknown material properties.

Using more specific material

properties received from the manufacturer of the PZT bimorph for the piezoelectric layer

increased the accuracy of the FEM model.

Simple finite element models were used to predict the resonance frequency of the

device. Similar to the MATLAB models the ANSYS models simulated only the mirror

and hinge portion of the device. Figure 3-4 contains a screen shot of a simplified mirror

structure that was used to predict the resonant frequency of the device. The ANSYS

batch file for the simplified mirror and hinge structure can be seen in Appendix B.
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Figure 3-4: ANSYS model of a simplified mirror structure.

A batch file was created for the ANSYS simulation rather than using the Graphical
User Interface. This made running multiple simulations much faster. The batch file can
be seen in Appendix B. The first step in modeling the device in ANSYS was to develop
a working model of the PZT bimorph. This presented some challenges in that the
thicknesses of the materials used in the bimorph are not given by the manufacturer.
Using a microscope with a micrometer, the following dimensions of the PZT bimorph
were determined. Figure 3-5 is an exaggerated cross-sectional view of the piezoelectric

bimorph.
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Figure 3-5: Cross-sectional diagram a PZT bimorph with measured values.

Originally, a volume mesh was used to generate the mesh for the modal analysis of
the device. This was sufficient for modeling the prototype devices that consisted of
polyimide and silicon materials. In order to model the entire device that would be
fabricated on a single wafer and to conduct the harmonic analysis with the piezoelectric
materials a more customized mesh was needed. The line and area mesh commands were
used in the ANSYS batch file in order to assign different mesh granularities to regions of
interest in the FEM model. The improved FEM model also allowed for a more accurate
harmonic analysis of the device. The harmonic analysis required a structural dampening

ratio be given for the device. This value can be determined using the measured Q, or
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quality factor, of the device as shown in equation 3-12 [111]. The Q was determined
using Laser Doppler Vibrometry (LDV) of fabricated devices and measured values in the
lab. The Q is defined as the bandwidth of the -3dB point of the device. For the devices
in question, the Q is determined by plotting the frequency response of the device and
measuring the peak displacement. The -3dB point is then located on both sides of the
maximum and the bandwidth between the two -3dB points is measured. The ANSYS
batch file for the 1* generation device harmonic analysis can be seen in Appendix D.

1

=— eq. 3-12
20 a

/4

Initially six different prototype designs were selected for fabrication. Several
parameters (hinge width, table size, and mirror size) were varied in the prototype designs.

Table 3-4 details the dimensions of these prototype devices.

Table 3-4: Table of different prototype dimensions

Support Structure Table Size (mm) Hinge Width Hinge Thickness Hinge Length
Size (pm) (wm) (wm)
Large 2x2.25 90 3 250
Large 2x225 135 3 250
Large 2x2.25 180 3 250
Small 1x1.125 60 3 250
Small 1x1.125 90 3 250
Small 1x1.125 120 3 250

Four different gold-coated silicon mirrors were also fabricated for attachment to
the six prototype devices (0.875mm, Imm, 1.5mm, and 2mm). The mirrors are square
and are all 400um thick. Initial testing of the devices revealed that the device best suited

for real-time imaging applications (a device that operated around 30Hz) was a device
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with a large support structure, 135um wide hinges, and a 1.5mm mirror. Figure 3-6 is a
schematic of the prototype device design selected as the most suitable for use in a real-
time imaging system. Figure 3-7 is a picture of an actual prototype device. The entire
support structure of the device is made of polyimide. The mirrors are fabricated on a
separate wafer of gold-coated single crystal silicon (400um thick). The mass of the
mirror and the dimensions of the hinges can be varied to develop devices with the desired
scan deflections and frequency responses for a multitude of real time imaging

applications.
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Figure 3-6: Schematic of torsion mirror device. Hinge width of 135pm and a mirror that is
1.5mm x 1.5mm.
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Figure 3-7:1* Generation Device Picture
(a) Picture of actual torsion mirror device with the same dimensions as those in the previous
schematic, (b) side profile view of the same device, (c) enlarged frontal view of the device.

3.4. 1% Generation Fabrication

The initial prototype mirror assemblies were fabricated at North Carolina State
University in the Biomedical Microsensors Laboratory (BMMSL) using a three-layer
process on five-inch silicon wafers. A sacrificial silicon oxide layer was deposited on the
wafer prior to processing to release the polyimide structures from the wafer during post
processing. This sacrificial layer was later etched away using hydrofluoric acid (HF). To
form the thin hinge layer, a 3 um layer of photo definable polyimide (PI-2723, HD
Microsystems, Wilmington, DE) was spun onto the wafer and then patterned using
standard photolithographic techniques. Once the polyimide was patterned, it was then
cured to remove the solvents. Figure 3-8 shows the cross section of this process and a
top-down view.

The thicker supports and the table upon which the mirror is mounted were made of a

30um thick patterned polyimide layer (Durimide 32A, Arch Chemicals, Norwalk, CT).
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The Durimide 32A is not photo definable and thus required the use of dry etch techniques

to etch it.

I—I Silicon

3um 2008 a0

30pum

-

(a)

(b)

Figure 3-8: Prototype mirror device fabrication process. a) Polyimide layer 1 deposition with
associated mask b) polyimide layer 2 deposition with associated mask.

Several different device configurations were fabricated. Figure 3-9 shows several of these

devices on a wafer prior to being released.
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Figure 3-9 Picture of fabricated devices on silicon prior to being released

The 1% generation devices were not fabricated on a single wafer and required
additional processing steps to create a working device. The mirrors were fabricated
separately and then attached post-processing. The mirrors were made on a 400um thick
wafer. The wafer was oxidized and then polyimide was spun on. Once a thin layer of
polyimide was on the wafer chrome was then evaporated on top of the polyimide.
Finally, a thin layer of gold was evaporated onto the wafer. The wafer was then diced

into the appropriate sized mirrors using a dicing saw. Several different mirror sizes were
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cut to allow different variations in the six original prototype designs’ resonant frequency
to be realized. The mirror sizes cut were 0.87mm, Imm, 1.5mm and 2mm. This
particular method of manufacturing the mirrors is not desirable as it is hard to control the
stress in the thin polyimide film. As a result, the mirrors suffer from delamination of the
polyimide and of the gold. In order to prevent the delamination of the gold during dicing
Kapton tape was used on both sides of the wafer. Once the mirrors are cut it is relatively
easy to remove the Kapton tape without pulling the gold off the silicon substrate.

Once the devices were released from the wafer using the HF etching solution, the
post processing steps were begun to complete the device. A released device is relatively
easy to handle. The polyimide is not brittle. The polyimide devices are picked up with
tweezers and placed on a flat working surface under a 10-x microscope. Normally
devices are hand assembled in batches of six devices. They are affixed to the flat surface
with double stick tape to prevent movement while trying to attach the mirrors. An image
of one such device affixed with double stick tape can be seen in Figure 3-10a. The
appropriate mirror is then chosen and placed near the polyimide structure to which it will
be affixed (Figure 3-10b). A fast drying epoxy is then mixed (Double/Bubble Epoxy by
Hardman). The extra fast setting epoxy has a work time of 3-5 minutes at 75°F. Using a
very small tip, a small amount of epoxy is placed in the center of the polyimide structure
(Figure 3-10c). The gold-coated silicon mirror is then placed on top of the epoxy and
positioned with tweezers (Figure 3-10d). The epoxy does not set for approximately 3
minutes so minor adjustments in the mirror position on the polyimide support structure

are possible (Figure 3-10e).
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This method of emplacing the mirror on the support structure is a large source of
error in the manufacturing of the device. The actual amount of epoxy used on each
device is unknown and thus the overall weight of the table and mirror is unknown. The
weight is a key parameter in determining the resonant frequency of a device. Thus very
rarely did two devices have the exact same resonance. Another source of error is the
mirror position with respect to the table. Ideally, the mirror should be in the center of the
table to ensure the hinges are on the central axis of rotation. If the mirror is not centered
the scans are not linear do to the uneven distribution of the mirror weight. The final
source of error in this method deals with the epoxy itself. When putting the fast drying
epoxy on the support structure it was not uncommon to have stringers (strings of epoxy
connected to the polyimide and the tip used to emplace the epoxy). These stringers were
often hard to see and could become intertwined with a hinge. This produced very poor
linearity in the scans. The stringers could also attach themselves to the flat surface where
the devices were being assembled. When the device was moved, the stringer would pull
on the hinges and break them. Figure 3-10f shows a broken device due to a trace amount
of epoxy which affixed the device to the working surface.

There is also some vapor deposition that occurs when using the fast drying epoxy.
On several occasions, a white film formed on the hinges. This was due to the vapor
deposition of some of the epoxy or its solvents. When this occurred, it appeared to stiffen
the hinges that again led to the resonant frequencies being substantially different than

expected.
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Figure 3-10: 1* Generation Device Assembly. (a) Polyimide device affixed to working surface with
double stick tape, (b) Polyimide device with mirror ready to be attached, (c¢) Placing the epoxy on top
of the polyimide surface in preparation for affixing the mirror, (d) Placing the mirror on top of the
polyimide structures with epoxy (e) Adjusting the mirror on top of the polyimide structures prior to
the epoxy setting, (f) Device with broken left hinge due to epoxy misplacement
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With the mirrors attached to the polyimide support structure the final step is to
attach the device to the piezoelectric bimorph. The method used to affix the device to the
bimorph was double stick tape. This was sufficient as the total weight of a finished
device (2.25mm x 2mm polyimide table with 135um hinges and a 1.5mm square mirror)
was only 3.5mg. This step of the post processing was the most difficult and the most
costly in terms of the destruction of a device. Approximately 25% of the devices are
ruined during this step. First, the double stick tape was applied to the bimorph. The
bimorph was then placed on the flat working surface next to the prepared devices. The
bimorph was often attached to the flat working surface as well to ensure it did not move
while the device was being attached. Once the bimorph was in place, the device was
removed from the double stick tape securing it to the flat working surface. It is during
this step that a majority of the damage to devices occurs. If the device is removed from
the tape too quickly, the table with attached mirror will snap up thus causing a hinge
failure. It is often during this step that any small amount of misplaced epoxy will cause
problems as well. The smallest amount of epoxy will cause much the same trouble as
mentioned previously. As the device is lifted from the flat working surface, trace
amounts of epoxy can keep it connected to the working surface. When enough force is
applied, the epoxy bond is broken and the table and mirror again will spring forward
which will fracture a hinge.

Once a device is successfully freed from the working surface, it is then placed on top

of the bimorph with double stick tape as can be seen in Figure 3-11.
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Figure 3-11: Polyimide device with mirror being affixed to a bimorph actuator

This must be done slowly for several reasons. First, moving the device to quickly
can fracture the hinges as the forces generated by an individual’s arm motion are much
greater than what the device was designed to handle. Second, the device must be placed
straight on the bimorph. Once the device touches the double stick tape on the bimorph, it
is extremely difficult to position and removal from the tape usually results in the
destruction of a device. The positioning of the device must be done prior to affixing it to
the tape on the bimorph. This requires a significant amount of attention and focus using
the microscope as well as a very steady hand. Once the device is attached to the

bimorph, it is much easier to manipulate and is not as prone to damage.
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3.5. 1* Generation Characterization procedures

The optical displacement of the 1* generation micromirrors was determined by using
a calibrated target with a grid printed on it. This target was placed a known distance from
the mirror. A 3mW HeNe laser was reflected off of the mirror and scanned across the
target. A schematic of this setup is shown in Figure 3-12. Displacements were measured
by tracing the path of the beam across the calibrated target as the bimorph was driven at
frequencies between 0 — 140 Hz and 10 — 100 volts peak to peak. In addition, scanning
devices were run under constant driving conditions of 60 volts at 16 Hz to determine their

lifetime. Simple trigonometry was used to calculate the scan angle of the mirror.

Calibrated Target

HeNe \ Pe—> A <
Laser LS ¢

D

Mirror

Figure 3-12: Schematic of the calibrated grid setup

To obtain the measurement of S a calibrated target was used and the scan length on the
target was measured.
A frequency sweep was done for each device being tested. First the voltage was set

on the sinusoidal driving function. 30V was sufficient to drive the commercial bimorph
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enough such that scans could be seen. Frequencies were swept from 0 Hz to 100 Hz in
increments of 1 Hz. The scan length on the target was measured for each step. The
longest scan corresponds to the point at which the device is in resonance. Once the
resonance of the device was determined the driving waveform voltage level was changed
while holding the frequency constant to determine what affect the drive voltage had on
the scan angle. Using this method is tedious and did not allow for the efficient
characterization of many devices. It was difficult to build a large enough data set to
make any predictions regarding the resonant behavior of the devices. This method was
found to be tedious, error prone and lacking in accuracy. Therefore, another automated
approach using a linear CCD array was investigated.

Several other methods were used in the characterization of the devices prior to being
released from the wafers. A stylus profilometer was used to verify the device
dimensions. This allowed for refinement of analytical and FEM models to account for
variations in the fabrication process. Several different scans were made of the devices.
One scan was a complete profile of the width of the device. Another scan was a complete
profile through the central y-axis of the device. Scans were made of different devices in
different quadrants of the wafer as well to verify uniform polyimide thickness across the
wafer for the hinge layers. The settings in Table 3-5 were used on the KLA Tencor P-15

profilometer.
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Table 3-5: KLLA Tencor P15 settings for scans of the devices prior to release from the wafer.

Small scans of hinges

Large scans of entire
segments of the device

Scan Speed 10 um/s 200um/s
Sampling rate 10Hz 10Hz
Multi-scan average 1 1
Applied force 1 mg 1 mg
Stylus radius 2um 2um
Range 13um 1048um
Resolution 0.0078A 0.625A

Figure 3-13 depicts the scan orientations on the device.

Figure 3-13: Trace of the KLA-Tencor P 15 profilometer scan.

The two colored lines depict the trace of the KLLA-Tencor P 15 profilometer scan of the

polyimide device prior to being released from the wafer. The yellow line represents the width profile
scan and the blue line represents the length profile scan

Lifetime testing was also conducted on several devices. These devices were set up in
the same manner as described above. The device was driven at resonance and then left

on for a predetermined amount of time. The scan length was measured periodically to

check for hinge fatigue or failure.
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3.6. 1* Generation Results

The 1% generation devices were fabricated using the parameters specified for the
original IFA actuator design [79, 104] and were not based upon the MATLAB analytical
models. The analytical models were used to predict the 1*' generation device behavior

and to validate the models against measured values. The MATLAB analytical models

were used to determine the initial design parameters for the o generation devices.

3.6.1. Results of Analytical Models.

The results of the MATLAB analytical models for the 1* generation devices are

shown in Table 3-6 below.

Table 3-6: Results of MATLAB analysis for 1** Generation Devices. All hinge lengths are 250pum.

Table size (in mm) | Hinge width | Mirror Size MATLAB predicted
(in pm) (in mm) Resonance (in Hz)
225x2 90 1 30.30
225x2 90 1.5 15.47
225x2 90 9.25
225x2 135 1 37.25
225x2 135 1.5 19.02
225x2 135 2 11.35
225x2 180 1 43.07
225x2 180 1.5 22.00
225x2 180 2 13.13
1.125x 1 60 0.87 30.44
1.125x 1 60 1 24.60
1.125x 1 90 0.87 37.49
1.125x 1 90 1 30.30
1.125x 1 120 0.87 43.40
1.125x 1 120 1 35.08
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3.6.2. Results of Finite Element Analysis Models.
The results of the ANSYS finite element modeling for the 1% generation devices are

shown in Table 3-7.

Table 3-7: Resonant frequency of 1st generation devices based on ANSYS simulations

Table size Hinge width Mirror Size Resonance

(in mm) (in pm) (in mm) (in Hz)
2.25x2 90 1 32.44
2.25x2 90 1.5 16.81
2.25x2 90 2 10.12
2.25x2 135 1 42.15
2.25x2 135 1.5 21.85
2.25x2 135 2 13.14
2.25x2 180 1 51.87
2.25x2 180 1.5 26.89
2.25x2 180 2 16.18
1.125x 1 60 0.87 31.54
1.125x 1 60 1 25.63
1.125x 1 90 0.87 39.91
1.125x 1 90 1 32.45
1.125x 1 120 0.87 48.02
1.125x 1 120 1 39.04

These results of the ANSYS simulation agree with the simplified MATLAB models.

Table 3-8 is a comparison of the results of the two methods.
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Table 3-8: Comparison of MATLAB and ANSYS results for 1* generation devices

Table Hinge Mirror MATLAB ANSYS Difference Error
size (in width (in Size Resonance (in Resonance (in (in Hz) (%)
mm) pm) (mm) Hz) Hz)

225x2 90 1 30.30 32.44 2.14 6.60
2.25x2 90 1.5 15.47 16.81 1.34 7.97
2.25x2 90 2 9.25 10.12 0.87 8.60
2.25x2 135 1 37.25 42.15 4.9 11.63
225x2 135 1.5 19.02 21.85 2.83 12.95
225x2 135 2 11.35 13.14 1.79 13.62
2.25x2 180 1 43.07 51.87 8.8 16.97
225x2 180 1.5 22.00 26.89 4.89 18.19
225x2 180 2 13.13 16.18 3.05 18.85
1.125x 1 60 0.87 30.44 31.54 1.1 3.49
1.125x 1 60 1 24.60 25.63 1.03 4.02
1.125x 1 90 0.87 37.49 3991 242 6.06
1.125x 1 90 1 30.30 32.45 2.15 6.63
1.125x 1 120 0.87 43.40 48.02 4.62 9.62
1.125x 1 120 1 35.08 39.04 3.96 10.14

The largest discrepancies between the MATLAB and ANSYS models occur with
hinge widths of 120um and larger. This is due to the meshing configuration used in the
ANSYS model. While the individual mesh segments do not exceed the length/width
tolerances of ANSYS, they are not ideal and have a rather high ratio of length/width
(90:1). This high ratio can lead to errors in the finite element calculations. A screen shot
of a sample mesh can be seen in Figure 3-14. The image shows the ANSYS mesh

models for the Imm mirror. The hinges in the model were 250um long, 90um wide and

3um thick.
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Figure 3-14: ANSYS model of the polyimide micromirror device with a Imm mirror attached

Another source of discrepancy is the fact that the MATLAB models do not account
for the table dimensions. The table is larger than the mirror thus a more complex
description of the mass/spring system is needed to fully describe the polar moment of
inertia. The MATLAB model assumes that the tilting mirror structure is a simple square
while ANSYS accounts for the more complex shape (more like a square hat with a square
brim).

While the two models closely agreed, the measured resonance of several fabricated
prototype devices yielded resonant frequencies significantly higher than predicted. As an
example, the MATLAB model predicted a resonant frequency of 19.02 Hz for a device
with 135um hinges and a 1.5mm square mirror. This did not closely match the measured

result of 33 Hz for a similar device. The same was true for the ANSYS models. There
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were several possible reasons for the models being inaccurate. Based upon the sensitivity
analysis discussed earlier, the most likely parametric variations to affect the resonant
behavior were the modulus of the polyimide and the hinge thickness.

After reviewing the data sheets for the PD2732 polyimide it is evident that its elastic
modulus varies greatly with cure time and cure temperature. The ideal modulus would be
2.5GPa, which was the value used in the models. However, the modulus could be as high
as 7.5GPa if the polyimide was not cured long enough or at a high enough temperature to
remove the solvents [116].

The assumption was also made that the hinges were in fact 3um thick. After using a
stylus profilometer to verify the device dimensions it was determined that the hinges
were not a uniform 3um in thickness. Modifying the modulus and thickness values used
in the ANSYS and MATLAB models resulted in values that were much closer to
measured values. These measurements and modified modeling results will be discussed
in the fabrication results section of this chapter. Additional factors also influence the
behavior of the device. Additionally, other sources of error are introduced in the
fabrication of the devices. The fabricated device variations will be discussed further in
the fabrication results portion of this work.

A harmonic analysis in ANSYS requires that a damping ratio be given. An initial
attempt at predicting an appropriate damping ratio did not yield acceptable results. One
method in which to determine the damping ration is to use the quality factor (Q) of the
device. An attempt to determine the Q of the device was made by using laser Doppler
Vibrometry (LDV). Figure 3-15 shows the result of this analysis. From these results it

was not possible to determine an accurate Q of the device.
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The low frequency of the device was very close to the noise floor of the LDV. Thus

it was difficult to determine the device resonance with the ambient noise.

Laser Doppler Vibrometery (LDV) of prototype
device
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Figure 3-15: LDV of 135um hinge device with a drive voltage of 5V .. Note the red arrow
indicates the device’s primary resonance.

Instead, the results from a frequency sweep measured on the calibrated target were
used to determine an average value for Q. Q was determined to be 6.5 which gives a
damping ratio of 0.0769. Figure 3-16 shows an example frequency sweep plot to

determine Q. For this particular device the Q was determined to be approximately 6.5.
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Frequency vs. Angle
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Figure 3-16: Plot of frequency vs. Angle of a 135pm hinge device driven at 30 Volts. The natural
frequency of this device is 35Hz.

The harmonic analysis done in ANSYS required the entire structure to be modeled
rather than the simplified models which were used to predict resonant frequencies.
Figure 3-17 shows the model used for the harmonic analysis of a 1% generation device.
The tip displacement of the mirror at resonance is then used to determine the maximum
optical scan angle. The results of this analysis can be seen in Figure 3-18. From the
graph it is easy to see that the largest displacements of the mirror occur at approximately
31Hz. This matches with the measured values of a device with 135um hinges and a

1.5mm mirror attached.
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Figure 3-17: 1% generation device model used for ANSYS harmonic analysis of a 135um hinge
device with 1.5Smm mirror attached. The attached bulk piezoelectric bimorph is 32mm long.

(x10%+-4}

Figure 3-18: Graph of the ANSYS harmonic analysis result of a 135pm hinge device with 1.5mm
mirror attached. The corresponding angle based upon this analysis was 54 degrees.
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3.6.3. Results of Fabrication.

The completed devices were released from the sacrificial layer by Dr. Jason Zara at
Duke University. Initial testing indicated that the released device parameters were not
the same as those used in the models. A stylus profilometer was used on a wafer of
unreleased polyimide structures to determine the actual parametric values.

Figure 3-19 shows one cross section scan of a hinge where the thickness was 2.8um
while Figure 3-20 shows another cross sectional scan of a hinge where the thickness was
3.3um. There is a significant difference in polyimide thickness between devices,
specifically those on different wafers. Again, this difference could be due to spin speed,

exposure time, cure time, cure temperature or a combination of the aforementioned items.

