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ABSTRACT

Development of a model that can simulate the wavefront-altering effects of a
micro-electro-mechanical system (MEMS) mirror has many potential research benefits.
Without the need to purchase costly lab equipment and/or wait for mirror fabrication, the
use of model simulation would allow users to optimize various parameters of