Cross Section Scan of 135um Polyimide Hinge
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Figure 3-19: Stylus profilometer scan of polyimide thickness (2.8 pm)
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135um Hinge Width Scan

Polyimide Thickness (um)

Scan Length (um)

Figure 3-20: Stylus profilometer scan of polyimide thickness on a different wafer (3.3pm)

From the results of the profilometer scan it is also obvious that the hinge is not a thin
beam as modeled but more of an I-beam. This will affect the hinge stiffness as well and
impact the accuracy of our models. Several other measurements were also taken with the

KLA-Tencor P-15 profilometer and can be seen in Figure 3-21.

Multiple Polyimide Thickness Scans
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Figure 3-21: Plot of hinge thicknesses of un-released devices (1* generation) at various points on
the wafer.
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The profilometer results showed a large deviation from the specified device
parameters in terms of the thickness of the polyimide. The hinge layer should have a
thickness of 3um. After sampling multiple devices on several different wafers it was
determined that the hinge thickness varied from 2.6pum to 3.3um. The thicker polyimide
layer was determined to range from 22.5pum to 26pum in thickness rather than 30um (as
specified in the design parameters). The results of multiple profilometer scans of
different devices and the polyimide hinge layer thicknesses shows that the actual
thickness varies between 2.8um and 3.3um with a standard deviation of 0.12um. These
thicknesses varied enough to have a significant impact on the device models.

Based on the characterization of the polyimide thickness it is assumed that there
were large variations in the processing parameters used in the fabrication of these
devices. As such Young’s modulus is also most likely not the same as specified in the
design specifications. According to the manufacturer’s data sheet Young’s modulus of a
fully cured polyimide should be 2.7Gpa [119]. If the polyimide is not fully cured,
Young’s modulus can be much higher (7.5GPa).

After analyzing these variations in both hinge thickness and elastic modulus, the
parameters used in the MATLAB and ANSYS models were modified. Based upon the
measured values hinge thicknesses, the values used in the models was changed to 3.3um
to more closely match the thickness of the polyimide used in the hinges of the device.
The Young’s modulus used for the models was also changed to 3.6 GPa which represents
the midpoint of published polyimide moduli. This accounts for less than ideal curing

conditions. Table 3-9 shows the new values used for the simulations. These changes
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greatly reduced the error in the simulations. Table 3-10 shows a comparison between

measured and predicted values for the prototype devices using the initial values.

Table 3-9: Updated values used for the simulations. Changes are shown in yellow

Material Modulus Density Poisson’s Ratio | Piezoelectric

(GPa) (kg/m’) strain coefficient
(d31)

Brass 97 8500 34 N/A

Platinum 171 21450 .38 N/A

Electrodes

Polyimide 3.6 1470 35 N/A

(Hinge Layer)

Polyimide 2.8 1330 35 N/A

(Support

Layer)

Silicon 160 2400 22 N/A

PZT 66 7500 34 -1.9¢-10 m/V

Table 3-10: A table comparing predicted and actual resonance of the 1% generation devices.

Table size | Hinge | Mirror MATLAB ANSYS Measured
(in mm) width Size (in predicted predicted | Resonance (in

(in pm) | mm) Resonance Resonance | Hz)

(in Hz) (in Hz)

225x2 90 1 47 41 43
225x2 90 1.5 24 24 25
2.25x2 90 2 14 15 Not Measured
225x2 135 1 58 54 55
225x2 135 1.5 29 32 32.5
225x2 135 2 17 20 16
225x2 180 1 67 66 64
225x2 180 1.5 34 39 38
2.25x2 180 2 20 24 Not Measured
1.125x1 | 60 .87 48 48 Not Measured
1.125x1 | 60 1 38 39 41
1.125x1 |90 .87 59 61 Not Measured
1.125x1 |90 1 47 50 Not Measured
1.125x1 | 120 .87 68 73 Not Measured
1.125x 1 | 120 1 55 60 Not Measured
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3.6.4. Results of Characterization.
1** generation scanning mirrors have demonstrated optical scan angles up to 97° at
frequencies ranging from 15-60 Hz and drive voltages ranging from 15-60 V. Figure

3-22 is an image of a scanned HeNe beam on the target.

Figure 3-22: Scanned HeNe beam on target. Mirror is 25 mm from the target. Large support
structure with 135um hinges. Driving voltage was 40V .. Resonant frequency was 33Hz.
Approximate scan angle is 85 degrees.

Figure 3-23 shows a 1*' generation device in operation.

(a) (b)

Figure 3-23: (a) Device at rest (b) Device in motion
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Table 3-11 shows the results of several different devices as compared with the

ANSYS models.
Table 3-11: Table of actual 1 generation device scans vs. ANSYS predicted scans
. . ANSYS
Bimorph erro.r Hlonge Scan Scan Modeled | Measured
Dimension | Width | Voltage | Range
Length (mm) (mm) (um) (degrees) range |Resonance| Resonance
H g (degrees)
32 1.5 135 30 42 56 32 35
27 1.5 135 40 74 54 32 33
32 2 135 60 71 57 20 16
Reliability testing has been conducted on the 1* generation devices. Multiple

devices were operated for over 1 million cycles each with no signs of plastic deformation
of the hinges or change in the device resonance behavior. The table below shows the

results of reliability testing on several devices.

Table 3-12: Device reliability testing results for 1* generation devices.

Bimorph Ml.r ror Hl‘nge Scan Angle | Resonant Drive Cycles
length suze Width (degrees) |frequency (Hz) Voltage (million)
(mm) | (mm) | (um) (Vop)

8 1 60 28 30 80 2.6
8 1.5 90 26 25 80 1.8
32 2 135 71 16 60 1.2

This is more than sufficient for use in a device that is expected to be disposable. The
structure was also tested in various orientations to ensure that there was minimal if any
loss of scan range based upon orientation. The number of cycles that each device
operated for shows that the devices can be operated continuously for a 24-hour period
without failure of the hinges. This further improves the devices application for real time
imaging applications.

The assembled devices are extremely fragile due to the large mass suspended

between the two torsion hinges. Numerous devices were broken just in transporting them
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from one lab bench to another. Any type of impact results in hinge failure. This
characteristic is undesirable. With no mass on the polyimide support structure the hinges
are extremely resilient. A reduction in the mass of the mirror would greatly improve the

ability to handle the devices.

3.6.5. Results of Imaging.

The fabricated devices were inserted into the scanning arm of existing OCT systems
at GWU. The 1* generation devices were placed in both a RSOD (TD) OCT system and
well as a SD-OCT system. The RSOD OCT system utilizes a super-luminescent diode
with a center wavelength at 1304 nm and a bandwidth of 51.6 nm, resulting in a
coherence length of 14.5 um. A 2 mm diameter fiber collimator with a 20 um spot size
and a 5 mm focal distance was used to couple the infrared light to the scanning mirror.
The resonant scanner in the RSOD system resonates at 4 KHz, so it creates 8000 axial
lines per second when both forward and backward scan directions are used to create the
image. The scanners were driven with a voltage of 20 V at a frequency of 12 Hz,
resulting in images with a lateral scan range of 5 mm. Images were also made with drive
voltages of 37 V at a frequency of 33 Hz, which produced images with lateral scan ranges
of 10 mm.

Figure 34 shows preliminary in vivo images of human fingers acquired with the
polyimide amplified bimorph scanner in the scanning arm of an RSOD OCT imaging
system. Figures 34 and 35 were made with a drive voltage of 20 V at a frequency of 12

Hz, and a lateral scan range of 5 mm.
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Figure 3-24: Preliminary in vivo images of human fingers acquired with the 1* generation
polyimide amplified bimorph scanner in the scanning arm of an RSOD OCT imaging system. The N
represents the nail, C represents the cuticle and F represents the finger itself. The image was made at

12 Hz using a large device.

Figure 3-25: Preliminary in vivo images of the underside of a human finger acquired with the 1%
generation polyimide amplified bimorph scanner in the scanning arm of an RSOD OCT imaging
system. The D represents the dermis and E represents the epidermis. The image was made at 12Hz
using a device with 135pm wide hinges and a 2mm mirror.

Due to limited line rates and SNR issues, the probes used to make these images have
scan ranges and imaging speeds that are higher than desirable to make high quality

images using the time-domain RSOD system. The maximum number of lines that were
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able to be captured with the RSOD system were limited by its speed. Thus the image
quality is poor and is below state-of-the-art OCT systems.

The 1% generation devices were also used in a spectral domain OCT system to
make images. These images have a much better quality than those from the RSOD
system which demonstrates that the devices are capable of producing better images in a
state of the art system. Figure 3-26 is an image taken using the SD-OCT system. The
quality is markedly improved over images taken with the RSOD system. Notice the

improved S/N ratio which allows for better definition of the dermis and epidermis layers.

Figure 3-26: SD-OCT images made with the 1* generation polyimide microscanner inserted into
the scanning arm: (a) in vivo image of the finger F, cuticle C, and fingernail N made with a large
scanner at 25 frames/ s, (b) in vivo image of the underside of the finger showing the dermis D,
epidermis E, and dermal ridges R made with a large scanner at 25 frames/ s, (c) in vivo image of the
finger F, cuticle C, and fingernail N made with a small scanner at 31 frames/ s, and (d) in vivo image
of the underside of the finger showing the dermis D, epidermis E, and sweat glands S made with a
small scanner at 41 frames/ s. [30]

These results were encouraging but the assembly process for the 1% generation
devices introduced significant variations into the performance of each device. The results

are not repeatable in that it is very difficult to make two scanners that work at the same
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frequency due to fabrication variations, epoxy deposition, mirror placement, and device
placement on the bimorph. The single wafer fabrication process used for the 2™
generation devices greatly reduced this error and will enable devices to be made that are

much more repeatable and can be easily mass produced.
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Chapter 4. 2" Generation Mirrors

4.1. 2" Generation Analytical Models

Based upon initial tests of the 1** generation devices, key parameters were modified
and again used to refine the 2™ generation device design. The parameters used in the

MATLAB analysis for the 2™ generation single wafer devices can be seen in Table 4-1.

Table 4-1: Table of values used for analytical analysis in MATLAB for the 2" generation devices.

Parameter Value Used
Wafer Thickness 500 pm
Mirror Width 0.8, 1 mm
Hinge thickness 3 um
Hinge width 60, 135 uym
Hinge length 200, 250 um
Polyimide Modulus 2.0 GPa

To determine the acceptable parameter deviations during fabrication a sensitivity
analysis was done on the key parameters affecting resonant frequency in the 2™
generation devices. The analysis was based on the nominal parameters given in the
above table. From this analysis it was determined that the resonant frequency of the
device was most sensitive to variations in hinge thickness. The sensitivity analysis was
conducted by holding all but one parameter constant. The parameter in question was then
varied by +/- 50 % of the design value. For all parameters except the hinge thickness a
1% change in the parameter value resulted in an approximately 0.5% change in the
resonant frequency. For the hinge thickness parameter a 1% change in the thickness
resulted in a 1.4% change in the resonant frequency. It is apparent that the hinge

thickness must be carefully monitored during fabrication as a slight deviation from the
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nominal parametric value can cause rather large deviations from the desired resonant

frequency. The device parameters selected for development are in Table 4-2.

Table 4-2: 2" Generation device parameters selected for fabrication.

Cantilever Hinge Length Hinge Width Mirror Size
Length (mm) (um) (um) (mm)

2 200 60 0.8

2 250 90 0.8

3 200 60 0.8

3 250 90 0.8

4 250 90 0.8

4 200 60 0.8
1 250 135 1
1(dual) 250 135 1
1 (triple) 250 135 1
2 250 135 1
2 200 90 1
2 (dual) 250 135 1
3 250 135 1
3 (triple) 250 135 1
3 (dual) 250 135 1

4.2. 2" Generation Finite Element Models

The 2™ generation devices included filets on the hinges in an effort to make them
more robust. The 1% generation devices did not have filets. This caused a significant
amount of stress at the attachment point to both the mirror and the support structure. The
1** generation hinges tended to fracture rather easily while handling. The filets should
reduce the stress at the attachment points and ultimately yield a more robust device.
Figure 4-1 contains a screen shot of the improved mirror design with fillets. The ANSYS

batch file for the improved hinge and mirror design can be seen in Appendix C.
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Figure 4-1: ANSYS model of simplified device structure with fillets.

The 2™ generation device batch file can be seen in Appendix E.

4.3. 2"! Generation Fabrication

The single wafer micromirror device fabrication (Z“d generation) was done at the US
Army Research Labs (ARL) in Adelphi, Maryland. The selection of an appropriate
substrate was straightforward when keeping the end-state for the devices in mind. A
double side polished test grade Silicon wafer was selected. A Silicon-on-Insulator (SOI)
design was considered originally but the fabrication process would be greatly
complicated with the use of such an SOI wafer. The insulator would need to be removed
from the backside of the hinges, which would require another wet etch step. This was

undesirable and thus a simple Si test grade wafer substrate was chosen. The fabrication
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process required the building of a PZT actuator followed by the mirror support structure
and torsion hinges (polyimide layers).

The basic components of a simple piezoelectric cantilever are the elastic layer, the
bottom electrode, the piezoelectric ceramic, and the top electrode. This was in essence
the same design used for the micromirror actuator component. All of the device layers
required a photolithography mask for patterning. These masks were created in AutoCad.
Once completed, the AutoCad file is sent to Photo Sciences Inc. in Torrance, CA. Photo
Sciences offers a FastTrack service with a mask turnaround time of 48 hours. The masks
are chrome on soda lime.

The elastic layer (oxide) was deposited via a plasma enhanced chemical vapor
deposition (PECVD) technique. The deposition parameters for this step are shown in the
following table. A Plasma Therm 790 was used for the PECVD. Using the parameters
given in Table 4-3, the deposition rate was found to be approximately 360A/min. An
elastic layer of 1000A was specified in the design thus an initial time of 3 minutes was

specified for the process.

Table 4-3: Process Flow Parameters

Tool Material | SiH, He N,O Pressure T °C | Power Time Mask
in5% | (scem) (scecm) (mT) W) (s)
He
(sccm)
Plasma
Therm SiO, 70 93 390 900 250 25 180 N/A
790

Following the PECVD a rapid thermal anneal was done at 700°C in flowing N, at
approximately 5 sccm for 60 seconds to eliminate loosely attached hydrogen ions. At
this point, the thickness of the oxide was measured as well as the stress. The oxide

thickness varied between 935A and 1080A while the stress varied between -16MPa and -
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28MPa. The film thickness was measured using a JA Woollam M-2000F multi-
wavelength, multi-angle ellipsometer. Measurements were acquired using a linearly
polarized incident beam (240 nm to 1000 nm ). The elliptical polarization of the reflected
light was then determined.

The next step was the base electrode deposition, which was deposited by DC
magnetron sputtering using a Unaxis Clusterline 200 multi-chamber clustertool. The
base electrode layer consists of two components; a titanium thin film and a platinum thin
film. The initial thin film of titanium served as an adhesive layer for the subsequent

layers. Table 4-4 shows the tool parameters used for the base electrode process.

Table 4-4: Base Electrode deposition tool parameters

Tool Material Ar (sccm) 02 (scem) I(’;le;zlzi;e Temp (°C) Power (W)
Unaxis
Clusterline Ti 30 0 5 500 1000
200
Unaxis
Clusterline Pt 50 0 5 500 500
200

The next step in the actuator build process is the deposition of the PZT thin film. This
was accomplished using a sol-gel technique.

The PZT thin films were prepared via a metal organic solution chemistry process
modified from the one outlined by Budd, Dey, and Payne [120]. The solution preparation
was modified at the Army Research Labs and is detailed in [121-123]. The solution was
dispensed onto the prepared substrate and then spun at 2000 rpm for 30 seconds. After
spinning, the wafer was transferred to a hot plate at 350°C, where pyrolysis removes most
of the organics after a 2 min bake. This deposition, spin, and pyrolysis step were

repeated for a total of 4 cycles. After the 4th cycle, the amorphous film was crystallized
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in a rapid thermal anneal furnace at 700°C in flowing compressed dry air (~5 sccm) for

30 seconds, resulting in PZT thickness of approximately 2500 A. This entire process was

repeated until a film thickness of approximately lpum was reached. The final film

thickness was measured with a multi-wavelength, multi-angle ellipsometer. Following

the deposition of the PZT the top electrode was deposited using a process similar to the

base electrode. Table 4-5 shows the deposition tool parameters used for this step.

Figure 4-2 shows a schematic of the completed cantilever stack including the oxide

(elastic layer), base electrode, PZT, and top electrode.

Table 4-5: Top Electrode deposition tool parameters

. Ar o Pressure Temp Power
Tool Material 2 o
(scem) | (scem) (mTorr) (°C) (W)
;J(;l(;ams Clusterline Pt 50 0 5 500 500

Figure 4-2: PZT stack deposition (From the bottom up - Si Wafer [grey], Oxide[10], TiPt[blue],
PZT|green], Pt[blue])
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The next step was the patterning of the actual actuators. Up until this point all
depositions were planar and no etch was necessary. An argon ion mill was used to define
the top electrode. Clariant AZ 5200 photoresist was used as the photoresist for this step.
An approximately 2pm thick layer of the photoresist was deposited on the wafer and
cured at 110°C. The photoresist was patterned using a Karl Suss MA/BA-6 mask aligner.
The photoresist was developed using a Karl Suss ACS 200 resist cluster tool. Following
the development of the photoresist, the wafer underwent a descum procedure to remove

any remaining photoresist. The parameters for the descum procedure can be seen in

Table 4-6.
Table 4-6: Descum tool parameters
Tool o Pressure Temp Power
(Sccin) (mTorr) (°C) (W)
Metroline
(ML4) 200 525 70 200

After this step, the photoresist underwent a ultra-violet (UV) curing process. This process
was at 200°C for 30 seconds and was done to reduce the potential of the top metal
(platinum) from being re-deposited during the subsequent ion milling process. High
temperature curing of photoresist can improve the resistance of the photoresist to damage
during reactive ion etching and ion implantation processes. The UV curing process
removes the solvents in the resist and leaves a completely homogenous cross-linked
resist. This process minimizes the potential of etched non-volatile species from being
embedded in the resist and is explained in detail in [124]. The exposed metal layers were
removed using a Commonwealth Scientific argon ion mill. The milling was

accomplished using the parameters listed in Table 4-7.
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Table 4-7: Ion Mill tool parameters

Cathode Cathode Discharge Discharge Beam Beam
Tool Ar (sccm) Voltage(V) Current Voltage Current Voltage Current
(mA) (\2) (mA) (\2) (mA)
Commonwealth
Scientific argon ion 10 11.5 14 40 2.5 500 300
mill
Accelerator Acccue:izfl:or Neutralizer V(l?lltzsge Pressure Rotation
Voltage(V) (mA) current (mA) W) (mT) (rpm)
100 34 500 36 0.7 5

The angle of incidence was manually set to 85 degrees for the bulk of the milling

procedure.

To minimize re-deposition on the sidewalls of the resist, for the final 30

seconds the angle was set to 50°. After the ion mill, the resist was ashed using the

parameters detailed in Table 4-8.

Table 4-8: Ash tool parameters

(0] Pressure Temp Power
Tool (scc:n ) (mTorr) (°C) (W)
Metroline
(ML4) 500 1000 160 400

A schematic of the device following the ash step can be seen in Figure 4-3.

Figure 4-3: A schematic of the device following the top metal etch process step with the

associated mask schematic on the right.
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The same process described above was repeated using a different mask to pattern the
remaining PZT and bottom electrode using the ion mill. The final time allotted to ion
mill at 50° was increased to 45 seconds due to etch depth. Again, after completion of the
ion mill the resist was removed using the ash procedure discussed previously. Figure 4-4

represents a schematic of the device following the ion mill and ash steps.

Figure 4-4: A schematic of the device following the ion mill process step to remove PZT and
bottom metal with the associated mask schematic on the right.

To expose the bottom electrode an area of PZT needed to be removed to allow for
the deposition of a bond pad for the bottom electrode. This was accomplished using
AZ5214 photoresist and a reverse image technique. After the wafer was patterned with
resist it was immersed in a wet etch bath of H,O:HCI:HF (2:1:0.04). Following the etch,
the wafer was cleaned and the previously discussed ashing procedure was used to remove
the photoresist. A schematic of the device following the PZT wet etch step can be seen in

Figure 4-5.
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Figure 4-5: A schematic of the device following the wet PZT etch to expose the bottom electrode
with the associated mask schematic on the right.

Prior to the structural components of the micromirror (polyimide) being deposited it
is necessary to remove the oxide from the areas that will be etched during the final DRIE
step as well as the areas where the hinges will be deposited. If the oxide remains under
the hinges, the effective stiffness of the hinges will be increased and the devices will have
a much higher resonance than their design specifications require. In addition, the oxide
will most likely fracture when the torsion hinges are in motion. This fracture in
combination with the increased stiffness will yield non-linear scan geometries in the
devices. A positive photoresist was used for this step.

Table 4-9 lists the tool parameters for this step. Figure 4-6 shows a schematic of the
device following this step. Prior to being placed in the LAM the descum procedure

discussed previously was used.
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Table 4-9: Oxide etch tool parameters

CHF Helium Pressure Power
Tool (sccms) CF, (sccm) (sccm) (Torr) (W)
LAM 590 30 90 170 2.8 800

Figure 4-6: A schematic of the device following the oxide etch with the associated mask
schematic on the right. The only oxide remaining is the oxide under the actuator structure and a
small square area that serves as an adhesion promoter for the polyimide mirror attachment.

Following the oxide removal, a backside clean was necessary to prepare the wafer
for the Au deposition on the backside. The backside Au deposition will serve as the
mirror surface. This point in the fabrication process was the most appropriate for such a
process. The front side of the wafer (device side) was protected using 9245 photoresist.
This resist was deposited and cured but not patterned. It serves as a protective coating
while the backside of the wafer is submerged in a wet etch solution of H,O:HCI:HF
(2:1:0.04) for 8 minutes to remove PZT or other products that were left on the backside

of the wafer following the initial processing steps.
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After this step, the top bond pads were deposited using a reverse image photoresist
technique that involved AZ 5214. The 5214 was patterned and then an additional oxide
etch was performed in the LAM to ensure no thin films existed on the Pt electrodes prior
to the Ti/Au (200 / 1800 A) deposition. The deposition was accomplished using a CHA.
Following the deposition a liftoff technique was done in a bath of acetone using 10s of
ultrasound to assist. A schematic of the device following this step can be seen in Figure

4-7.

g

Figure 4-7: A schematic of the device following the top and bottom electrode bond pad
depositions with the associated mask schematic on the right.

The next step was the deposition of the first structural layer of polyimide. HD8820 was
chosen for the polyimide material due to its low modulus as well as its photo definable
capabilities. To reliable achieve depositions of less than 4um it is necessary to use a
thinning agent. HD 8820 is normally stored at 0°C. To thin the HD8820 it was first be
brought to room temperature. 50 ml of HD8820 is transferred to a 60ml bottle. This
bottle is used to protect the photo definable material from light exposure during transport.

2.5ml of T9039 is added to the 60ml container containing the HD8820. The container
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was then capped and inverted to mix the contents. The bottle was then turned several
times over a 10-minute period to ensure a complete mixing. The deposition parameters

for the thinned HD8820 are shown in Table 4-10.

Table 4-10: Polyimide layer 1 process parameters

Spread . Spin
. Dispense Ramp spin Sp.read Spin Time
Tool Material method Speed speed time Speed (sec)
(RPM/sec) (RPM) (sec) (RPM)
Solotech HD&820 Static
Spinner | (Thinned) | (Manual) 250 500 10 4000 30

Following the deposition of the initial polyimide layer, the wafer was soft baked on a
hotplate at 126°C for 180 seconds. After the soft bake, the wafer was patterned using the
polyimide layer 1 mask and exposed at Low-Vac for 15 seconds on the aligner. A Karl
Suss MAG aligner was used for all photo work. After exposure, the wafer was developed
in AZ MIF 312 developer using a 1:1 mix with DI water. 100ml of 312 was used for the
initial soak. Mild agitation was used while the wafer was soaked for 120 seconds. After
a DI rinse and inspection, an additional 60-second soak was done in the 312 mix.
Following the second soaking, another DI rinse was done and the wafer was dried using a
low-pressure nitrogen gas flow. The wafer was then inspected to ensure there was no
residual polyimide left on the wafer that could affect subsequent processing steps. The
polyimide feature thicknesses were then inspected using the Tencor P-15 profilometer. A
step height program was used to verify uniform deposition across the wafer as well as
desired feature height. Typical uncured thicknesses measure approximately 3.6um using
the spin deposition technique discussed above. After verification of the feature height,
the polyimide was cured using a hard bake technique on hotplates. It was determined that
a convection oven with nitrogen purge would not be appropriate for this step. The
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convection oven often cured the top portion of the polyimide first. This prevents
subsequent layers from out-gassing. The resulting cured polyimide contained bubbles
and other non-uniformities. For the thin layer deposition, this critical flaw would
significantly affect the hinge functionality. Hotplates were determined to be a better
method that would allow the temperature to be increased at a controlled rate to allow a
uniform out-gassing of the solvents in the polyimide. The hotplate used was a Bidtec
Model SP100 with a WATLOW 93 controller. This reduced thermal stresses that added
to the delamination problem in previous fabrication attempts. The ability to ramp the
temperature on the hotplate also aided with the out-gassing of the precursors in the
polyimide. The convection oven method caused the top of the features to be cured first
causing bubbles in the device as out-gassing continued throughout the depth of the wafer.
The method for the hot bake plate was as follows. First, a low temperature soft bake was
done again at 160°C for 180 seconds. The hotplates were then ramped to 350°C. The
ramping process took 450 seconds. Once at 350°C the wafers were cured for an
additional 450 seconds at a constant temperature of 350°C. The wafers are then removed
from the hotplate and cooled on a pyrex beaker to slow the cooling process. Normally a
steel or aluminum chuck would be used to cool the wafer. The step height is checked
again to verify that the hinge thicknesses will be within the design specification

parameters. The parameters used for the profilometer are shown in Table 4-11.

Table 4-11: KL A Tencor P15 Profilometer settings for step height measurements

Sampling Multi- Applied Stylus .
Tool Scz(mnfl[;;red Rate Scan Force Radius RangeiR::)o lution
" (Hz) average (mg) (um) "
KLA
Depends on
Tencor 100 50 1 1 2 p
P15 length of scan

88




Typical thicknesses are found to be 3.0um using the procedures described in this
step. Using the thinned HD8820 yields a net film thickness change of approximately
27% from prebake to cure. This is lower than the manufacturers spin speed deposition
curve but is expected due to the use of a thinner. The manufacturer’s spin speed

deposition curve can be seen in Figure 4-8.
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Figure 4-8: Spin speed curve for HD8820 from manufacturer’s data sheet for un-thinned
HD8820.

This curve shows a net film thickness change of approximately 43% from the
prebake step to the cure step. For the fabrication of the thin polyimide layer a 27%
change was used rather than the 43% shown in the manufacturer’s data sheet. This
allowed for a final thickness as specified in the design criteria and thus validates the
process for the deposition of the thin polyimide layer. Following verification of this

design step the second polyimide layer is deposited in a similar manner to the first. A
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schematic of the device following the initial polyimide deposition can be seen in Figure

4-9.

Figure 4-9: A schematic of the device following the deposition of the first polyimide layer with
the associated mask schematic on the right.

The second layer of polyimide was deposited in much the same manner as the first.
For the second layer normal HD8820 was used to achieve the desired thickness in the

support structure. The process parameters for this step are given in Table 4-12.

Table 4-12: Polyimide layer 2 process parameters.

. Spin
. Ramp Spread Spread Spin .
Tool Material l:;il:ﬁzze Speed spin speed time Speed f;;g;
(RPM/sec) (RPM) (sec) (RPM)
Solotech | ypyggyq | Static | 550 500 10 | 1000 | 30
Spinner (Manual)

Following deposition the wafer was soft baked at 126°C for 180 seconds. The
polyimide layer 2 mask was used to expose the photo definable polyimide. The exposure

time is 45 seconds for the thicker polyimide layer. Following exposure the wafer was

developed in the same 312 (1:1 DI mix) as the thin polyimide layer was. The wafer was
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soaked with mild agitation for 180 seconds and then rinsed with DI and inspected. An
additional 120-second soak in the 312 was required. Following the second soak the
wafer was again rinsed and then dried using low-pressure nitrogen. The feature height
was checked in a similar manner to that of the first polyimide layer. Once the feature
height was verified the polyimide 2 layer was cured again using the hotplate technique
described above. First a low temperature soft bake was done again at 160°C for 180
seconds. The hotplates were then ramped to 350°C. The ramping process took 450
seconds. Once at 350°C the wafers were cured for an additional 15 minutes at a constant
temperature of 350°C. The wafers are then removed from the hotplate and cooled on a
pyrex beaker to slow the cooling process. A schematic of the device following this step

can be seen in Figure 4-10.

Figure 4-10: A schematic of the device following the deposition of the second polyimide layer
with the associated mask schematic on the right.
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After initial attempts to release the devices using a backside DRIE technique it was
determined that the initial punch through of helium damaged the hinges. To prevent this,
40um of silicon was left underneath the hinges creating a stiffer component that would
not fail during the backside DRIE. To accomplish this a top side DRIE was done with an
etch depth of 40um. A standard AZ5214 positive photoresist was patterned and the
device was placed in a Unaxis VLR 700 for the DRIE. The process parameters are
shown in Table 4-13. The process ran for 20 minutes. The etch depth was verified with
the Tencor P-15.

Table 4-13: Backside DRIE process parameters

Tool Process | C/Fg SFs (08 Ar Time | RF1 REF2 Pressure | He
Step (scem) | (scem) | (scem) | (scem) Power | Power | (mT) Flow
e W) | W (scem)
Unaxis | Dep 70 0.5 3 40 4 1 850 |20 8.63
VLR
700
Etch 0.5 50 3 40 2 16 850 |20 8.63
A
Etch 0.5 100 3 40 6 16 850 |20 8.63
B
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Figure 4-11: A schematic of the device following the top side DRIE process with the associated
mask schematic on the right.

Figure 4-11shows a schematic of the device following the topside DRIE. Following
the topside etch a backside DRIE was performed to release the devices. NR5-8000 was
used as the photoresist since a thicker resist is required to survive the long DRIE time.
The same process parameters shown in table 12 were used for the backside DRIE as well.
The VLR was run for approximately 11000 cycles prior to etching through the wafer.
Once the via etch was accomplished, approximately 40pum of Si was left on the backside
of the hinges. A XeF, etch was used to remove the remaining Si. This caused some
undercutting of the cantilever portion of the device but ultimately did not affect the

devices performance. A schematic of the finished device is shown in Figure 4-12.
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Figure 4-12: A schematic of the device following the backside side DRIE process with the
associated mask schematic on the right.

TR[ULY,
NE R

Figure 4-13: Diagram of alignment plan used for all mask sets.
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In addition to the alignment scheme shown in Figure 4-13 additional test structures
were placed on the wafer to provide the capability of determining the piezoelectric
coefficient of the PZT on each individual wafer. Small cantilever designs were also

placed on the wafer to verify the modulus of the PZT. These additional test structures

A 4

can be seen in Figure 4-14.

=N

Figure 4-14: Diagram of test capacitor structure and test cantilever structures used on all
wafers for material property verification.

4.4. 2" Generation Characterization Procedures

Previous characterization techniques and results for characterizing scanning
micromirrors were not appropriate for the o generation micromirror devices. Laser
Doppler Vibrometry was attempted but due to the large scan angles at resonance of the
devices it was impossible to accurately characterize them. In addition, the frequency
range of the devices and the speed of the devices were close to the noise floor of the LDV
instrument being used. The LDV also only allows for the characterization of the velocity

of the mirrors and the frequency response without giving any information about the angle
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or displacement of the mirror.

outside the field of view of the LDV. A new characterization system was designed to
address these current shortcomings. A block diagram of the system can be seen below in

Figure 4-15. The new system allowed a single device to be completely characterized

with respect to frequency, voltage, and scan angle.

Furthermore the angles were so large that they were

A\ 4

A\ 4

Laser Function Oscilloscope
Source Generator
A\ 4
CCD Y [S)evice 4 Camera?
Array [ tage
A A\ 4
Camera 1 » A V >
Switch

Computer/
Processor

Figure 4-15: Block diagram of the characterization system designed to automatically
characterize the newly fabricated micromirrors. The red line represents the optical path. The blue
indicates the position of the actual device.

A Dell Precision M65 laptop running Windows XP and LabView version 8.2 was
used to control the characterization system. A Virtual Instrument (VI) was designed to
automate the process of characterizing the micromirror devices. A simplified functional
block diagram of the VI can be seen in Figure 4-16. The VI controlled the voltage and

frequency sweeps used to characterize the mirror as well as the linear CCD array used to

measure the scan angle of the devices.
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Figure 4-16: Block diagram of the LabView VI designed for the characterization system.

An Agilent 33250A 80MHz function generator was used as the signal source for the
piezoelectric actuators. The function generator is capable of peak-to-peak waveform
voltages up to 10 V. This was sufficient to test newly fabricated devices. Previous
prototype devices, which used a bulk piezoelectric, require peak-to-peak voltages of up to
70V. In this case a high-power low-frequency amplifier (Dayton Audio Model HPSA
1000- low frequency amplifier) can be attached to the system to supply the proper

voltages. An Agilent 54622D mixed signal 100MHz oscilloscope was used to calibrate
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the system and verify the drive waveform for the device. The LabView VI directly
controlled the parameters for the output waveform including voltage, frequency, and
waveform type. The frequency sweep function built into the function generator was not
adequate for the characterization of the micromirrors as it did not allow the user to
modify the time it took to complete the sweep. If the sweep occurs too quickly the linear
CCD array cannot sample the beam path fast enough. A Thorlabs LC1-USB camera was
used as the linear CCD array for the characterization of the system. The array contains
3000 elements with a pitch of 7um. Thus the entire array spans a distance of 20.993mm.
The camera can do 190 scans per second with a pixel integration time ranging from lpus
to 200ms. Two additional cameras provide the ability to capture video or still images of
the device being tested. The additional cameras were Sony CCD Video Camera Modules
with NTSC video format. The cameras were connected to a Macom Industries model
AB-2 video switch. The switch was connected to a TV-USB2.0 TV Tuner Video Capture
device. The video capture could be triggered manually or via the VI in LabView in the
event of a suspected hinge failure. The entire bench top setup of the characterization can

be seen in Figure 4-17.
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Figure 4-17: Bench top setup of entire characterization system.

Figure 4-18 is a closer image of the bench top setup, which shows the positioning of
the laser source, CCD array, and the two cameras used to capture video of the device. All
of the components were mounted using a 30mm cage system by Thorlabs. The cage
system ensured the components were always properly aligned. A Thorlabs SIFC635
Fiber Coupled Laser Source was used to characterize the devices. This source allowed
for a range of output power (0-3mW). This made it easier to adjust the laser intensity to
prevent saturation of the CCD pixels. The fiber coupled source also easily mounted in

the cage system to ensure the optical beam path was parallel to the linear CCD array.
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and Device

Figure 4-18: Close up of the actual characterization section of the bench top setup. Note the cage
system and the Cambridge 6800HP galvanometer in this configuration.

A Cambridge Technology Inc. 6800HP galvanometer with a mirror attached and a
MicroMax Model 67880 servo driver were used to calibrate the system and to
experimentally determine the distance from the mirror surface to the actual CCD array.
Thorlabs did not give a distance from the glass face of the camera to the sensor array.
This distance was needed to ensure accurate measurements of the scan angles. The beam
path was aligned such that it was parallel to the array using the aiming targets and the
cage system. The Cambridge galvanometer was calibrated according to the
manufacturer’s instructions to insure a 0.5V/degree operating point. The LabView VI
was then used to control the voltage sweep using the galvanometer as the device being
tested. A laser power of 0.75mW was used for this test. The VI determined the scan
angle by scanning the CCD array and determining the maximum number of pixels
irradiated by the 0.75mW beam. This distance was then used along with the known
galvanometer angle to determine the distance from the mirror surface to the array. A
Gaussian beam profile was assumed (and was later confirmed). The plot of the pixel

span determined by the VI was then compared to the known calibrated performance of
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the galvanometer. For the results of the VI curve to fit the known operating curve of the
galvanometer, the distance from the galvanometer to the CCD pixels was determined

experimentally to be 9.1mm.

Plot of galvo scanner Vpp vs. scan angle
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Figure 4-19: Characterization system calibration using a Cambridge Technology Inc. 6800 HP
galvanometer with known operating parameters.

This distance was used all other angle calculations. Figure 4-20 shows a top down
view of the beam path with respect to the CCD array and the device being tested. Figure

4-21 shows the same setup configuration but from the camera 2 perspective.
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Figure 4-20: Top down view of the CCD array and device area of the characterization system
from the camera 1 perspective. The distance shown of 9.1mm represents the experimentally
determined distance from the center of the beam path to the actual pixel surface in the CCD array.

Calibrated
Target

Galvo
mounted
mirror

Figure 4-21: Camera 2 field of view. CCD array, calibrated target, and galvanometer driven
mirror are visible in the center.
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The cage system assured the alignment of the galvanometer with the CCD array.
With an actual device there were several additional axis of rotation that had to be dealt
with in addition to some out-of-plan bending due to residual stress in the wafers. Thus a
calibrated target was used to ensure the device was properly aligned along the length of
the linear CCD array. Figure 4-22 shows the camera 2 view of the CCD array with no

device loaded for testing.

Figure 4-22: Camera 2 field of view. CCD array is visible in the center. The total active length of the
CCD array is 20.993 mm.
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In Figure 4-23 the calibrated target used to ensure the alignment of the device with
the CCD array can be seen. This target allows the user to make minor adjustments to the

device being tested to ensure the optical path of the scanned beam follows the CCD array.

Figure 4-23: Camera 2 with calibrated target visible.

Following the calibration of the system with the galvanometer an actual device was
loaded to test the functionality of the XYZ translation stage as well was the rotation stage
for the positioning of actual devices. Figure 4-24 shows the camera 1 view of a device
loaded and ready for testing. Figure 4-25 shows the same setup through the camera 2

view.
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Figure 4-24: Camera 1 view of characterization system with newly fabricated 2" generation
micromirror device loaded.

Figure 4-25: Camera 2 view of characterization system with newly fabricated micromirror
device loaded.
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A complete characterization of a device involves stepping through a frequency range
defined by the user in increments specified by the user while holding the peak-to-peak
voltage constant. The same process is repeated at various voltage levels also specified by
the user. The VI increments the frequency up to a maximum point and then decreases it
back to the starting point for each voltage level. This allows us to plot the hysteresis
curve of the device at each voltage. Following a complete characterization of a device
the VI saves all of the pertinent data to a text file. The header information for the text file
includes the device specifications as well as all equipment parameters used for the
characterization. An example of a text file generated by the VI can be seen below.

Scan Start Time: Wed25Mar2009 11 47:36

Scan End Time: Wed25Mar2009 13 40:00
Hinge Thickness in Microns: 2
Hinge Width in Microns: 90
Hinge Length in Microns: 250
Mirror Size in mm: 0.800000
Device # 3. Verify dimensions.
Maximum scan angle occurred at the following voltage: 20
Maximum scan angle occurred at the following frequency: 73
Drive waveform used: 1
[0, 0, 0]
30.100  15.000 64.000

All the required information is requested upon the execution of the VI. Once the

user provides the required information, the VI starts the characterization. Figure 4-26

shows the VI front end of the characterization system.
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Low Frequency Resonant Scanner Characterization System

Set User Defined Values Here: Menitor System Outputs Here: System Statistics:
Waveform Shape (1: Sine) Pixel Span Voltage Loop Tterations
“Hsine 1 0 0
Max Freq for sweep Current Voltage Frequency Loop Iterations
100 0 0
. Current Frequency Total Iterations For This Characterization
‘Frequenw Step Size 3 7
Ho.01
CCD Sample Count Total Samples For This Characterization
‘Number of samples per freq step 0 0
/500
instrument handle out
‘Max Vottage for sweep s
a5
‘Voltage Step Size
dlo

Figure 4-26: User interface for the LabView VL.

4.5. 2" Generation Results

4.5.1. Results of Analytical Models.
The MATLAB models were used as the basis for determining the 2™ generation device
parameters. The variations on the cantilever length and layout in the 2" generation
devices do not significantly affect the resonance behavior of the device since the resonant
frequency of the mirror and hinges is significantly lower the mechanical resonance of any
of the cantilevers used for actuation. The cantilevers simply provide the necessary torque
to move the mirror. This simplifies the MATLAB analysis of the devices by only
considering the hinges and mirror dimensions when predicting the resonant frequency of

the devices. Of the 15 different designs for the 2" generation devices, there were only
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four distinct mirror and hinge combinations when cantilever variations were not

considered. The predicted resonance for each device can be seen in Table 4-14.

Table 4-14: MATLAB predicted resonances for 2" generation devices.

Hinge Hinge Width Hinge Mirror Size MATLAB
Length (um) (um) Thickness (mm) predicted
(um) Resonance (Hz)
200 60 3 0.8 30.23
250 90 3 0.8 33.30
200 90 3 1 26.97
250 135 3 1 29.65

Figure 4-27 shows a graph generated by MATLAB of the device resonant
frequency versus the hinge width and hinge thickness. This graph was used to determine
which device parameters met the frequency criteria for use in real time imaging
applications (28-40Hz).

Plot of Hinge Width vs Frequency for devices with various hinge thicknesses.
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Figure 4-27: MATLAB graph of various hinge widths and thicknesses with a band representing
the desired resonant frequency for the devices for use in real time imaging systems.
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4.5.2. Results of Finite Element Analysis Models.
Figure 4-28 is a screen shot of the ANSYS harmonic analysis animation of a 2™
generation device at resonance. In the screen capture of the animation the large

displacement of the mirror can be seen. Again the tip displacement of the mirror was

used to predict the scan angle of the device at resonance.
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Figure 4-28: Animation of the ANSYS harmonic analysis for a 2" generation device.

The results of the ANSYS finite element modeling for the 2™ generation devices are

shown in Table 4-15.

Table 4-15: Resonant frequency of 2" generation devices based on ANSYS simulations.

Hinge Hinge Width Hinge Mirror Size | ANSYS
Length (um) (um) Thickness (mm) (Hz)
(pm)
200 60 3 0.8 31.90
250 90 3 0.8 35.74
200 90 3 1 29.85
250 135 3 1 33.82
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The results of the finite element analysis of the 2™ generation device are in close
agreement with the MATLAB model. Again, with the larger hinge the mesh geometries
introduce some error and there is some discrepancy between the ANSYS model and the
MATLAB model. Table 4-16 shows a comparison of the MATLAB and ANSYS

models.

Table 4-16: Comparison of MATLAB and ANSYS results for 2" generation devices.

Hinge | Hinge Hinge Mirror | MATLAB | ANSYS | Difference | Error
Length | Width | Thickness | Size predicted (Hz) %
(um) (um) (um) (mm) | Resonance
(Hz)
200 60 3 0.8 30.23 31.90 1.67 5.24
250 90 3 0.8 33.30 35.74 2.44 6.83
200 90 3 26.97 29.85 2.88 9.65
250 135 3 1 29.65 33.82 4.17 12.33

Initial device testing indicated a resonant frequency of 76Hz for a device with 60um
wide by 200um long hinges and a mirror size of 0.8mm. This is significantly different
than the predicted resonance around 30Hz. Again, due to the sensitivity of the device to
changes in either the polyimide modulus or hinge thickness any change in these
parameters will significantly affect the device. Based upon the results from the device
fabrication it is known that the hinge thickness was within the design specifications. The
modulus of the polyimide is suspected of contributing to the higher frequency. The mass
of the mirror is also significantly different as discussed in the fabrication results.

Initial harmonic analysis results predict that a device with 60um wide by 200um
long hinges and a mirror size of 0.8mm should have a mirror tip displacement of

approximately 30 degrees. This corresponds to an optical scan angle of 60 degrees. The
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actual performance of the device exceeded this value slightly. Using the Q of the device
to determine the damping ratio is only an approximation and it is expected that the
performance of the actual device may vary greatly from the ANSYS model of the same
dimensions. Additionally, there are other components such as the non-linear torsional
stiffness of the hinges that contribute to the performance of the device and are not

included in the ANSY'S model.

4.5.3. Results of Fabrication.

Fabrication of the 2™ generation devices was completed at the Army Research Labs
in Adelphi, MD. Figure 4-29 shows several images of the 2" generation integrated
devices that have been modeled, designed and fabricated. These devices have polyimide
support structures with mirrors that tilt on very thin polyimide torsional hinges and are
attached to thin film piezoelectric actuators. All of these components are fabricated on a
single wafer and are removed from the wafer as completely functional devices with no

need for post-processing assembly.

Figure 4-29: Images of the completed 2" generation devices: (a) an angled view of the front side
of the completed device, (b) the back side of the device showing the electrical connection pads with a
U.S. penny as a size reference and (c) a 2" generation device next to our 1* generation hand-built
prototype scanners to show the dramatic decrease in size and fabrication difficulty.
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Initial testing of the devices yielded encouraging results. The piezoelectric actuators
provided sufficient force and displacement to excite the mirror into resonance. Upon
further characterization however it was discovered that the resonant frequency of the
devices was much higher than the desired design specifications.

It appears that these discrepancies are due to the fabrication process used. The effect
of the incomplete backside etch and the residual silicon on the backside of the hinges was
significant in that it required the use of a XeF; etch to remove the remaining silicon. This
isotropic etch not only attacked the silicon under the hinges but it also undercut the
cantilever and removed silicon from the proof mass beneath the TiAu mirror surface.
Figure 4-30 shows some of the undercut. This undercutting reduced the proof mass by
over 25%. This change in mass increased the resonant frequency of the device. This
explained some of the increase in resonant frequency but it is still not significant enough
to cause the increase seen in the characterization of the devices. Another possible

explanation for the increased frequency is a less than ideal modulus for the polyimide.
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Figure 4-30: Image of fabricated device with significant Si undercut due to XeF, final etch step
to remove Si from hinges.
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Figure 4-31: Top view of fabricated device with significant Si undercut due to XeF, final etch
step to remove Si from hinges. Original mirror design was 0.8mm by 0.8mm. Remaining silicon on
this device measures 0.6mm by 0.6mm — a 56% reduction in the mass.

Figure 4-32 shows three of the released devices. The mirror undercut is evident in
several of the devices. The TiPt/PZT/Pt cantilever delamination is also evident in the
image. The delamination of the PZT is due to several fabrication variables. The constant
of thermal expansion is significantly different between the two materials (Pt and
polyimide) as such after the final polyimide deposition and hotplate cure a significant
amount of stress exists between the two layers. Furthermore, the elastic layer (oxide) was
relatively thin and did not provide the additional rigidity required to keep the cantilever

from curling out of plane as seen in the image. The polyimide and Pt adhesion was not as
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strong as initially thought and did not prevent the out of plane curl of the cantilever stack

that can be seen in Figure 4-32.

Residual photoresist
from the backside
DRIE

Figure 4-32: Image of the backside of released 2" generation devices. These devices are 0.8mm
mirror structures with 60pm hinge widths, 200pm hinge lengths, and 4mm cantilevers.

Subsequent fabrication attempts yielded better results when a 2pum oxide layer was
deposited on the Pt electrode prior to the polyimide depositions. The addition of the
oxide layer improved the polyimide and Pt adhesion and prevented the curl and

delamination of the actuators which can be seen in Figure 4-31 and Figure 4-34.
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Figure 4-33: Image of the backside of 0.8mm mirror devices. All devices have 60pm hinge
widths, 2000pm hinge lengths. The left two cantilevers are Imm. The device on the right is a dummy
device with no actuator. Note the lack of PZT delamination on these devices due to the additional
oxide deposition step.

Polyimide layers
Hinge Bond pads

ndercut region’

Figure 4-34: Image of 2"" generation device. Key device dimensions are 0.8mm mirror, 60pm
wide hinge, 200pm long hinge, and 3mm cantilever. The significant mirror undercut due to the XeF,
is obvious in this image but due to the additional oxide there is no curling of the PZT.
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4.5.4. Results of Characterization.

Following the fabrication of the 2" generation devices and removal from the wafers,
wires were attached to the bond pads and the devices were characterized. Figure 4-35
shows close-up images of the mirror device at rest and in motion at its resonant
frequency. Optical scan ranges have been measured at more than 75 degrees at the

resonant frequency of the devices with drive voltages of 5-9 volts.

(b)

Figure 4-35: Images of the integrated scanning structures: (a) at rest and (b) in motion.

The initial results indicate that the devices have a resonance between 75Hz and 79
Hz. This frequency was well off of the initial design frequency of 35 Hz. Figure 4-36 is
a characterization curve from one of the 2™ generation devices. This scan was simply to
test the frequency response of the polyimide structures. This also allowed the use of
otherwise failed devices. A majority of the devices that did not yield during fabrication
simply suffered from delamination of the PZT and Pt. The polyimide structures and
mirror were still usable from a characterization stand point with respect to the purely

polyimide structures. The deviation from design specifications with respect to the
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resonant frequency can be attributed to the undercutting of the silicon mirror. Analytical
and FEM models were run again using the actual mirror mass and dimensions from the
fabricated devices that were characterized. These models were in very close agreement
with the observed resonant frequency of the devices. Table 4-17 shows the new model

results based upon the actual parameters of the fabricated devices.

Table 4-17: Comparison of modeled resonant frequencies using actual device parameters

Hinge | Hinge Hinge Mirror | MATLAB | ANSYS
Length | Width | Thickness | Size predicted (Hz)

(um) (um) (um) (mm) | Resonance
(Hz)
200 60 3 0.8 73.1 75.2
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Figure 4-36: Device characterization results for a 2" generation device(0.8mm mirror, 60pm x
200pm hinge, 3mm cantilever) taped to a bulk piezo driver. The piezo was driven at 10V,. The
frequency sweep utilized frequency steps of 0.01Hz (sine). The forward frequency sweep revealed a
resonance at 78.71 Hz. The reverse frequency sweep revealed a resonance at 78.56 Hz. The
maximum scan angle corresponding to this pixel span is 30.7 degrees (forward frequency sweep).
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Very little hysteresis is seen in Figure 4-36. This is due in part to the fact that the
device was being driven by a much larger piezoelectric well below its normal operating
voltage (70V) and resonant frequency (212Hz).

The initial design parameters indicated that a hinge thickness of 3.0um, a hinge
width of 60.0um, and a hinge length of 200.0um would be sufficient to achieve resonance
behavior at 30Hz. The polyimide thickness of 3.0um was verified during the fabrication
process as described previously. In general, the uniformity of the deposition across the
wafer was good and varied by less than 0.1pm. Several other fabrication factors affected
the resonant behavior of the devices. During fabrication it was discovered that the
backside DRIE helium pressure was great enough to destroy the hinges when the silicon
was removed. Thus the fabrication steps were modified to include an initial topside
DRIE of 45um. This would leave 45um of silicon beneath the hinges to support them
during the backside DRIE. The silicon which remained beneath the hinges was removed
with a XeF, etch. Unfortunately this etch removed a significant amount of silicon from
the proof mass (the mirror). Additional non-uniformity of the silicon thickness across the
wafer also resulted in a proof mass that was less than the initial design specification. The
final consideration regarding the difference in resonance frequencies can be attributed to
a less than ideal modulus of the polyimide following the fabrication steps. During the
DRIE the wafer is exposed to relatively high temperatures which could further influence
the modulus of the polyimide. This factor alone would account for a significant change
in the modulus of the polyimide.

Despite the significantly higher resonance of the structures than predicted, the

devices were characterized using the methods previously described. Devices in which
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the actuator delaminated could still be characterized by driving them with a bulk
piezoelectric as discussed above. Another example of such a characterization can be seen

in Figure 4-37.

Device Characterization
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Figure 4-37: Device characterization results for a device taped to a bulk piezo driver. The piezo
was driven at 15V, with a frequency step size of 0.1Hz (sine). The forward frequency sweep revealed
a resonance at 74.3 Hz. The reverse frequency sweep revealed the same frequency for resonance.
The maximum scan angle corresponding to this pixel span is 38.9 degrees (forward frequency sweep).
Note the lack of hysteresis.

Again there is very little hysteresis due to the operating point of the bulk
piezoelectric. Figure 4-38 shows a 2™ generation device being driven by the fabricated
cantilever. There is a notable difference in device performance here based on the

hysteresis curve shown.
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Device Characterization Results
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Figure 4-38: Device characterization results for a device taped to a bulk piezo driver. The piezo
was driven at 10V ,. The frequency sweep utilized frequency steps of 1Hz (sine). The forward
frequency sweep revealed a resonance at 77 Hz. The reverse frequency sweep revealed the same
resonant frequency. The maximum scan angle corresponding to this pixel span is 19.5 degrees
(reverse frequency sweep).

Ten devices were characterized from the 0.8mm wafer set. The hysteresis curve of
another device can be seen in Figure 4-39. This device exhibits a somewhat different
amplitude response than the device in Figure 4-38, however the frequency response is
similar. The same device shown in Figure 4-39 was also driven at a lower voltage. The
result of this characterization is shown in Figure 4-40. The response of the device at 8V
is somewhat erratic but again shows a similar frequency response. Finally the same
device is driven at 10V. The results are shown in Figure 4-41. At this voltage the scan
angle of the device exceeds 67 degrees and cannot be determined from the automated
characterization system. Based upon these results the ideal operating point of the device

is between 9 and 10 volts peak-to-peak.
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Figure 4-39: Device characterization results for a 2" generation device (0.8mm mirror, 60pm x
200pm hinge, 3mm cantilever. The device was driven at 9V,,. The frequency sweep utilized
frequency steps of 1 Hz (sine). The forward frequency sweep revealed a resonance at 79 Hz. The
reverse frequency sweep had the same resonant frequency. The maximum scan angle corresponding
to this pixel span is 66.75 degrees (forward frequency sweep). The reverse scan results exceed the
length of the sensor array.
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Figure 4-40: Device characterization results for a 2" generation device (0.8mm mirror, 60pm x
200pm hinge, 3mm cantilever. The device was driven at 8V ,. The frequency sweep utilized
frequency steps of 1 Hz (sine). The forward frequency sweep revealed a resonance at 67 Hz. The
reverse frequency sweep showed resonance at 66 Hz. The maximum scan angle corresponding to this
pixel span is 13.37 degrees (reverse frequency sweep).
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Figure 4-41: Device characterization results for a 2" generation device (0.8mm mirror, 60pm x
200pm hinge, 3mm cantilever. The device was driven at 10V ,. The frequency sweep utilized
frequency steps of 1 Hz (sine). The maximum angle cannot be determined as the length of the sensor
array is exceeded.

Comprehensive voltage and frequency sweeps were conducted on all of the devices
selected from the 0.8mm wafer. Figure 4-42 shows the results of one such
characterization sweep. Again, nominal device performance is seen in the 9 to 10 volt
range. The figure also shows a slight shift to the left with respect to the increasing drive
voltages. This suggests that the resonance of the device has some coupling to the
cantilever due to the larger force and tip displacement created by the increased drive

voltage.
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Figure 4-42: Device characterization results for a 2" generation device (0.8mm mirror, 60pm x
200pm hinge, 3mm cantilever). The device was driven at varying voltages using step sizes of 0.5V .
The frequency sweep utilized frequency steps of 1Hz (sine). The forward frequency and voltage
sweep results indicate a resonant frequency between 78 and 79 Hz. The maximum scan angle
corresponding to this pixel span is 66.75 degrees (forward frequency sweep at 10V ;).

In Figure 4-43 another device characterization curve is shown. In this figure the
reverse frequency sweep amplitude response of the device deviates significantly from the
forward sweep. This deviation between forward and reverse sweeps was initially
attributed solely to the hysteresis of the device. The same curve shown in Figure 4-43
could not be consistently replicated. The frequency response of the device was always
consistent but the amplitude response was not. Upon further investigation, an additional
factor was found to affect the device in an intermittent manner. There was a small
amount of PZT delamination on some of the devices at the tip of the cantilever (closest to
the mirror). This delaminated region still functioned but would pull away from the
polyimide in one direction and then make contact when moving in the next. This tapping

mode at the tip of the device acted like a small impulse applied to the system. The
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contact made with the polyimide was not consistent and thus the amplitude response of

the device was not consistent either.
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Figure 4-43: Device characterization results for a device (0.8mm mirror, 60pm x 200pm hinge,
3mm cantilever) driven by fabricated PZT cantilever. The piezo was driven at 9 V.. The frequency
sweep utilized frequency steps of 0.1Hz (sine). The forward frequency sweep results indicate a
resonant frequency of 76.8 Hz. The maximum scan angle corresponding to this pixel span is 66.2
degrees (forward frequency sweep).

Also of concern in the use of the device for imaging is the ability to maintain a
nearly constant optical axis of rotation. In the 1% generation devices the tip displacement
of the bulk piezoelectric was very small and a constant optical axis could be assumed. In
the 2™ generation devices a voltage and frequency sweep was conducted well away from
resonance to determine the effect that cantilever displacement had on the motion of the
device. At the low frequencies in question, a majority of the beam scanning can be
attributed to the tip displacement of the cantilever and not the polyimide hinges on the
device. Figure 4-44 shows the results of this scan. A linear relationship exists between

the drive voltage and the scan range of the device at frequencies well below resonance.
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The relationship between the scan and the drive voltage is 0.55°/V. Based upon the scan

range shown, the cantilever makes a somewhat significant contribution at low frequencies

and thus a constant optical axis cannot be assumed for the device.

600 -

500

Voltage vs. Scan range

400 -

300 -

Pixel span

200 -

100 +

4 5

6

7 8

Actuator drive voltage (p-p)

pd
—5Hz
—76 Hz
——80 Hz
9 10

Figure 4-44: Device characterization results for a device (0.8mm mirror, 60pm x 200pm hinge,
3mm cantilever) driven by fabricated PZT cantilever. The device was driven with incremental
voltages at a set frequency. The voltage sweep utilized voltage steps of 1.0V, (sine).

Reliability testing has been conducted on the 2™ generation devices. Multiple

devices were operated for over 6 million cycles each with no signs of plastic deformation

of the hinges or change in the device resonance behavior. Table 4-18 shows the results of

reliability testing on several devices.

Table 4-18: Device reliability testing results for 2"' generation devices.

No device failed during

testing.

Cantilever| Mirror | Hinge | Hinge | Scan Resonant Drive Cycles
length size Width |Length| Angle | frequency | Voltage (million)
(mm) | (mm) | (um) | (um) (degrees) (Hz) (Vop)

3 0.8 60 200 66.75 74.3 9 6.5
3 0.8 60 200 66.75 77 10 9.8
3 0.8 60 200 66.75 78.7 10 7.4
3 0.8 60 200 66.75 76 8 8.4
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In addition to improved lifetimes, the 2™ generation devices are also more resilient
than the 1% generation. The reduction in the mass of the mirror puts lets stress on the
polyimide hinges. The fillets used on the hinges also decrease the stresses at the point of
attachment. This makes the devices easy to handle. No devices failed during

characterization due to handling or hinge failure.

4.5.5. Results of Imaging.

The 2™ generation devices were encased and then integrated into the scanning arm of
a high-speed Spectral Domain Optical Coherence Tomography (SD-OCT) imaging
system similar to the one described in [69]. A 1 mm diameter gradient index (GRIN)
lens with a 20 pum spot size and a 5 mm focal distance was used to couple the infrared
light to the scanning mirror. These images are extremely promising and show the
potential of these devices for use in OCT imaging applications.

Figure 4-45 is a collection of OCT images that have been taken using the encased
scanning probes. Figure 4-45 (a) and Figure 4-45 (b) are images of in vivo human skin
(on finger) showing the clearly visible epidermis and dermis along with the dermal
ridges, and a brighter reflecting sweat gland. Figure 4-45 (¢) and Figure 4-45 (d) are in
vivo images of the surface of the human tongue showing a larger fungiform papilla and
the smaller filiform papillae, or ‘hairs’ on the tongue. Figure 4-45 (e) is an image of the
oral mucosa on the inside of the lip showing the oral mucosa and the basal lamina
separating the mucosa from the connective tissue. The scan range in these images is

approximately 4 mm at a distance of 3.5 mm from the mirror (60 degree scan range).
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Figure 4-45: In vivo OCT images taken with 2" generation integrated probes inserted into the
FD-OCT imaging system: (a) surface of finger showing sweat gland and epidermis and dermis, (b)
portion of finger with large concentration of dermal ridges, (c) surface of tongue showing a large
fungiform papilla, (d) and (f) surface of tongue with large concentrations of filiform papillae (tongue
hairs), and (e) lining of oral cavity showing mucosal layer and connective tissue separated by the
basal lamina.

The quality of these images is somewhat limited by the speed of the OCT imaging
system and alignment issues with the imaging probe. Our current system obtains 20,000
image lines per second, so at the scan speeds of these probes (68-100 Hz), we are
restricted to using fewer lines per image. This can be easily remedied by speeding up the
imaging system to accommodate the imaging probe speed. Much faster OCT systems (up
to 500,000 lines per second) have been recently reported and we plan to speed up our

system in the very near future. The alignment issues will be resolved in the next
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generation of probe tips. However, it is clear that even with these limitations; the quality
of the resulting images shows great potential to have diagnostic significance. Figure 4-46
shows in greater detail the ability of the 2™ generation devices to produce high quality

images.

Figure 4-46: SD-OCT image of a hair follicle made with the 2"! generation polyimide
microscanner inserted into the scanning arm.

The 2™ generation scanners produced images of good quality. The images can be
improved by reducing the resonant frequency of the devices. With resonance around
76Hz the 2™ generation devices are much faster than expected. The speed at which the
image must be acquired is increased based on the resonant frequency of the scanner. The
trade off in the image is one of quality for speed. Overall, the initial imaging results are
good and very encouraging. Additional modifications will need to be made to the design

to make it appropriate for real-time imaging applications.

4.6. 2" Generation Device Packaging

The first generation devices were encased in a prototype probe tip for in vivo
imaging. Figure 4-47 shows a photograph of the prototype probe tip. In this encasement,
a GRIN lens and 90 degree prism system refract the IR beam onto a scanning mirror

which in turn refracts the beam out of an optical window on the side of the device. The
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outer diameter of the probe tip is currently 5 mm, but this is only limited by the size of
the optics and the wall thickness of the tube. Custom optics and encasement designs to
reduce the dimensions of the probe tip and to image in both forward-viewing and side-
viewing configurations are being developed, but this initial simpler configuration has

allowed us to obtain in vivo images as soon as possible.

Imaging Window

Pothiscl

Figure 4-47: Photograph of prototype encasement structure.
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Chapter 5. Conclusion

The overall goal of this work was to develop novel scanning devices that use
polyimide support structures to amplify the motion of thin-film piezoelectric actuators to
produce devices capable of large scan angles at very low drive voltages (5-10 V) in
geometries suitable for use in EOCT systems. In the future, these probes will be coupled
with computer-aided diagnostic software to flag areas in the OCT images that require the
surgeon’s attention. The end state is to develop new technologies capable of searching
epithelial tissue for cancerous and precancerous conditions.

The results of the fabrication are extremely encouraging. The first fabrication
attempt at the 2™ generation devices yielded working devices. The methods developed in
the fabrication of the 2" generation mirror devices can be used in numerous other MEMS
device fabrication processes as well. The devices fill a current technology gap in EOCT
systems which require large sector scan devices. The fabricated devices also work at low
voltages, making them even more attractive for use in EOCT systems due to decreased
concerns for patient safety. The device fabrication costs are low compared to some of the
more complex techniques currently being investigated thus making the devices ideally
suited for disposable medical applications. Significant contributions were made to the
field during this research and many of the contributions have already been published. Of
publications that resulted from this work:

e P. Patterson, R. Polcawich, and J. Zara, “Polyimide as a Structural Material in
Piezoelectrically Actuated Microelectromechanical Systems," The 15th Annual

Army Research Laboratory/United States Military Academy Technical
Symposium, Atlantic City, NJ, October 30-31, 2007.
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Zara J.M., Patterson P.E., "Polyimide amplified piezoelectric scanner for
endoscopic optical coherence tomography" Proceedings of the SPIE Conference
on Coherence Domain Optical Methods and Optical Coherence Tomography in
Biomedicine X , vol. 6079, 267-274, 2006 Presented 21-26 January 2006, San
Jose, California USA.

Zara J.M., Patterson P.E., "Polyimide amplified piezoelectric scanner for
endoscopic optical coherence tomography" Proceedings of the SPIE Conference
on Coherence Domain Optical Methods and Optical Coherence Tomography in
Biomedicine X, vol. 6079, 267-274, 2006.

Jason M. Zara, Paul E. Patterson, “Polyimide amplified piezoelectric scanning
mirror for spectral domain optical coherence tomography”, Applied Physics
Letters, 89, 263901 2006

Paul E. Patterson, Jason M. Zara, "Real-time high-displacement amplified
bimorph scanning mirror", Proceedings of the SPIE, Optomechatronic Actuators,
Manipulation, and Systems Control. volume 6374, 63740B, 2006, Presented 1
October 2006, Boston, Massachusetts, USA

Paul Patterson, Madan Dubey, Jeffrey Pulskamp, Ronald Polcawich, Luke
Currano, Jason Zara, "Piezoelectric polyimide scanning micromirror" Proceedings
of The 14th Annual Army Research Laboratory/United States Military Academy
Technical Symposium, November 2006

Jason Zara, Patrick Mills, Paul Patterson, “Polyimide MEMS Actuators for
Medical Imaging”, Proceedings of the SPIE conference MOEMS Display and
Imaging Systems III, vol 5721, 93-103, 2005

P. Patterson, P. Mills, J. Zara, “Amplified Bimorph Scanning Mirror for Optical
Coherence Tomography”, IEEE Symposium on Biomedical Imaging Proceedings,
1111-1114, 2004

While the research proposed was very ambitious, the results obtained thus far are

very promising. The fact that the devices were designed, simulated, fabricated,

packaged, and used in actual systems in this work proves that the goal of this work was

accomplished. That being said, there is still work to be completed to bring this

technology to the clinic.
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Several fabrication process steps can be further refined to reduce the stress between
the cantilever stack and the polyimide. Small open areas on the cantilever portion of the
polyimide masks have already been added. These open areas will reduce some of the
stress. This, combined with the additional oxide layer on the cantilever stack will provide
further improvements in the adhesion. The backside DRIE technique is adequate for the
release of the devices but presents challenges in the removal of the wafer from the
system. An automated chuck cannot be used as the pedestal legs fracture the device
when the robotic arm attempts to remove the wafer from the chamber. The removal of
the Si from the backside of the hinges via XeF is also not ideal due to the undercut issues
discussed previously.

Further investigation into the packaging methods can also be explored. It is well
known that enclosing such a device in sealed packaging and pressurizing it will result in
increased damping. This increased damping will ultimately result in a wider frequency
response of the device. The current devices resonate in a very small band of frequencies.
Increasing the pressure around the device will widen the frequency response of the
devices making them useable in a much wider variety of systems. Increasing the pressure
will ultimately decrease the scan angle though. Conversely, lowering the pressure will
reduce damping and may allow for even larger scan angles but at much more specific
frequencies. Further investigation into this area is suggested with respect to the current
devices.

The modulus of the polyimide, specifically HD8820 post processing, should be
determined in a more precise manner. There is a great deal of potential in the use of

polyimide as a structural material in MEMS devices. Controlling processing parameters
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tightly is critical to achieving a reliable and consistent modulus. The temperatures to
which polyimide is exposed during processing can have a great affect on the modulus and
should be studied. Nano-indentation techniques could be used to study the modulus of
the polyimide in a variety of processing environments to further refining techniques for
the use of polyimides in MEMS devices. A table of data relating the processing
parameters to the modulus of the polyimide would be very beneficial to the MEMS
community.

Novel polyimide devices which are actuated using thin film piezoelectrics have been
successfully modeled, fabricated, and integrated into an SD-OCT system. These new
scanning mirrors fill a need in the EOCT community for a small, low —power device that
is capable of achieving large scan angles. Furthermore, the techniques developed to
fabricate the scanning mirrors will allow the devices to be fabricated inexpensively in
almost any MEMS foundry. New methods were developed which allowed polyimide to
be used as the structural material in a MEMS device. These fabrication techniques will
allow the incorporation of polyimide into future design processes allowing engineers to
fabricate robust devices for numerous applications. The methods developed to
characterize theses devices can also be used to characterize other EOCT scanners in the

future to verify their performance.
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Appendix A: MATLAB Code for Analytical Models

This appendix contains the MATLAB script for the analytical models.
%-- 06/13/06 1:13 PM --%
% Define Variables %
% set initial values %
clear all;
close all;
mirror_ width_small=0.80*10"-3;
hinge width s=60*10"-6;
I m s=mirror width small;
w_m_s=mirror width small;
t m=500*10"-6;
hinge thickness=3*10"-6;
h=hinge thickness;
b s=hinge width s;
hinge length=200*10"-6;
1 h=hinge length;
1h=1_h;
p=1470; % Density of polyimide
p_s=2400; % Density of silicon
t t=25*10"-6; % Thickness of the table polyimide (33um)
E=2.0%10"9 ; % This could vary during fabrication. Need to determine the
modulus of the polyimide after deposition and bake
v=.34;
M=p s*l m s*w m s*t m+p*l m s*w m s*t t;
[=(1/12)*M*((4*t_m”"2)H(w_m_s"2));
J=((b_s*h"3)/3)*((1-0.63*(h/b_s))+.052*(h"5/b_s"5));
G=E/(2*(1+v));
k t=G*J/(1_h/2),
mirror=1 m_s*10"3;
hinge=b s*10"6;
disp(['Calculate Natural Frequency of small(ideal) device with: ',num2str(mirror),
'mm mirror and ', num2str(hinge), ' micron hinge'])
F r=(1/(2*pi))*sqrt((k_t/T))
org F r=F r;
M2=M-(0.56*M);
2=(1/12)*M2*((4*t_ m"2)+H(w_m_s"2));
12=((b_s*h"3)/3)*((1-0.63*(h/b_s))+.052*(h"5/b_s"5));
E2=5*10"9 ;
G2=E2/(2*(1+v));
k t2=G2*J2/(1_h/2);
disp(['Calculate Natural Frequency of device with 56% reduction in mass']);
F r22=(1/(2*pi))*sqrt((k_t2/12))
percent_error=50;
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%
% Mirror Mass Tolerance
%

for i=1:percent_error
j=itpercent_error;
Mass(j,1)=M+(M*(.01*1));
k=(percent_error+1)-i;
Mass(k,1)=M-(M*(.01*1));
end

iteration=percent_error*2;
for i=1:iteration
I(1,1)=(1/12)*Mass(i,1)*((4*t m"2)+Hw_m_s"2));
end
for i=1:iteration
F r(i,1)=(1/(2*p1))*sqrt((k_t/1(1,1)));
end
str = num2str(M);
str2=num2str(org_F r1);
disp(['Nominal mass value: ', str,". Nominal frequency ',str2,".'])
sensl=abs ((org_F r-F r(percent error,1))/(org_F r))*100;
MM=max(Mass);
str = num2str(MM);
str2=num2str(F_r(1,1));
disp(['Maximum mass value: ',str,". Frequency ',str2,"."]);
MM=min(Mass);
str = num2str(MM);
str2=num2str(F_r(iteration,1));
disp(['Minimum mass value: ',str,". Frequency ',str2,'.']);
str = num2str(sens1);
disp(['A 1 % change in mass yields a ',str,' % change in frequency.'])

for i=1:percent_error
j=itpercent_error;
error(j,1)=0+(1%*1);
k=(percent_error+1)-i;
error(k,1)=0-(1%*1);
end
iteration=percent_error*2;
for i=1:iteration
line(i,1)=org F 1;
end
p_error=error;
plot (p_error,F r1);
hold on;
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plot (p_error,line,'color','red');

legend('Resonant frequency','Design Frequency')

% text(0,org_F r+0.2,' \downarrow Design Frequency','FontSize',12)

xlabel('Percent variation of Mass Design Specification')

ylabel('Resonant Frequency')

title('Plot of design variation vs. resonant frequency')

hold off;

print('-djpeg','Mass_tolerence plot");
%
% Hinge Thickness Tolerance
%

M=p s*l m s*w m s*t m+p*l m s*w m s*t t;
[=(1/12)*M*((4*t_m”"2)H(w_m_s"2));
for i=1:percent_error
j=itpercent_error;
ht(j,1)=hinge thickness+(hinge thickness*(.01%*1));
k=(percent_error+1)-i;
ht(k,1)=hinge thickness-(hinge thickness*(.01%*1));
end

iteration=percent_error*2;
for i=1:iteration
J(3,1)=((b_s*ht(i,1).73)/3)*((1-0.63*(ht(i,1)/b_s))+.052*(ht(i,1).*5/b_s"5));
end
for i=1:iteration
k t(1,1)=G*J(1,1)/(1h/2);
F r hinge thick(i,1)=(1/(2*pi))*sqrt((k_t(i,1)/1));
end
str = num2str(hinge thickness);
str2=num2str(org_F r1);
disp(['Nominal hinge thickness value: ', str,'. Nominal frequency ',str2,'.'])
MM=max(ht);
str = num2str(MM);
str2=num2str(F_r hinge thick(1,1));
disp(['Maximum hinge thickness value: ',str,'. Frequency ',str2,'".']);
MM=min(ht);
str = num2str(MM);
str2=num2str(F_r hinge thick(iteration,1));
disp(['Minimum hinge thickness value: 'str,". Frequency ',str2,"."]);
sensl=abs ((org_F r-F r hinge thick(percent error,1))/(org F 1))*100;
str = num2str(sens1);
disp(['A 1 % change in hinge thickness yields a ',str,' % change in frequency.'])
figure;
plot (p_error,F r hinge thick);
hold on;
plot (p_error,line,'color','red');
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%

legend('Resonant frequency','Design Frequency')

% text(0,org_F r+0.2,' \downarrow Design Frequency','FontSize',12)
xlabel('Percent variation of Hinge Thickness Design Specification')
ylabel('Resonant Frequency')

title('Plot of design variation vs. resonant frequency')

hold off;

print('-djpeg','Hinge Thickness_tolerence plot');

%
%

Hinge Lenth Tolerance

M=p s*l m s*w m_s*t m+p*l m s*w m s*t t;
[=(1/12)*M*((4*t_m"2)+H(w_m_s"2));
J1=((b_s*h"3)/3)*((1-0.63*(h/b_s))+.052*(h"5/b_s"5));
G=E/(2*(1+v));
hinge length=lh;
for i=1:percent_error

j=itpercent_error;

1 h(j,1)=hinge length+(hinge length*(.01*1));

k=(percent_error+1)-i;

1 h(k,1)=hinge length-(hinge length*(.01*1));
end

iteration=percent_error*2;

for i=1:iteration
k t(1,1)=G*J1/(1_h(i,1)/2);
end
for i=1:iteration
F r hinge length(i,1)=(1/(2*p1))*sqrt((k_t(i,1)/T));
end
str = num2str(hinge length);
str2=num?2str(org_F r);
disp(['Nominal hinge length value: ', str,'. Nominal frequency ',str2,".'])
MM=max(l h);
str = num2str(MM);
str2=num?2str(F_r hinge length(1,1));
disp(['Maximum hinge length value: ',str,". Frequency ',str2,"."]);
MM=min(l_h);
str = num2str(MM);
str2=num2str(F_r hinge length(iteration,1));
disp(['Minimum hinge length value: ',str,'. Frequency ',str2,".']);
sensl=abs ((org F r-F r hinge length(percent error,1))/(org F r))*100;
str = num2str(sens1);
disp(['A 1 % change in hinge length yields a ',str,' % change in frequency.'])

figure;

plot (p_error,F_r hinge length);
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hold on;

plot (p_error,line,'color','red');

legend('Resonant frequency','Design Frequency')

% text(0,org_F r+0.2,' \downarrow Design Frequency','FontSize',12)
xlabel('Percent variation of Hinge Length Design Specification')
ylabel('Resonant Frequency')

title('Plot of design variation vs. resonant frequency')

hold off;

print('-djpeg','Hinge Length tolerence plot');

%
% Hinge Width Tolerance
%
I=(1/12)*M*((4*t_m"2)+H(w_m_s"2));
for i=1:percent_error
J=i+percent_error;
bs(j,1)=b_s+(b_s*(.01*1));
k=(percent_error+1)-i;
bs(k,1)=b_s-(b_s*(.01*1));
end

iteration=percent_error*2;
for i=1:iteration
J 2(1,1)=((bs(1,1)*h"3)/3)*((1-0.63*(h/bs(1,1)))+.052*(h"5/bs(1,1).”5));
end
for i=1:iteration
k t 2(1,1)=(G*(J_2(1,1))/(1h/2));
end
for i=1:iteration
F r hinge width(i,1)=(1/(2*pi))*sqrt((k_t 2(i,1)/1));
end
str = num2str(b_s);
str2=num?2str(org_F 1);
disp(['Nominal hinge width value: ', str,". Nominal frequency ',str2,".'])
MM=max(bs);
str = num2str(MM);
str2=num2str(F_r hinge width(1,1));
disp(['Maximum hinge width value: ',str,'. Frequency ',str2,'".']);
MM=min(bs);
str = num2str(MM);
str2=num2str(F_r hinge width(iteration,1));
disp(['Minimum hinge length value: ',str,'. Frequency ',str2,".']);
sensl=abs ((org F r-F r hinge width(percent error,1))/(org F r))*100;
str = num2str(sens1);
disp(['A 1 % change in hinge width yields a ',str,' % change in frequency.'])
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figure;

plot (p_error,F r hinge width);

hold on;

plot (p_error,line,'color','red");

legend('Resonant frequency','Design Frequency')

% text(0,org_F r+0.2,' \downarrow Design Frequency','FontSize',12)

xlabel('Percent variation of Hinge Width Design Specification')

ylabel('Resonant Frequency')

title('Plot of design variation vs. resonant frequency')

hold off;

print(-djpeg','Hinge_width_tolerance plot');
%
% Polyimide Modulus Tolerance
%
I=(1/12)*M*((4*t_m”"2)+H(w_m_s"2));
E=3.5*10"9 ;
J=((b_s*h"3)/3)*((1-0.63*(h/b_s))+.052*(h"5/b_s"5));

for i=1:percent_error
J=it+percent_error;
EE(,1)=E+(E*(.01%*1));
k=(percent_error+1)-i,
EE(k,1)=E-(E*(.01*1));
end

iteration=percent_error*2;
for i=1:iteration
GG(,1)=EE(@1, 1)/(2*(1+V));
k t 3(i,1)=GG(1,1)*J/(1h/2);
end
for i=1:iteration
F r modulus(i,1)=(1/(2*pi))*sqrt((k_t 3(i,1)/1));
end
str = num2str(E);
str2=num?2str(org_F r);
disp(['Nominal modulus value: ', str,'. Nominal frequency ',str2,"."])
MM=max(EE);
str = num2str(MM);
str2=num2str(F_r modulus(1,1));
disp(['Maximum modulus value: ',str,". Frequency ',str2,".']);
MM=min(EE);
str = num2str(MM);
str2=num2str(F_r modulus(iteration,1));
disp(['Minimum modulus value: ',str,". Frequency ',str2,"."]);
sensl=abs ((org_F r-F r modulus(percent error,1))/(org F r))*100;
str = num2str(sens1);
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disp(['A 1 % change in modulus yields a ',str,' % change in frequency.'])

figure;
plot (p_error,F r modulus);
hold on;
plot (p_error,line,'color','red");
legend('Resonant frequency','Design Frequency')
% text(0,org_F r+0.2,' \downarrow Design Frequency','FontSize',12)
xlabel('Percent variation of Polyimide Modulus Design Specification')
ylabel('Resonant Frequency')
title('Plot of design variation vs. resonant frequency')
hold off;
print('-djpeg','Polyimide_Modulus_tolerence plot');
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Appendix B: ANSYS Batch File for 1* Generation Mirrors

This appendix contains the ANSYS batch file for the simplified model for 1%
generation devices. This model is used to predict the resonant frequency of the device.

/title, Mirror Model
/units, MKS
/PREP7

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk ok s sk sk skeosk sk skeoskeskoskosk

! MIRROR SUPPORT STRUCTURE
!****************************************
mirror_thickness=500E-6

mirror width=1E-3
mirror_length=mirror width

hinge thickness=3E-6

hinge width=250E-6

hinge length=135E-6

table thickness=25E-6

table width=mirror width !0.8E-3
table length=mirror width !0.8E-3
support width=400E-6
support_length=400E-6
support_extension=hinge length
mirror_clearance=hinge width
Ibeam=.5¢-3

flap_width=300e-6

flap length=250E-6

/COM, Define element tables

| 3k sk sk sk st sk s s sk ok ok sk sk sk sk s sk sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk sk skoskoskoskosk ok

! DEFINE ELEMENTS
!****************************************

ET,1,s0lid92 ! Use solid92 for all components except PZT
ET,2,s01id98.,3 ! Use this 3d coupled field element for PZT
/COM, Polyimide material properties (material 1)
Epoly=2.0E9

mp,ex,1,Epoly
mp,prxy,1,0.34
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mp,dens, 1,1470

/COM, Silicon material properties (material 2)
ESi=160E9

mp,EX,2,Esi

mp,PRXY,2,0.2

mp,DENS,2,2400

sttt R Rk R SRR R SRR R R R R R R R R R R R R Rl Rl sl Rl Rl ek ok
CONSTRUCT THE MIRROR AND SUPPORT STRUCTURE

sttt R R sk R SRR sR R R R R R R R R R R Rl st sl sl Rl Rk R ok
s s sk sk s ok s ok o ksl sl sl s R s ks ks R sk ok o

st ks Rk Rk R sk R R R R R R R R Rt Rt Rl R R ok

MIRROR

st ks R sk R sk R sk R R R R R Rk R R Rt R R R R o

s s sk s sk ok sk o sk ksl sl s ol s R ks ks ks ok o

/COM, MIRROR GEOMETRY

mat,2

! OFF CENTER MIRROR

! BLOCK, (-mirror_width/2)-75e-6,(mirror_width/2)-75e-6,(-
mirror_length/2)+150e-6, (mirror_length/2)+150e-

6,table_thickness,table thickness+mirror thickness
! Centered Mirror

BLOCK, (-mirror_width/2),(mirror_width/2),(-mirror_length/2),
(mirror_length/2),table thickness,table thickness+mirror thickness

| skeske sk sk sk sk sie sk sk sk sk sk ske sk sk sk sk sl ske sk sk sk sk sie sk sk sk sk sie sk sk s skeoskeosie sk sk skoskeoskesk sk
| skeosk sk skeoske sk sk sk sk sk sk st ske sk sk sk sk st ske sk sk sk sk sk ske sk skeoskeosteoske sk sk skeskeoske sk sk skeskeskesk sk
! 3um polyimide table on backside of mirror

| skesk sk sk sk sk sk sk sk sk sk st ske sk sk sk sk st ske sk sk sk sk sk sk sk skeoskeosteoske sk sk skeskeoske sk sk skeskeskesk sk
| skeske sk sk sk ke sl sfe sk sk sk sk ske sk sk sk sk sl sie sk sk sk sk sie sk sk sk sk sie sk sk s skeoskeosie sk sk skeskeoskeosk sk

/COM, TABLE GEOMETRY
mat, 1
BLOCK, -table_width/2,table_width/2,-table length/2,

table length/2,0,table thickness

! THE FOLLOWING LINE ADDS A FLAP TO THE TOP OF THE TABLE

! mat,1

! BLOCK, -
flap_width/2,flap width/2,table length/2,table length/2+flap length,0,hinge thickness

| sk sk sk sk sk sk sk sfe sk ske sk sk sk sk sfe sk sk sk sl sk sfe sk sk sk sk s sk sfe sk sk sk sk sk skeosk sk sk
| 3k ke sk sk sk s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk s sk s sk sk sk s sk sk skeosk skok skok
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! Hinges

| sk ke sk sk sk s sk s sk sk sk ok s ke s sk sk sk ok s sk s sk sk sk ok s sk sk sk sk sk s sk sk skeosk skok sk
| st sk sk sk sfe sk sk sfe sk sk sfe sk st sfe sk sk sfe sk st sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfeoske sk sk sk sk skeskok

/COM, HINGES
mat, 1
!**************************

! FIRST HINGE

!**************************
BLOCK, (-table_width/2)-hinge width, (-table_width/2),-hinge length/2,
hinge length/2,0,hinge thickness

| 3k sk sk st st s o sk sk ok ok sk sk sk s s sk ok okosk sk sk skoskoskook

' SECOND HINGE (RIGHT SIDE)

| 3k sk sk sk st sk o sk ok ok sk sk sk sk s s sk sk okosk sk sk skeoskoskook

BLOCK, (table width/2)+hinge width, (table width/2), hinge length/2,-
hinge length/2,0,hinge thickness

VSEL, NONE

| 3k sk sk sk sk s s sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk s s sk ok ki sk sk sk skoskook

! SUPPORT UPRIGHTS

| 3k sk sk sk st sk s sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk s s sk okookosk sk sk sk skoskook

/COM, SUPPORT UPRIGHTS

BLOCK, (-table width/2)-hinge width-support width,(-table width/2)-
hinge width,support extension,-table length/2-mirror clearance,0,table thickness

BLOCK,
(table_width/2)+hinge width+support width,(table width/2)+hinge width,support exten
sion,-table length/2-mirror clearance,0,table thickness

| sk sk sk sk sk sk sk sfe sk sk sk sk sk sk sfe sk sk sk sk sk sk sk sk sk sk s skeosk skok sk

| SUPPORT BASE
!***********************************

/COM, SUPPORT BASE

BLOCK, (-table_width/2)-hinge width-

support_width,(table width/2)+hinge width+support width,-table length/2-
mirror_clearance,-table length/2-mirror clearance-lbeam,0,table thickness

/COM, Assign Polyimide properties

157



BTOL, .3E-6 ! NEED TO ADJUST THE TOLERANCE TO A FRACTION OF
KEYPOINT VALUE OTHERWISE BOOLEAN GLUE WILL FAIL.

VSEL, ALL

VGLUE,ALL

VSEL, NONE

VSEL,S,LOC,Z,0,table thickness ! Select polyimide volumes
VATT,1,,1 ! Use material 3 attributes for meshing (Polyimide) and
element type 1

/COM, Assign Si properties

VSEL,S,LOC,Z,table thickness,table thickness+mirror thickness ! Select
Mirror volumes
VATT,2,,1 ! Use material 3 attributes for meshing (Si) and element

type 1

VSEL,none
VSEL, ALL
VMESH,ALL

nsel,S,LOC,Y,-mirror_width/2-mirror clearance-lbeam ! Select Nodes with Y=??

d,ALL,ALL ! Constrain All DOF
nsel,ALL ! Select All Nodes

finish

/solu
antype, MODAL I Start Modal Analysis
modopt,LANB,3 ! Block Lanczos, 3 Modes
mxpand,3 ! Expand 3 Modes
solve

finish
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Appendix C: ANSYS Batch File for 2" Generation Mirrors

This appendix contains the ANSYS batch file for the simplified model for 2™
generation devices. This model is used to predict the resonant frequency of the device.

/title, Mirror Model
/units, MKS
/PREP7

| st sfe sk st sfe sk st sfe sk st sfe sk sk sfe sk sk sfe sk st sfe sk sk sfe sk sk sfe sk sk sfe sk sk sk sk sk skeskosk sk

! MIRROR SUPPORT STRUCTURE
!****************************************
mirror_thickness=550E-6

mirror width=.8E-3
mirror_length=mirror width

hinge thickness=3E-6

hinge width=200E-6

hinge length=60E-6

table thickness=25E-6

table width=mirror_width !0.8E-3
table length=mirror width !0.8E-3
support width=300E-6
support_length=400E-6
support_extension=hinge length
mirror_clearance=hinge width
Ibeam=.5e-3

flap width=300e-6

flap length=250E-6

/COM, Define element tables

| sk ke sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk skeosk sk skeoskeskoskosk

! DEFINE ELEMENTS
!****************************************

ET,1,s0lid92 ! Use solid92 for all components except PZT
ET,2,s01id98,3 ! Use this 3d coupled field element for PZT
/COM, Polyimide material properties (material 1)
Epoly=3.5E9

mp,ex, 1,Epoly
mp,prxy,1,0.34
mp,dens, 1,1470
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/COM, Silicon material properties (material 2)
ESi=160E9

mp,EX,2,Esi

mp,PRXY,2,0.2

mp,DENS,2,2400

ek sk o o ok ok ok ok o ok R R Rk ok ok ok ok R ok sk ok ok kR Rk ok sk ok R R R Rk sk sk ok R Rk ok sk ok o ok
CONSTRUCT THE MIRROR AND SUPPORT STRUCTURE

sk sk o o ok ok ok ok o ok R R Rk ok ok ok ok R ok sk ok ok kR R R R ok sk ok s R R R Rk sk sk sk sk R R Rk ok sk ok ok ok
s s s sk o ol oo s s s s o ol kot s s ol kst sk sk sl ok sk sk sk ok ke ok

ek sk o o ok ok ok ok ok ok R Kok ok ok ok kR R Rk sk ok ok R R Rk ok sk ok o ok

MIRROR

!
!
!
!
!
!
!******************************************
|

sk st st s s ok sk ok sk sk sk sk sk sk sk sk ok sk sk sk sk s sk sk sk ok sk sk sk sk s sk sk ok ki sk sk sk skoskock

/COM, MIRROR GEOMETRY
mat,2
BLOCK, -mirror width/2,mirror width/2,-mirror length/2,

mirror_length/2,table thickness,table thickness+mirror thickness

| sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sfeoske sk sk sk sk st sk sk skeosk sk sk sk skeoske sk skok
| skesk sk sk sk sk sk sk sfe sk sk sk ske sk sfe st sk sl sk sfe sk sk sk sk sk sfe st sk sieoske sl sk steoskeoskeske s skeskoskosk sk
! 3um polyimide table on backside of mirror

| skesk sk sk sk sk sk sk sfe sk sk s ske sk sfe st sk sl sk sfe sk sk sk sk sk sfe st skeosieoske sl sl steoskeosieske s skeoskoskesk sk
| sk sk sk sk sk sk sk sfe sk sk sk sk sk sk sk sk sk sk sk sfeoske sk sk sk sk sk sfeoske sk skeosk sk sk sk skeosk sk sk

/COM, TABLE GEOMETRY
mat, 1
BLOCK, -table width/2,table width/2,-table length/2,

table length/2,0,table thickness

! THE FOLLOWING LINE ADDS A FLAP TO THE TOP OF THE TABLE

! mat,1

! BLOCK, -
flap_width/2,flap width/2,table length/2,table length/2+flap length,0,hinge thickness

| 3k ke sk sk sk s ok s sk sk sk ok s sk s sk sk sk ok sk s sk sk sk ok s sk s sk sk sk s sk sk skosk skok skok
| sk sk sk sk sk sk sk sfe sk ske sk sk sk sk sfe sk sk sk sl s sk sfe sk sk sk sk s sk sfe sk sk sk sk sk skeosk sk sk
! Hinges

| sk sk sk sk sk sk sk sfe sk ske sk sl s sk sfe sk sk sk sk s sk sfe sk sk sk sk sfe sk sfe sk sk sk sk sk skeoske sk sk
| 3k ke sk sk sk s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk s sk sk sk sk sk sk sk skeosk skok sk

/COM, HINGES
mat, 1
!**************************

! FIRST HINGE

| sk sk sk sk sk sk s sfe sk sk sk sk skeoske sk sk skeosk sk sk skoskosk
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BLOCK, (-table width/2)-hinge width, (-table width/2),-hinge length/2,
hinge length/2,0,hinge thickness

| st she sk st sfe sk sk sfe sk st sfe sk sk sfeoske sk sfeoske sk sk skeskeosk sk sk

' FILLETS
I stk ot ket e o s e ke ke ke ok
/COM, FILLETS ON LEFT SIDE FAR EDGE

BTOL, .3E-7 ! NEED TO ADJUST THE TOLERANCE TO A FRACTION OF
KEYPOINT VALUE OTHERWISE BOOLEAN GLUE WILL FAIL.

! Now do the fillets

! First Cube

VSEL,NONE

BLOCK, (-table_width/2)-hinge width,(-table width/2)-
hinge width+hinge length/2,-hinge length/2,-hinge length, 0,hinge thickness

v_Inum=0

v_2num=0

v_3num=0

v_4num=0

*GET,v_1num,VOLU,0,NUM,MAX

! Second Cube

VSEL,NONE

BLOCK, (-table_width/2)-hinge width,(-table width/2)-
hinge width+hinge length/2,hinge length/2,hinge length, 0,hinge thickness

*GET,v_2num,VOLU,0,NUM,MAX

! Now the cylinders

VSEL,NONE

CYL4,(-table width/2)-hinge width+hinge length/2,-
hinge length,hinge length/2,,,,hinge thickness

*GET,v_3num,VOLU,0,NUM,MAX

VSEL,NONE

CYL4,(-table_width/2)-
hinge width+hinge length/2,hinge length,hinge length/2,,,,hinge thickness

*GET,v_4num,VOLU,0,NUM,MAX

! Now subtract to the two volumes

VSEL,S,VOLU,,v_1num,v_3num

VSBV,v_1num,v_3num

VSEL,S,VOLU,,v 2num,v_4num

VSBV,v 2num,v_4num

VSEL, NONE
/COM, FILLETS ON LEFT SIDE NEAR EDGE
BLOCK, (-table _width/2),(-table width/2)-hinge length/2,-hinge length/2,-

hinge length, 0,hinge thickness
*GET,v_1num,VOLU,0,NUM,MAX
VSEL,NONE
BLOCK, (-table width/2),(-table width/2)-
hinge length/2,hinge length/2,hinge length, 0,hinge thickness
*GET,v_2num,VOLU,0,NUM,MAX
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VSEL,NONE
! Now the cylinders
CYL4,(-table width/2)-hinge length/2,-
hinge length,hinge length/2,,,,hinge thickness
*GET,v_3num,VOLU,0,NUM,MAX
VSEL,NONE
CYLA4,(-table width/2)-
hinge length/2,hinge length,hinge length/2,,,,hinge thickness
*GET,v_4num,VOLU,0,NUM,MAX
VSEL,NONE
! Now subtract to the two volumes
VSEL,S,VOLU,,v_1num,v_3num
VSBV,v_1num,v_3num
VSEL,S,VOLU,,v_2num,v_4num
VSBV,v 2num,v_4num
VSEL, NONE

| 3k sk sk st st sk o sk ok ok ok sk sk sk s s sk sk ok sk sk sk skoskoskook

! SECOND HINGE (RIGHT SIDE)

| sk sk sk st st sk s sk sk ok ok sk sk sk s s sk ok okosk sk sk skoskoskook

BLOCK, (table width/2)+hinge width, (table width/2), hinge length/2,-
hinge length/2,0,hinge thickness

| sk sk sk sk st sk o sk sk ok sk sk sk sk s s sk sk okosk sk sk skoskoskook

' FILLETS

!**************************

/COM, FILLETS

! Now do the fillets

! First Cube

BLOCK, (table_width/2)+hinge width,(table width/2)+hinge width-

hinge length/2,-hinge length/2,-hinge length, 0,hinge thickness
*GET,v_1num,VOLU,0,NUM,MAX
VSEL,NONE
! Second Cube
BLOCK, (table_width/2)+hinge width,(table width/2)+hinge width-
hinge length/2,hinge length/2,hinge length, 0,hinge thickness
*GET,v_2num,VOLU,0,NUM,MAX
VSEL,NONE
! Now the cylinders
CYL4,(table width/2)+hinge width-hinge length/2,-
hinge length,hinge length/2,,,,hinge thickness
*GET,v_3num,VOLU,0,NUM,MAX
VSEL,NONE
CYL4,(table width/2)+hinge width-
hinge length/2,hinge length,hinge length/2,,,,hinge thickness
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*GET,v_4num,VOLU,0,NUM,MAX

VSEL,NONE

! Now subtract to the two volumes

VSEL,S,VOLU,,v_1num,v_3num

VSBV,v_lnum,v_3num

VSEL,S,VOLU,,v_2num,v_4num

VSBV,v 2num,v_4num

VSEL, NONE

! Second Cube

BLOCK, (table width/2),(table width/2)+hinge length/2,-hinge length/2,-
hinge length, 0,hinge thickness

*GET,v_1num,VOLU,0,NUM,MAX

VSEL,NONE

BLOCK,
(table_width/2),(table_width/2)+hinge length/2,hinge length/2,hinge length,
0,hinge_thickness

*GET,v_2num,VOLU,0,NUM,MAX

VSEL,NONE

! Now the cylinders

CYL4,(table width/2)+hinge length/2,-
hinge length,hinge length/2,,,,hinge thickness

*GET,v_3num,VOLU,0,NUM,MAX

VSEL,NONE

CYL4,(table width/2)+hinge length/2,hinge length,hinge length/2,,,,hinge thickne
ss

*GET,v_4num,VOLU,0,NUM,MAX

VSEL,NONE

! Now subtract to the two volumes

VSEL,S,VOLU,,v_lnum,v_3num

VSBV,v_1num,v_3num

VSEL,S,VOLU,,v_2num,v_4num

VSBV,v 2num,v_4num

VSEL, NONE

| 3k ke sk sk sk s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk sk sk skosk ko sk

! SUPPORT UPRIGHTS

| 3k ke sk sk sk s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk ook sk skosk ko sk

/COM, SUPPORT UPRIGHTS

BLOCK, (-table_width/2)-hinge width-support width,(-table width/2)-
hinge width,support extension,-table length/2-mirror clearance,0,table thickness

BLOCK,

(table width/2)+hinge width+support width,(table width/2)+hinge width,support exten
sion,-table length/2-mirror_clearance,0,table thickness

163



| sk ke sk sk sk s sk s sk sk sk sk s sk s sk sk sk ok s ke s sk sk stk sk sk skeosk skok sk

! SUPPORT BASE

!***********************************

/COM, SUPPORT BASE

BLOCK, (-table_width/2)-hinge width-

support_width,(table width/2)+hinge width+support width,-table length/2-
mirror_clearance,-table length/2-mirror clearance-lbeam,0,table thickness

/COM, Assign Polyimide properties

'BTOL, 1E-5 ! NEED TO ADJUST THE TOLERANCE TO A FRACTION OF
KEYPOINT VALUE OTHERWISE BOOLEAN GLUE WILL FAIL.

VSEL, ALL

VGLUE,ALL

VSEL, NONE

VSEL,S,LOC,Z,0,table thickness ! Select polyimide volumes
VATT,1,,1 ! Use material 3 attributes for meshing (Polyimide) and
element type 1

/COM, Assign Si properties
VSEL,S,LOC,Z,table_thickness,table thickness+mirror thickness ! Select
Mirror volumes
VATT,2,,1 ! Use material 3 attributes for meshing (Si) and element
type 1
VSEL,none
VSEL, ALL
VMESH,ALL
nsel,S,LOC,Y,-mirror_width/2-mirror clearance-lbeam ! Select Nodes with Y=??
d,ALL,ALL ! Constrain All DOF
nsel,ALL ! Select All Nodes
finish
/solu
antype, MODAL I Start Modal Analysis
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modopt,LANB, 1 ! Block Lanczos, 3 Modes
mxpand, 1 ! Expand 3 Modes

solve
finish
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Appendix D: ANSYS Batch File for Harmonic Analysis of 1st
Generation Devices

This appendix contains the ANSYS batch file for the harmonic analysis of the 1%
generation devices.

/TITLE,Modal and harmonic analysis of prototype scanning mirrors
!****************************************

! by Paul Patterson

' 18 JUN 2006

!****************************************

! THIS FILE USES THE MAUNFACTURER'S GIVEN MECHANICAL
! PROPERTIES AS WELL AS THE ACTUAL PROPERTIES

! OF SOME MATERIALS.

| st sfe sk st sfe sk st sfe sk st sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfeoske sk sk skeskeosk sk

! SET DEVICE DIMENSIONS
!****************************************
/FILNAM,prototype_device 135um_hingw 60V

! Jobname to use for all subsequent files

| skeosk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk st sk sk sk skeoskeosteoskeoske skeskeoske sk sk sk skeskeske sk sk skskok
| DO NOT MODIFY

| skeoskosk skoske sk st sk sk sk sk sk sk sk sk sk sk st sk sk sk skeoskeoste sk sk sk skeskeoske sk sk skeskoskeske sk sk sk sk
| skosk sk sk sk sk sk sk sfe sk sk s ske sk sfe st sk sl sk sfe st sk sieoske sk sfe steoskeosieoskeoske sk skeoskoskeske sk skoskosk

! The following device dimensions were measured in the lab at GWU.

! The material properties came from the piezo.com website when they were
available.

I All other material properties were chosen based on nominal accepted values from a

! materials handbook or database
!****************************************

| 3k sk sk sk st sk s s sk ok ok sk sk st sk s sk sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk sk sk skoskoskosk ok

' KEY DEVICE DIMENSIONS

| 3k sk sk sk st sk s s sk ok ok sk sk sk sk s sk sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk sk sk skoskoskosk ok

1 bimorph=32E-3

w_bimorph=3E-3

t pzt=.05E-3

t electrode=300E-9 ! 1 Angstrom = .Inm - piezo.com lists their electrodes as being
3000 angstroms

t shim=.01E-3

! Polyimide scanner dimensions
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base length2=w_bimorph
base height=10e-3

base height1=400e-6

t polyimidel=3.3e-6

t polyimide2=30e-6

upright width=400e-6
upright height=1500e-6
base length1=(3550e-6-(w_bimorph))/2
hinge length=250e-6
hinge width=135e-6

table height=2000e-6
table width=2250e-6
mirror width=1500e-6

t mirror=400e-6

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk ok s sk sk skeosk sk skoskeskoskosk

' END SET KEY DEVICE DIMENSIONS

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk sk s sk sk skeosk sk skeoskeskoskosk

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk ok s sk sk skeosk sk skeoskeskoskosk

! DEFINE ELEMENTS

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk sk sk skeosk sk skeokeskoskosk

/PREP7 ! Enter preprocessor

/COM, Define element tables

ET,1,s01id95 ! Use so0lid95 for all components except PZT
ET,2,s0lid5,3 ! Use this 3d coupled field element for PZT
ET,3,s01id92 ! Use s0lid92 for all polyimide

ET,4,41 ! Membrane Shell (Pt layers)

| 3k ke sk sk sk s ok s sk sk sk sk s sk s sk sk sk sk s sk s sk s sk sk sk s sk sk skeosk skok skoskesk kock

' PZT PROPERTIES

!****************************************

/COM, PZT piezo ceramic layer material properties (material 1)
EPZT=63E9

mp,ex, |, EPZT

mp,ey,l , EPZT

mp,dens,1,7800

mp,prxy,1,.34

mp,perx,1,1800

d31 =-190E-12 |Define var called d31-
e31 =d31*EPZT

e32=e31

e33 =-2%e31

! Assume d33 is twice d31 - generally true but in this case piezo.com provides a
value that is slightly
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! larger than twice d31

! €33=390e-12 ! This value is given on piezo.com for the standard quick mount
bender Q220-A4-103YB

TB,PIEZ,1,,,0 'Piezo data table - piezo stress constants - no need
for shear components

TBMODIF,1,3,e31 'Add e31

TBMODIF,2,3,e31 'Add e32 - equal to e31

TBMODIF,3,3,e33 'Add e33

MP,MURX,1,0 ! Bogey material properties to suppress error messages

MP,KXX,1,0 ! Bogey material properties to suppress error messages

!****************************************

! BRASS PROPERTIES

!****************************************

/COM, Brass material properties (material 2)

Ebrass = 97E9 'Brass modulus is between 103-124E9 for

general purposes
mp,ex,2,Ebrass
mp,ey,2,Ebrass
mp,dens,2,8500 'Density in kg/m3
mp,prxy,2,.34

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk sk s skeosk sk skeoskeskoskosk

! PLATINUM PROPERTIES
!****************************************

/COM, Platinum electrode material properties (material 3)
EPt=171E9

mp,ex,3,EPt

mp,ey,3,EPt

mp,dens,3,21450 ! used to be 18000
mp,prxy,3,.39

| 3k ke sk sk sk s ok s sk s sk sk sk s sk sk sk sk sk s sk sk sk sk sk sk sk sk skeosk skok sk sk koo

' POLYIMIDE1 PROPERTIES - THIN POLYIMIDE
! PD 2723 photodefinable polyimide

| sk sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk sk sk skeosk sk sk skoskosk

/COM, Thin polyimide material properties (material 4)
' EX = Young's Modulus, PRXY = Poisson's Ratio, DENS = Density
mp,ex,4,3.6e9 ! Material 4: Polyimide
mp,prxy,4,0.35

mp,dens,4,1470
!****************************************
' POLYIMIDE2 PROPERTIES - THICK POLIMIDE
! Durimide 32A non-photodefinable

| 3k ke sk sk sk s ok s sk s sk sk s sk s sk sk sk sk sk s sk sk sk sk sk sk sk skeosk skok skoskesk koo

/COM, Thick polyimide material properties (material 5)
! EX = Young's Modulus, PRXY = Poisson's Ratio, DENS = Density
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mp,ex,5,2.8e9 ! Material 5: Polyimide
mp,prxy,5,0.35
mp,dens,5,1330

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk sk sk s skeosk sk skoskesk skosk

! SILICON PROPERTIES

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk ok s sk sk sk sk sk sk s sk sk skeosk sk skeoskeskoskosk

/COM, Silicon material properties (material 6)
mp,EX,6,160e9 ! Material 6: Si
mp,PRXY,6,0.22
mp,DENS,6,2400

| st sfe sk st sfe sk sk sfe sk st sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk st sfe sk sk sfeoske skeskeosk skeskeosk sk
| sk ke sk sk sk sk sk sfe sk sk sk sk sk sk s sk s sk sk s sk s sk sk sk sk sk sk sfe sk sk sk sk sk sk s sk sk sk sk sk s sk sk sk sk sk s sk sk skeosk skok skok
' CONSTRUCT THE BIMORPH

| sk ke sk sk sk sk sk s sk sk sk sk sk sk s sk s sk sk s sk s sk sk sk sk sk sk sfe sk sk sk sk sk sk s sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk skok
| st she sk sk sfe sk sk sfe sk st sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk st sfe s sk sfe sk sk sk skeskeosk skeskeosk sk

/COM, BIMORPH GEOMETRY

| skeosk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk st sk sk sk sk sk st sk sk skeskeoske sk sk sk skeskeoske sk sk skskoskesk sk
| s skeoske sk sk sk sk sk sfe sk sk s ske sk sfe st sk sl sk sfe sk sk sk sk sk sfe steoskeosieoske sl sk steskeosieske s skeskoskosk sk
! Brass Shim

| skesk sk sk sk sk sk sk sfe sk sk sk ske sk sfe st sk sl sk sfe sk sk sk sk sk sfe stk sieoskeosle sl steoskosieske s skeoskoskosk sk
| skeosk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk st sk sk sk sk sk st sk sk skeskeostke sk sk sk skeskeske sk sk skskoskesk sk

mat,2

' Use BLOCK, X1, X2, Y1, Y2, Z1, Z2 to construct geometries
w_bimorphl=w_bimorph-2*(upright width-base lengthl)

w_bimorph2=upright width-base lengthl

BLOCK, 0,w_bimorph2,0,1 bimorph-base height,0,t shim

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,0,] bimorph-base height,0,t shim
BLOCK, w_bimorphl+w_bimorph2,w bimorph,0,] _bimorph-base height,0,t shim

BLOCK, 0,w_bimorph2,] bimorph-base heightl,] bimorph,0,t shim

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph,0,t shim
BLOCK, w_bimorphl+w_bimorph2,w_bimorph,] bimorph-

base heightl,] bimorph,0,t shim

BLOCK, 0,w_bimorph2,] bimorph-base heightl,] bimorph-base height,0,t shim

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph-base height,0,t shim
BLOCK, w_bimorphl+w_bimorph2,w_bimorph,] bimorph-

base heightl,] bimorph-base height,0,t shim
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| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk s sk sk sk ok sk sk skeosk sk skoskeskoskosk

! TOP PZT LAYER

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk sk sk s skeosk sk skoskesk skosk

mat, 1

BLOCK, 0, w_bimorph2,0,l bimorph-base height,t shim,t pzt+t shim

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,0,l bimorph-
base height,t shim,t pzt+t shim
BLOCK, w_bimorphl+w_bimorph2,w_bimorph,0,1 bimorph-

base height,t shim,t pzt+t shim

BLOCK, 0, w_bimorph2,1 bimorph-base heightl,]| bimorph,t shim,t pzt+t shim

BLOCK, w_bimorph2,w bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph,t shim,t pzt+t shim

BLOCK, w_bimorphl+w_bimorph2,w bimorph,l bimorph-
base heightl,] bimorph,t shim,t pzt+t shim

BLOCK, 0, w_bimorph2,] bimorph-base heightl,l bimorph-
base height,t shim,t pzt+t shim

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph-base height,t shim,t pzt+t shim

BLOCK, w_bimorphl+w_bimorph2,w_bimorph,] bimorph-

base heightl,] bimorph-base height,t shim,t pzt+t shim

| sk ke sk sk sk s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk sfe ke sk sk sk sk skeoskesk skok sk

' BOTTOM PZT LAYER

!***************************************

mat,1

BLOCK, 0,w_bimorph2,0,1 bimorph-base height,0,-t pzt

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,0,] bimorph-base height,0,-t pzt
BLOCK, w_bimorphl+w_bimorph2,w bimorph,0,] bimorph-base height,0,-t pzt

BLOCK, 0,w_bimorph2,I bimorph-base heightl,] bimorph,0,-t pzt

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph,0,-t pzt
BLOCK, w_bimorphl+w_bimorph2,w_bimorph,] bimorph-

base heightl,] bimorph,0,-t pzt

BLOCK, 0,w_bimorph2,] bimorph-base heightl,] bimorph-base height,0,-t pzt

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,]l bimorph-
base heightl,] bimorph-base height,0,-t pzt
BLOCK, w_bimorphl+w_bimorph2,w_bimorph,] bimorph-

base heightl,] bimorph-base height,0,-t pzt

| =k 3k sk ok s sk s sk sk s sk s ke sk sk sk sk s sk sk sk sk sk s sk s sk sk sk s s sk sk sk sk sk s sk sk ok sk skoskosk ok
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|
| =k sk sk sk s sk sk sk sk sk sk s ke sk sk sk sk sk s sk sk sk sk sk sk sk ke sk sk sk sk sk sk e sk sk sk sk sk skt s sk sk sk sk skoskosk ok

! Use: BLC4, XCORNER, YCORNER, WIDTH, HEIGHT, DEPTH

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk ok s sk sk sk sk sk sk s sk sk skeosk sk skeoskeskoskosk

! TOP ELECTRODE LAYER

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk ok s sk sk sk sk sk ok sk s skeosk skok skeokeskoskosk

mat,3

BLOCK, 0,w_bimorph2,0,1 bimorph-
base height,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,0,l bimorph-
base height,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, w_bimorphl+w_bimorph2,w_bimorph,0,1 bimorph-
base height,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, 0,w_bimorph2,]_bimorph-
base heightl,] bimorph,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, w_bimorphl+w_bimorph2,w_bimorph,] bimorph-
base heightl,] bimorph,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, 0,w_bimorph2,l bimorph-base heightl,] bimorph-
base height,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, w_bimorph2,w bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph-base height,t shim+t pzt,t shim+t pzt+t electrode

BLOCK, w_bimorphl+w_bimorph2,w_bimorph,l bimorph-

base heightl,] bimorph-base height,t shim+t pzt,t shim+t pzt+t electrode

| sk sk sk sk sk sk sk s sk sk sk sk s sk sfe sk sk sk sk s sk sk sk sk skeoske sk sk skeosk sk sk sk skosk sk

! BOTTOM ELECTRODE

| sk sk sk sk sk sk sk sfe sk sk sk sl s sk sfe sk sk sk sk s sk sk sk sk skeoske sk sk skeoske sk sk sk skosk sk

mat,3

BLOCK, 0, w_bimorph2,0,1 bimorph-base height,-t pzt,-t pzt-t electrode

BLOCK, w_bimorph2,w bimorphl+w_bimorph2,0,] bimorph-base height,-t pzt,-
t pzt-t_electrode

BLOCK, w_bimorphl+w_bimorph2,w bimorph,0,] bimorph-base height,-t pzt,-
t pzt-t_electrode

BLOCK, 0, w_bimorph2,] bimorph-base heightl,l bimorph,-t pzt,-t pzt-
t electrode

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,] bimorph-
base heightl,] bimorph,-t pzt,-t pzt-t electrode
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BLOCK, w_bimorphl+w_bimorph2,w_bimorph,] bimorph-
base heightl,] bimorph,-t pzt,-t pzt-t electrode

BLOCK, 0, w_bimorph2,l bimorph-base heightl,| bimorph-base height,-t pzt,-
t pzt-t_electrode

BLOCK, w_bimorph2,w bimorphl+w_bimorph2,l bimorph-
base heightl,] bimorph-base height,-t pzt,-t pzt-t electrode
BLOCK, w_bimorphl+w_bimorph2,w bimorph,l bimorph-

base heightl,] bimorph-base height,-t pzt,-t pzt-t electrode

| 3k 3k 3k sk sk s s s sk sk sk ok sk sk st s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ks sk sk sk sk sk sk sk ok ke sk sk sk sk sk sk sk sk ki sk sk sk skoskoskosk
3k sk st sfe sfe sfe sk ske sk sk sk sk sk soskoskoskosk

| sk sk sk ok sk sk sk sk sk sk sk s ke sk sk sk sk sk s ke sk sk sk sk sk sk ke sk sk sk sk sk s ke sk sk sk sk sk s ke sk sk sk sk sk skt sk sk sk sk sk st sk sk sk sk sk sk skosk skok
st s sk sk sk sk sk seosk sk skosk sk skosk sk skosk

| 3k 3k 3k sk sk s s sk sk sk sk ok sk sk sk sk sk sk sk sk sk ke sk sk sk sk sk sk sk sk sk sie sk sk sk sk sk sk sk sk sk st sk sk sk sk sk sk ke sk sk sk sk sk sk sk sk skeoske sk sk skoskoskoskosk
3k sk st sfe sfe sfe sk ske sk sk sk sk sk soskoskoskok

! Now build the polyimide structure
! use Working plane offset

WPAVE,0,0,0

WPOFFS,0,1_bimorph-base height,t shim+t pzt+t electrode

mat, 5

! block,x_start,x_end,y start,y end,z start,z _end

BLOCK, 0, w_bimorph2,0,base height-base heightl,0,t polyimide2 ! base of
U Left

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,0,base height-
base height1,0,t polyimide2 ! base of U center

BLOCK, w_bimorphl+w_bimorph2,w_bimorph,0,base height-
base height1,0,t polyimide2 ! base of U Right

BLOCK, 0, w_bimorph2,base height-base heightl,base height,0,t polyimide2 !
base of U

BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,base height-
base heightl,base height,0,t polyimide2 ! base of U
BLOCK, w_bimorphl+w_bimorph2,w_bimorph,base height-

base heightl,base height,0,t polyimide2 ! base of U
WPAVE,0,0,0
WPOFFS,0,] _bimorph-base heightl,t shim+t pzt+t electrode
block,0,-base length1,0,base height1,0,t polyimide2 ! Left base overhang

WPAVE,0,0,0
WPOFFS, w_bimorph,l bimorph-base heightl,t shim+t pzt+t electrode
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block,0,base length1,0,base heightl,0,t polyimidel ! Right base overhang
WPAVE, 0,0,0

WPOFFS, -base lengthl, 1 bimorph,t shim+t pzt+t electrode
block,0,base length1,0,upright height,0,t polyimide2 ! Left Upright
block,base lengthl,base lengthl+(upright width-

base lengthl),0,upright height,0,t polyimide2 ! Left Upright

WPAVE, 0,0,0

WPOFFS, w_bimorph+base lengthl,l bimorph,t shim+t pzt+t electrode

block,0,-base length1,0,upright height,0,t polyimide2 ! Right Upright

block,-base lengthl,-base lengthl-(upright width-
base lengthl),0,upright height,0,t polyimide2 ! Right Upright

WPAVE, 0,0,0

WPOFFS, w_bimorph/2,]1 bimorph+upright height,t shim+t pzt+t electrode

mat,4

block, -table width/2-hinge length,-table width/2, 0,-hinge width,0,t polyimidel !
Left Hinge

block, table width/2+hinge length,table width/2, 0,-hinge width,0,t polyimidel !
Right Hinge

WPAVE,0,0,0

WPOFFS, w_bimorph/2,1 bimorph+upright height-
hinge width/2,t shim+t pzt+t electrode

mat,5

block, -table width/2 table width/2,-table height/2,table height/2,0,t polyimide2 !
Table

mat,6

block, -mirror_width/2,mirror width/2,-
mirror width/2,mirror width/2,t polyimide2,t polyimide2+t mirror

WPAVE,0,0,0

| =k 3k sk ok s sk sk sk sk s sk s sk sk sk sk s sk s sk s sk sk s sk s ke sk sk sk sk s sk sk sk sk s sk s sk sk sk sk sk s sk s sk sk seosk sk s skeosk sk sk skoskosk ok
sk sk sk sk sk sk sk skeoske sk sk sk skosk skok

| sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk skeoske sk sk sk stk sk sk skosk skok
sk sk s ok s ke sk sk sk sk sk sk skosk skok

| =k sk sk sk s sk sk sk sk s sk s sk s sk sk s sk s sk sk sk sk s sk s ke sk sk sk sk s sk sk sk sk s sk s sk sk sk sk s sk s sk s sk sk sosk s ke sk skeosk sk sk sk skosk ok
sk sk sk sk sk sk sk skeoske sk sk sk skosk skok

| sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk skeoske sk sk sk stk sk skeoskosk skok
sk sk s ok s ke o sk sk ook sk sk ko skok

' ASSIGN COLORS TO DIFFERENT MATERIALS
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/PNUM,MAT,1

/NUMBER, 1

/COLOR,NUM,RED,3 ! Electrodes are red
/COLOR,NUM,BLUE,?2 ! Shim is blue
/COLOR,NUM,GREE,1 ! PZT is green

/COLOR, NUM, YELL,4 ! Thin Polyimide is Yellow
/COLOR, NUM, MAGE, 5! Thick polyimide is magenta

vsel,all
vglue,all

|
sk sk sk sk sfe ke s sk sk sk sk s ke s sk sk sk s ke s sk sk sk sk sk s sk sk sk sk s sk s sk sk sk sk sfeosie sk sk sk sk s sk s sk sk sk sk sfeosie s ke sk sk sk sk sk sk skeosk sk skokosk

! MATERIAL AND ELEMENT ATTRIBUTION
!
st st et st st Rl Rl Rl Rl Rl Rl R R Rl R sk Rl R s R R SR R R R Rl Rl Rl Rk R ok

!
3k sk st sk s s sk sk ok sk sk sk sk s s sk sk sk ok sk sk st sk s sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskoskoskokokok

I Assign attributes to thin polyimide volumes and then mesh them
!
sk sk sk sk sk sfe st sk s sk sk sfe st sk sk sk sk s sk sk sk sk sk sk sk sk sk ske sk st sk s sk sk sfe st sk st sk sk sk sk sk sk sk ske sk sk sk sk sk ske st sk sieosieoskeo sl sieoskoskeoskeoske skeoskoskoskesk sk
! Mesh the hinges first since they require the finest mesh
I All other components will mesh based on the hinge mesh

TYPE,3 ! Use element table type 3 for meshing (Polimide)
MAT.,4 ! Use material 3 attributes for meshing (Polyimide)

/COM, MESH THIN Polyimide

| sk sk sk sk sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk skeosk skeosk sk skoskosk

I Select Left hinge to mesh

!*******************************

VSEL, S,LOC,Z,t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimidel

VSEL, R,LOC,Y,l bimorph+upright height,] bimorph+upright height-hinge width

VSEL, R, LOC, X,w bimorph/2-table width/2-hinge length,w bimorph/2-
table width/2

VMESH, ALL

VSEL,None

| sk sk sk sk sk sk sk sk sk ske sk sk sk sk s sk sk sk sk sk s skeosk skeoske sk skoskosk

I Select Right hinge to mesh
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| st sk sk st sfe sk st sfe sk sk sfe sk sk sfe sk st sfe sk sk sfe sk sk sfeoske sk sk skeskeosk sk

VSEL, S,LOC,Z,t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimidel

VSEL, R,LOC,Y,l bimorph+upright height,] bimorph+upright height-hinge width

VSEL, R, LOC,
X,w_bimorph/2-+table width/2+hinge length,w bimorph/2+table width/2

VMESH, ALL

VSEL,None

ESIZE,750E-6

|
sk sk sk sk sk ke sk sk sk sk sk s ke s sk sk sk s ke s sk sk sk sk sk s sk sk sk sk sk s sk sk sk sk s sk s sk sk sk sk s sk s sk sk sk sk sk s ke sk sk sk sk sk sk skeosk sk skokosk

! ASSIGN PZT PROPERTIES AND THEN MESH PZT LAYERS
!
sk sk sk sk sk sk sk sk st sk sk sk sk sk st sk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk stk st sk sk skeoskeoskeoskeo sk sk skoskoskeske sk skoskskosk
/COM, Assign PZT properties
VSEL,S,LOC,Z,t_shim,t shim+t pzt ! Select volumes by Z coordinate location
(PZT)
VATT,1,,2 ! Use material 1 attributes for meshing (PZT) and element
type 2

/COM, MESH TOP PZT

VMESH,ALL
VSEL,NONE

VSEL, S,LOC,Z,0,-t pzt
VATT,1,,2

/COM, MESH BOTTOM PZT
! ESIZE,75E-6

VMESH,ALL

VSEL,NONE

|
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske sk sk sk skok skokoskokosk

' ASSIGN BRASS PROPERTIES AND THEN MESH BRASS SHIM
!
st sk o s o o ko ok o ok ok R R oK o o R oK o R R oK o R R o o R ok o R Rk o R ok o Rk o Rk ok Rk ok ok R ok ok Rk ok ok Rk ok o

/COM, Assign Shim properties

VSEL,S,LOC,Z,0,t shim ! Select Shim volume

VATT,2,,1 ! Use material 2 attributes for meshing (shim) and element
type 1
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/COM, MESH Shim
| ESIZE,75E-6

VMESH,ALL

VSEL,NONE

!

sttt st st Rl Rl Rl Rl Rl Rl R R R R sk R sl R sk R R sk R R Rt Rl Rl Rk Rk R ok
' ASSIGN PLATINUM PROPERTIES AND THEN MESH PLATINUM LAYERS
!

s s e ok e o e o e o e e o o e s sk skl sk s ks sk ok sk sk ok sk sl R sk kR sl ks R s R e R e o R s ks o ks ok ok ok

/COM, Assign Pt properties

TYPE,1 ! Use element table type 3 for meshing (Pt)
MAT,3 ! Use material 3 attributes for meshing (Pt)

/COM, MESH TOP ELECTRODE

! wpoffs,0,0,t shim+t pzt ! Offset working plane +t shim+t pzt in Z-coordinate
location

VSEL, S,LOC,Z,0+t_shim+t pzt,t shim+t pzt+t electrode

VMESH, ALL

VSEL, None

! WPAVE,0,0,0 ! Offset working plane to original place

/COM, End Mesh Top Electrode
/COM, Assign Pt properties

TYPE,1 ! Use element table type 3 for meshing (Pt)
MAT,3 ! Use material 3 attributes for meshing (Pt)
/COM, MESH BOTTOM ELECTRODE

'wpoffs,0,0,-t_pzt ! Offset working plane -t _pzt in Z-coordinate location
VSEL, S,LOC,Z,0-t pzt,-t electrode-t pzt

VMESH, ALL

VSEL,None

'WPAVE,0,0,0 ! Offset working plane to original place

/COM, End Mesh Bottom Electrode

SHPP, Warn ! Turn on shape warning but do not stop mesh

sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske sk skoskosk skok skok
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!
sk sk sk sk sk sfe sk i s sk sk sfe st sk sk sk sk s sk sk sk ske sk sk sk sk ske sk sfe sk sk st sk sk sfe st sk sk sk sk sk sk sk sk sk sk skeoske sk sk sk ske stk sk skeoskeo sk sieoskeosieoske sk skeoskoskoskesk sk
I Assign attributes to thick polyimide volumes and then mesh them
!
st s sk sk sk sk sk sk sk sk s sk sk s sk sk s sk sk s sk sk s sk sk seoske sk sk sk sk s sk sk s sk sk s sk sk seoske sk s sk sk seoske sk s sk sk seoske sk seoske sk seosk ke sk skeskoskoskeskosk
TYPE,3 ! Use element table type 3 for meshing (Polimide)
MAT,5 ! Use material 3 attributes for meshing (Polyimide)
! SMRTSIZE, 5
/COM, MESH THICK Polyimide

| sk ke sk sk sk sk ok s ke sk sk sk s sk sfe sk sk sk sk sk sk s sk sk skeosk sk skeoskeosk skok sk

! Now select uprights

!**********************************

/COM, MESH THICK Polyimide Upright LEFT SIDE

VSEL, S, LOC,Z, t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimide2
VSEL, R, LOC, Y,l_bimorph,l bimorph+upright height

VSEL, R, LOC, X,-base lengthl,-base lengthl+upright width

VMESH, ALL

VSEL, NONE

/COM, MESH THICK Polyimide Upright RIGHT SIDE

VSEL, S, LOC,Z, t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimide2

VSEL, R, LOC, Y,l_bimorph,] bimorph+upright height

VSEL, R, LOC, X, w_bimorph-(upright width-base lengthl),
w_bimorph+base lengthl

VMESH, ALL

VSEL, NONE

/COM, MESH THICK Polyimide remainder of
base

VSEL, S, LOC,Z, t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimide2

VSEL, R, LOC, Y,l bimorph-base heightl,l bimorph

VMESH, ALL

VSEL, NONE

| sk sk sk sk sk sk sk sk sk sk sk sk sk sk sfe sk ske sk sk sk sfeoske sk skeoske sk sk sk skosk sk

! Select Base first
| skosk sk sk sk sk st ske sk sk sk ke st ske sk sk sk sk sk sk sk skeoskeskeoske sk s skeoskoskeske sk sk

! Center of base

/COM, MESH THICK Polyimide Center of Base

'BLOCK, 0, w_bimorph2,0,base_height-base heightl,0,t polyimide2 ! base
of U Left

'BLOCK, w_bimorph2,w_bimorphl+w_bimorph2,0,base height-
base heightl,0,t polyimide2 ! base of U center

'BLOCK, w_bimorphl+w_bimorph2,w_ bimorph,0,base height-
base heightl,0,t polyimide2 ! base of U Right
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base

Y,

VSEL, S, LOC,Z, t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimide2
VSEL, R, LOC, Y,l bimorph-base heightl,] bimorph-base height-base heightl
VSEL, R, LOC,X, w_bimorph2,w_bimorphl+w_bimorph2

VMESH, ALL

VSEL, NONE

/COM, MESH THICK Polyimide left side of base
I left side of base

VSEL, S, LOC,Z, t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimide2
VSEL, R, LOC, Y,l bimorph-base heightl,] bimorph-base height-base heightl
VSEL, R, LOC,X, 0,w_bimorph2

VMESH, ALL

VSEL, NONE

/COM, MESH THICK Polyimide right side of

! right side of base

VSEL, S, LOC,Z, t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimide2
VSEL, R, LOC, Y,l bimorph-base heightl,I bimorph-base height-base heightl
VSEL, R, LOC,X, w_bimorphl+w_bimorph2,w_bimorph

VMESH, ALL

VSEL, NONE

SMRTSIZE, 7

| sk ke sk sk sk sk ok s ke sk sk sk s sk s sk sk sk sk sk s sk sk stk sk sk sk skok sk

! Now select the table

!**********************************

/COM, MESH THE TABLE

TYPE,3 ! Use element table type 3 for meshing (Polimide)

MAT,5 ! Use material 3 attributes for meshing (Polyimide)

VSEL, S, LOC,Z, t shim+t pzt+t electrode,t shim+t pzt+t electrode+t polyimide2
VSEL, R, LOC,
bimorph+upright height+table height,] bimorph+upright height-table height
VSEL, R, LOC, X, w_bimorph/2-table width/2,w_bimorph/2+table width/2
VMESH, ALL

VSEL, NONE

| sk sk sk sk sk sk sk sk sk sk sk sk sk sk sfe sk ske sk sk sk sk sfe sk sk skeoske sk sk sk skosk sk

! Now select the Mirror
| skeoskoskeo sk sk sk sk ske sk sk sk kst ske sk sk sk sk sk sk sk skeoskeoskeske sk s skeskeskeske sk sk

/COM, MESH THE MIRROR
TYPE, 3
MAT, 6
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VSEL, S, LOC,Z,
t shim+t pzt+t electrode+t polyimide2,t shim+t pzt+t electrode+t polyimide2+t mirr
or

VSEL, R, LOC,
Y,l bimorph+upright height+mirror width,] bimorph+upright height-mirror width

VSEL, R, LOC, X, w_bimorph/2-mirror width/2,w_bimorph/2+mirror width/2

VMESH, ALL

VSEL, NONE

|
sk sk sk sk s ke sk sk sk sk sk s ke s sk sk sk sk s sk sk sk sk sk s sk sk sk sk sk s sk sk sk sk s sk s sk sk sk sk sk s sk sk sk sk sk s ke sk sk sk sk s ke sk stk sk skokosk

' END PROPERTY ASSIGNMENTS AND MESHING
!

3k st st sk s sk sk sk sk sk sk sk sfe s sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk s s sk skok sk sk sk skeoskoskosk

allsel

|

s s e o e o e o e o e o e oo s sk sk sk s sk sk ok sk sk ok sk ok sk kR sl s ks R e ke s ko s o ks ok ok ok ok
' APPLY BOUNDARY CONDITIONS AND LOADS
!

st st et st Rt Rl Rl Rl Rl Rl Rl R R Rl R sk Rk RS R R R R R R Rl Rl Rk Rk R ok

v=40

aSEL,s,loc,y,0

DA all,ux,0

DA all,Uy,0

DA ,all,Uz,0

asel, none

aSEL,s,loc,z,-t pzt-t_electrode 'Bottom Electrode
DA ,all,volt,v

asel, none

aSEL,s,loc,z,t shim+t pzt+t electrode !'Top Electrode
DA, all,volt,v

asel, none

aSEL,s,loc,z,0 'Bottom of shim

DA ,all,volt,0

asel, none

aSEL,s,loc,z,t shim !'Top of Shim

DA all,volt,0

asel, none

allsel

179



FINISH

sk ok s sk ok skoske sk sk ok skoske sk sk sk s sk ok seoske sk sk sk sk sk sk skeske sk sk sk skeske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk
skokskosksksksksksksksksksksksksksksk sksksk sksk sk sksk skosk sk sk sk sk sksk ks sk sk sk sksksk sk sk sk sk sk skosksk sk sk sk sk sk ks sk ok
sk ok sk sk ok skosk sk sk ok soske sk sk sk s sk ok seoske sk sk sk sk sk sk sk sk sk sk sk skeske sk sk sk sk sk sk ks sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk
Solution Commands

sk ok sk sk ok skosk sk sk ok soske sk sk sk s sk ok seoske sk sk sk s sk sk sk sk sk sk sk skeoske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk
sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk

sk ok sk sk sfe sk sk sk sk s sk s sk sk sk sk s sk s sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk sk s ke sk sk sk sk sk s sk sk sk sk stk sk sk skeosk skok sk

/sol
solve
FINISH

/sol

antype, MODAL I Start Modal Analysis
modopt,LANB,3 ! Block Lanczos, 3 Modes
mxpand,3 ! Expand 3 Modes

solve

finish

'APPLY BOUNDARY CONDITIONS AND LOADS
/sol

DMPRAT,.0769

VSEL,NONE

ASEL, NONE

LSEL, NONE

ANTYP,HARMIC ! Harmonic analysis type
HARFRQ,0.000E+03,.100E+03 ! Frequency range for analysis
NSUBST,100 ! Number of steps to calculate
KBC,1 ! Step loads (no ramp)

v=40

aSEL,s,loc,y,0
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DA all,ux,0

DA all,Uy,0

DA,all,Uz,0

asel, none

aSEL,s,loc,z,-t pzt-t_electrode 'Bottom Electrode
DA all,volt,v

asel, none

aSEL,s,loc,z,t shim+t pzt+t electrode !Top Electrode
DA, all,volt,v

asel, none

aSEL,s,loc,z,0 'Bottom of shim

DA ,all,volt,0

asel, none

aSEL,s,loc,z,t shim !'Top of Shim

DA all,volt,0

asel, none

allsel

solve
FINISH

/POST26 ! Enter time-history post-processor

NSEL,S,LOC,Z,t shim+t pzt+t electrode+t polyimide2+t mirror

NSEL,R,LOC,Y,l bimorph+upright height+mirror width/2-hinge width

NSEL,R,LOC,X,w_bimorph/2

*GET ntip, NODE, NUM,MIN ! Get number of node at tip of mirror (selected
node)

NSOL,2,ntip,U,Z,tip uz ! Store node ntip vert. displ. in variable tip uz

NSEL,ALL ! Select all nodes

! WPCSYS I Align work-plane with global coordinate system
PRVAR,2 ! List data for tip_uz variable

PLVAR,2 ! Plot displacements as a function of frequency
FINISH ! Exit active processor

/eof

/POST1 ! Enter general post-processor

PLNSOL,VOLT

FINISH

/eof
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FINISH

/POSTI1
/EFACE,1
AVPRIN,O0, ,

I3
PLNSOL,U,Z,0,1
/VIEW,1,1,1,1
/ANG,1
/REP,FAST
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Appendix E: ANSYS Batch File for Harmonic Analysis of 2nd
Generation Device

This appendix contains the ANSYS batch file for the harmonic analysis of the 2™
generation devices.

/TITLE,Modal and harmonic analysis of micromirror actuated by a PZT thin film
!****************************************

! by Paul Patterson

!'15 JUNE 2007

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk ok s sk sk sk sk sk ok sk sk skeosk sk skoskeskoskosk

! SET DEVICE DIMENSIONS

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk ok s sk sk skeosk skok skoskeskoskosk

tstep = 5.0E-6 ! Technology step

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk ok s sk sk skeosk sk skeoskeskoskosk

! MIRROR SUPPORT STRUCTURE

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk ok s sk sk sk sk sk ok sk sk skeosk sk skeoskeskoskosk

mirror_thickness=430E-6
mirror width=1E-3
mirror_length=mirror width
mirror_clearance=400E-6
hinge thickness=3E-6
hinge width=135E-6
hinge length=250E-6
table thickness=33E-6
table width=mirror width
table length=2.25E-3
support width=400E-6
support_length=400E-6

support_extension=100E-6
!****************************************

I Oxide beam

!****************************************

Ibeam = 2.0E-3 ! Length of beam (oxide)

wbeam = table width+2*hinge length+2*support width I+4*tstep offset remove
Width of beam (oxide)

tbeam = 100.0E-9 ! Thickness of beam (oxide)

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk sk sk skeosk sk skoskeskoskosk
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! PZT Beam

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk s sk sk sk ok sk sk skeosk sk skoskeskoskosk

| PZt=1beam ! Length of PZt on beam

w_PZt =table width+2*hinge length+2*support width I+2*tstep

removed Width of PZt layer

t PZt=1.0E-6 ! Thickness of piezoelectric actuator ceramic

| st sfe sk st sfe sk st sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfeoske sk sk skeskeosk sk

! ELECTRODES
!****************************************
1 PtB = lbeam ! Length of bottom Pt electrode
| PtT =1lbeam ! Length of top Pt electrode

w_PtB = table width+2*hinge length+2*support width I+3*tstep

removed Width of bottom Pt electrode

w_PtT = table width+2*hinge length+2*support width I+tstep

removed Width of top Pt electrode
t PtB=0.1E-6 ! Thickness of lower Pt electrode
t PtT =0.1E-6 ! Thickness of upper Pt electrode

| sk ke sk sk sk sk ok s sk sk sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk sk s sk sk skeosk sk skeoskeskoskosk

' END SET DEVICE DIMENSIONS
!****************************************
/PREP7 ! Enter preprocessor

/COM, Define element tables

|3k sk sk sk st sk s s sk ok sk sk sk st sk s sk sk sk ok sk sk sk sk sk s sk sk ok ok sk sk sk sk skoskoskoskosk ok

! DEFINE ELEMENTS

| 3k sk sk sk st sk s s sk ok ok sk sk sk sk s sk sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk sk skoskoskoskoskok

ET,1,s0lid95 ! Use solid95 for all components except PZT
ET,2,s0lid5,3 ! Use this 3d coupled field element for PZT

ET,3,s01id92 ! Use solid92 for all polyimide

| 3k ke sk sk sk s ok s sk sk sk sk s sk s sk sk sk sk s sk s sk s sk sk sk s sk sk skeosk skok skoskesk kock

! PZT PROPERTIES

| 3k ke sk sk sk s ok s sk s sk sk s sk s sk sk sk sk s ok s sk s sk sk sk s sk sk skeosk skok skoskesk skook

offset

offset

offset

/COM, PZT piezo ceramic layer material properties (material 1)

EPZT=56E9
mp,ex, |, EPZT
mp,ey,l , EPZT
mp,dens,1,7800
mp,prxy,1,.3
mp,perx,1,1100

d31 =-120E-12 'Define var called d31-
PZT d31 at 10V/.5um

e31 =d31*EPZT

e32=-¢e31

Thin

Film

e33 =-2%e31 lAssume d33 is twice d31 - generally true
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TB,PIEZ,1,,,0 'Piezo data table - piezo stress constants - no need
for shear components

TBMODIF,1,3,e31 'Add e31
TBMODIF,2,3,e31 'Add e32 - equal to e31
TBMODIF,3,3,e33 'Add e33

MP,MURX,1,0 ! Bogey material properties to suppress error messages
MP,KXX,1,0 ! Bogey material properties to suppress error messages
/COM, Oxide material properties (material 2)

Eox = 80E9 !0xide modulus

mp,ex,2,Eox ladd mat - Si02

mp,ey,2,Eox

mp,dens,2,2300 'Density in kg/m3

mp,prxy,2,.27

/COM, Platinum electrode material properties (material 3)
EPt=170E9

mp,ex,3,EPt

mp,ey,3,EPt

mp,dens,3,18000

mp,prxy,3,.3

/COM, Polyimide material properties (material 4)
Epoly=2.5E9

mp,ex,4,Epoly

mp,prxy,4,0.34

mp,dens,4,1470

/COM, Silicon material properties (material 5)
ESi=160E9

mp,EX,5,Esi

mp,PRXY,5,0.2

mp,DENS,5,2330

stk sk ok o ok ok koo sk ok ok ok ok ok ko ok sk ok ok ok sk ok sk ok ok sk ko ko ok sk ok sk kR kR sk ok ok ok ok ok ok sk ok sk ok ok
CONSTRUCT THE MIRROR AND SUPPORT STRUCTURE

stk sk o o ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok ok sk ok ok ok ok kR ok sk ok sk R kR sk ok ok ok ok ok ok sk ok sk ok ok
s s s s o ok ok ook s o ok ok ok ok sk sk s ok ok R ok Rk ok sk ok ok ok R R ok sk sk ok ok ok

MIRROR

sk sk sk sk sfe sk sk sk sk sk sk sfe sk sk sk sk sk sk sfe sk ske sk sl s sk sfe sk sk sk sk sk sk skeoske sk sk skoskosk

!
!
!
!
!******************************************
!
!
!******************************************
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/COM, MIRROR GEOMETRY
mat,5

! NEED TO CONSTRUCT MIRROR GEOMETRY IN 3 VOLUMES TO ALLOW
MESHING

BLOCK, -mirror width/2,mirror width/2,mirror length/2,
hinge width/2,hinge thickness,hinge thickness+mirror thickness

BLOCK, -mirror width/2,mirror width/2,-hinge width/2,
hinge width/2,hinge thickness,hinge thickness+mirror thickness

BLOCK, -mirror_width/2,mirror width/2,-hinge width/2, -
mirror_length/2,hinge thickness,hinge thickness+mirror thickness

| sk ke sk sk sk s sk sfe sk sk sk ok s ke s sk sk sk sk s sk s sk sk sk sk s sk sk sk sk sk s sk sk skeosk skok sk
| st sk sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sk skeskeosk skeskok

! 3um polyimide table on backside of mirror
!******************************************

| sk ke sk sk sk s sk sfe sk sk sk sk s ke s sk sk sk sk s sk s sk sk sk ok s sk sk sk sk sk sk s skeosk skok sk

/COM, TABLE GEOMETRY

mat, 4

! NEED TO CONSTRUCT TABLE GEOMETRY IN 3 VOLUMES TO ALLOW
MESHING

BLOCK, -mirror width/2,mirror width/2,mirror length/2,
hinge width/2,0,hinge thickness

BLOCK, -mirror_width/2,mirror width/2,-hinge width/2,
hinge width/2,0,hinge thickness

BLOCK, -mirror_width/2,mirror width/2,-hinge width/2, -
mirror_length/2,0,hinge thickness

| 3k ke sk sk sk s ok s sk sk sk ok s sk s sk sk sk ok sk s sk sk sk ok s sk s sk sk sk s sk sk skosk skok skok
| sk sk sk sk sk sk sk sfe sk ske sk sk sk sk sfe sk sk sk sl s sk sfe sk sk sk sk s sk sfe sk sk sk sk sk skeosk sk sk
! Hinges

| sk sk sk sk sk sk sk sfe sk ske sk sl s sk sfe sk sk sk sk s sk sfe sk sk sk sk sfe sk sfe sk sk sk sk sk skeoske sk sk
| 3k ke sk sk sk s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk s sk sk sk sk sk sk sk skeosk skok sk

/COM, HINGES

mat.4
VSEL, NONE
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BLOCK, (-mirror_width/2)-hinge length, (-mirror_width/2),-hinge width/2,
hinge width/2,0,hinge thickness

VSEL, NONE

BLOCK, (mirror width/2)+hinge length, (mirror width/2), hinge width/2,-
hinge width/2,0,hinge thickness

| sk ke sk sk sk s sk s sk sk sk ok s sk s sk sk sk ok s sk s sk sk sk sk sk skeosk skok sk

! SUPPORT UPRIGHTS
| stk s etk s e ok s e okl s s ekl s s ek s o
/COM, SUPPORT UPRIGHTS

! NEED TO DRAW UPRIGHTS IN FOUR COMPONENTS TO ALLOW FOR
MESHING

! FIRST ONE NEEDS TO BE HINGE THICKNESS AND HINGE WIDTH ONLY
! LEFT SIDE HINGE SUPPORT UPRIGHT
BLOCK, (-mirror_width/2)-hinge length-support width,(-mirror_width/2)-

hinge length,hinge width/2,-hinge width/2,0,hinge thickness

BLOCK, (-mirror_width/2)-hinge length-support width,(-mirror width/2)-
hinge length,-hinge width/2,-mirror width/2-mirror_clearance,0,hinge thickness

BLOCK, (-mirror_width/2)-hinge length-support width,(-mirror width/2)-
hinge length,hinge width/2,-hinge width/2,hinge thickness,table thickness

BLOCK, (-mirror_width/2)-hinge length-support width,(-mirror width/2)-
hinge length,-hinge width/2,-mirror width/2-
mirror_clearance,hinge thickness,table thickness

! NOW RIGHT SIDE HINGE SUPPORT UPRIGHT
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BLOCK,
(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge length,hinge wi
dth/2,-hinge width/2,0,hinge thickness

BLOCK,
(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge length,-
hinge width/2,-mirror width/2-mirror clearance,0,hinge thickness

BLOCK,
(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge length,hinge wi
dth/2,-hinge width/2,hinge thickness,table thickness

BLOCK,
(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge length,-
hinge width/2,-mirror width/2-mirror_clearance,hinge thickness,table thickness

| 3k sk sk sk st s s sk ok ok sk sk sk sk sk s sk sk ok sk sk sk sk s s sk ok ki sk sk skoskoskook

! SUPPORT BASE
I stttk s e e e ek ook s e e ek ookl s e e
/COM, SUPPORT BASE

' NEED TO SEPARATE INTO SIX VOLUMES FOR MESHING

VSEL, NONE
' LEFT SIDE OF BASE IN LINE WITH LEFT SUPPORT

BLOCK, (-mirror width/2)-hinge length-support width,(-mirror width/2)-
hinge length,-mirror width/2-mirror clearance,-mirror width/2-mirror clearance-
Ibeam,0,hinge thickness

! RIGHT SIDE OF BASE IN LINE WITH RIGHT SUPPORT
BLOCK,
(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge length,-

mirror width/2-mirror clearance,-mirror width/2-mirror clearance-
Ibeam,0,hinge thickness
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' CENTER SECTION OF BASE BLOCK

BLOCK, (-mirror_width/2)-hinge length,(mirror width/2)+hinge length,-
mirror width/2-mirror clearance,-mirror width/2-mirror clearance-
Ibeam,0,hinge thickness

' LEFT SIDE OF BASE IN LINE WITH LEFT SUPPORT

BLOCK, (-mirror width/2)-hinge length-support width,(-mirror width/2)-
hinge length,-mirror width/2-mirror_clearance,-mirror width/2-mirror_clearance-
Ibeam,hinge thickness,table thickness

! RIGHT SIDE OF BASE IN LINE WITH RIGHT SUPPORT

BLOCK,
(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge length,-
mirror width/2-mirror clearance,-mirror width/2-mirror_clearance-
Ibeam,hinge thickness,table thickness

' CENTER SECTION OF BASE BLOCK
BLOCK, (-mirror_width/2)-hinge length,(mirror width/2)+hinge length,-

mirror_width/2-mirror clearance,-mirror width/2-mirror clearance-
Ibeam,hinge thickness,table thickness

I stk ke s ke e e ke e ks e ks ekl sl e e e ke e ke ke e ke e el e ke o
' CONSTRUCT THE CANTILEVER

| sk ke sk sk sk s ok s sk sk sk sk s sk s sk sk sk sk sk s sk sk sk sk s sk s sk sk sk sk s sk s sk sk sk sk sk s sk sk sk sk sk s sk sk skosk sk skok

| sk ke sk sk sk s ok s sk s sk sk s ok s sk sk sk sk sk s sk sk sk sk s sk s sk sk sk sk sk s sk s sk sk sk sk sk skeosk skok skoskesk koo
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I Construct top electrode
!******************************************************

mat,3 ! Select Material 3 (PT)
! NEED TO SEPARATE INTO THREE VOLUMES FOR MESHING
! LEFT SIDE OF TOP ELECTRODE IN LINE WITH LEFT SUPPORT

BLOCK, (-mirror_width/2)-hinge length-support width,(-mirror_width/2)-
hinge length,-mirror width/2-mirror clearance,-mirror width/2-mirror clearance-
1 PtT,0,-t PtT

! RIGHT SIDE OF PZT IN LINE WITH RIGHT SUPPORT

BLOCK,
(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge length,-
mirror_width/2-mirror _clearance,-mirror width/2-mirror_clearance-1 PtT,0,-t PtT

' CENTER SECTION OF TOP ELECTRODE BLOCK

BLOCK, (-mirror width/2)-hinge length,(mirror width/2)+hinge length,-
mirror_width/2-mirror _clearance,-mirror width/2-mirror_clearance-1 PtT,0,-t PtT

| 3k sk sk st sk sk s sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk sk s sk sk ok sk sk sk sk sk s sk sk ok ok sk sk sk sk skoskosk

! Construct PZT beam
| skeske sk sk sk sk sk ske sk sk sk sk sk sk sk sk sk st sk sk st st sk st sk sfe sk st sk sk sk sl sk sk st sk ske sk sk skeosteoske sk s skeoskeoske sk sk skeskesksk sk

mat, | ! Select Material 1 (PZt)

I NEED TO SEPARATE INTO THREE VOLUMES FOR MESHING

' LEFT SIDE OF PZT IN LINE WITH LEFT SUPPORT
BLOCK,(-mirror_width/2)-hinge length-support width,(-mirror width/2)-
hinge length,-mirror width/2-mirror clearance,-mirror width/2-mirror clearance-
1 PZt,-t PtT,-t PtT-t PZt
! RIGHT SIDE OF PZT IN LINE WITH RIGHT SUPPORT
BLOCK,(mirror width/2)+hinge length+support width,(mirror width/2)+hinge len
gth,-mirror width/2-mirror clearance,-mirror width/2-mirror clearance-1 PZt,-t PtT,-

t PtT-t PZt

' CENTER SECTION OF PZT BLOCK
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BLOCK,(-mirror_width/2)-hinge length,(mirror width/2)+hinge length,-
mirror width/2-mirror clearance,-mirror width/2-mirror clearance-1 PZt,-t PtT,-t PtT-
t PZt

| st sk sk st sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sfe sk sk sk sk sk seseosk skeskok

! Construct bottom electrode
| skeosk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk ske sk sk sk st sk sk sk sk sk sk sk sk sk sk ste sk sk sk skeoskeoste sk sk sk skeoskeske sk sk sk skeskesk sk

mat,3 ! Select Material 3 (PT)
! NEED TO SEPARATE INTO THREE VOLUMES FOR MESHING
' LEFT SIDE OF BOTTOM ELECTRODE IN LINE WITH LEFT SUPPORT
BLOCK,(-mirror_width/2)-hinge length-support width,(-mirror width/2)-
hinge length,-mirror width/2-mirror clearance,-mirror width/2-mirror clearance-
1 PtB,-t PtT-t PZt,-t PtT-t PZt-t PtB
! RIGHT SIDE OF BOTTOM ELECTRODE IN LINE WITH RIGHT SUPPORT
BLOCK,(mirror_width/2)+hinge length+support width,(mirror width/2)+hinge len
gth,-mirror width/2-mirror clearance,-mirror width/2-mirror clearance-1 PtB,-t PtT-
t PZt,-t PtT-t PZt-t PtB
' CENTER SECTION OF BOTTOM ELECTRODE BLOCK
BLOCK,(-mirror_width/2)-hinge length,(mirror width/2)+hinge length,-
mirror width/2-mirror_clearance,-mirror width/2-mirror clearance-1 PtB,-t PtT-t PZt,-
t PtT-t PZt-t PtB
!******************************************************

! Construct Oxide beam
| skeoske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st ske sk sk st sk st ske sk sk sk sk sk ske sl sk sk st sl ske sk skeoskeoste sk sk s skeoskeoske sk sk skeskeskesk sk

mat,2 ! Select Material 2 Ox

! NEED TO SEPARATE INTO THREE VOLUMES FOR MESHING
! LEFT SIDE OF OXIDE IN LINE WITH LEFT SUPPORT
BLOCK,(-mirror_width/2)-hinge length-support width,(-mirror width/2)-

hinge length,-mirror width/2-mirror clearance,-mirror width/2-mirror clearance-
Ibeam,-t PtT-t PZt-t PtB,-t PtT-t PZt-t PtB-tbeam
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! RIGHT SIDE OF OXIDE IN LINE WITH RIGHT SUPPORT

BLOCK,(mirror width/2)+hinge length+support width,(mirror width/2)+hinge len
gth,-mirror width/2-mirror clearance,-mirror width/2-mirror_clearance-lbeam,-t PtT-
t PZt-t PtB,-t PtT-t PZt-t PtB-tbeam

' CENTER SECTION OF OXIDE BLOCK

BLOCK,(-mirror_width/2)-hinge length,(mirror width/2)+hinge length,-
mirror_width/2-mirror _clearance,-mirror width/2-mirror clearance-lbeam,-t PtT-t PZt-
t PtB,-t PtT-t PZt-t PtB-tbeam

vsel,all
vglue,all

|

s s e ok e o e o e e e e s skl sk sl ok sk s sk R sk sk ok sk R sk R R sl s R s R e ke ko ks o sk o ok ok ok
! MATERIAL AND ELEMENT ATTRIBUTION
!

st st et et st Rl Rl Rl Rl Rl Rl R Rk R sl R sk R SRR RS R R s R R R Rl Rl Rk Rk R ok

/COM, Assign Ox properties

VSEL,S,LOC,Z,-t PtT-t PZt-t PtB,-t PtT-t PZt-t PtB-tbeam ! Select Ox
volumes

VATT,2,,1 ! Use material 2 attributes for meshing (Ox) and element type
1

/COM, MESH Oxide

ASLV,R

LSLAR

LESIZE,ALL,150E-6

VMESH,ALL

VSEL,NONE

/COM, Assign Pt properties

VSEL,S,LOC,Z,-t PtT-t PZt,-t PtT-t PZt-t PtB ! Select Bottom electrode
volumes

VATT,3,,1 ! Use material 3 attributes for meshing (Pt) and element
type 1

/COM, MESH PT BOTTOM ELECTRODE

ASLV,R
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LSLA.R
LESIZE,ALL,100E-6
VMESH,ALL
VSEL, NONE

/COM, Assign PZT properties
VSEL,S,LOC,Z,-t PtT,-t PtT-t PZt ! Select volumes by Z coordinate location
(PZT)

VATT,1,,2 ! Use material 1 attributes for meshing (PZT) and element
type 2
/COM, MESH PZT

| NEED TO SELECT EVERYTHING, THEN THE VOLUME, THEN THE AREA
VSEL,S,LOC,Z,-t PtT,-t PtT-t PZt

ASLV,S

LSLA,S

LESIZE,ALL,150E-6

VMESH,ALL

VSEL, NONE

ASEL, NONE

LSEL, NONE

/COM, Assign Pt properties

VSEL,S,LOC,Z,0,-t PtT ! Select Top electrode volumes

VATT,3,,1 ! Use material 3 attributes for meshing (Pt) and element
type 1

/COM, MESH PT TOP ELECTRODE

VSEL,S,LOC,Z,0,-t PtT

ASLV,S

LSLA,S

LESIZE,ALL,150E-6

VMESH,ALL

VSEL, NONE

ASEL, NONE

LSEL, NONE

/COM, Assign Polyimide properties

VSEL,S,LOC,Z,0,table thickness ! Select polyimide volumes

VATTA4,,1 ! Use material 3 attributes for meshing (Polyimide) and
element type 1

/COM, MESH POLYIMIDE
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! Need to Mesh the hinges separately
/COM, MESH POLYIMIDE HINGES FIRST (left side)

VSEL,NONE
VSEL,S,LOC,Z,0,hinge thickness
ESIZE,75E-6
VMESH,ALL
VSEL,NONE

VSEL,S,LOC,Z,hinge thickness,table thickness
ESIZE,150E-6

VMESH,ALL

VSEL,NONE

/COM, Assign Si properties

VSEL,S,LOC,Z,table thickness,table thickness+mirror thickness !' Select
Mirror volumes
VATT,5,,3 ! Use material 3 attributes for meshing (Si) and element

type 1

/COM, MESH Si (MIRROR)

ESIZE,200E-6
VMESH,ALL

allsel
IAPPLY BOUNDARY CONDITIONS AND LOADS

v=10

aSEL,s,loc,y,-mirror width/2-mirror clearance-1 PtT
DA ,all,ux,0
DA all,Uy,0
DA,all,Uz,0

aSEL,s,loc,z,-t PtT-t PZt 'Bottom Electrode
DA, all,volt,v

aSEL,s,loc,z,-t PtT !'Top Electrode

DA all,volt,0
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allsel
FINISH

Commands

! /sol
! solve
! FINISH

! /sol

'VSEL, NONE

'ASEL, NONE

'LSEL, NONE

v=0

'aSEL,s,loc,y,-mirror width/2-mirror clearance-1 PtT

'DA ,all,ux,0

'DA,all,Uy,0

'DA,all,Uz,0

'aSEL,s,loc,z,-t PtT-t PZt 'Bottom Electrode
'DA ,all,volt,v

'aSEL,s,loc,z,-t PtT !'Top Electrode

'DA ,all,volt,0

lallsel

lantype, MODAL ! Start Modal Analysis
'modopt,LANB,3 ! Block Lanczos, 3 Modes
'mxpand,3 ! Expand 3 Modes

Isolve

'finish

'APPLY BOUNDARY CONDITIONS AND LOADS
/sol

DMPRAT,.0769

VSEL,NONE

ASEL, NONE

LSEL, NONE

ANTYP,HARMIC ! Harmonic analysis type
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HARFRQ,0.030E+03,0.060E+03 ! Frequency range for analysis
NSUBST,20 ! Number of steps to calculate
KBC,1 ! Step loads (no ramp)

v=10

aSEL,s,loc,y,-mirror width/2-mirror clearance-1 PtT

DA ,all,ux,0

DA all,Uy,0

DA ,all,Uz,0

aSEL,s,loc,z,-t PtT-t PZt 'Bottom Electrode
DA ,all,volt,v

aSEL,s,loc,z,-t PtT !'Top Electrode

DA ,all,volt,0

allsel

solve
FINISH

/POST26 ! Enter time-history post-processor
NSEL,S,LOC,Z,hinge thickness+mirror thickness
NSEL,R,LOC,Y,mirror width/2

NSEL,R,LOC,X,0

*GET,ntip, NODE,, NUM,MIN ! Get number of node at beam tip (selected node)
NSOL,2,ntip,U,Z,tip uz ! Store node ntip vert. displ. in variable tip uz
NSEL,ALL ! Select all nodes

' WPCSYS ! Align work-plane with global coordinate system
PRVAR,2 ! List data for tip_uz variable

PLVAR,2 ! Plot displacements as a function of frequency
FINISH ! Exit active processor

/eof

/POST1 ! Enter general post-processor
PLNSOL,VOLT

FINISH

/eof

FINISH

/POSTI1
/EFACE,1
AVPRIN,0, ,

!*
PLNSOL,U,Z,0,1
/VIEW,1,1,1,1
/ANG,1
/REP,FAST
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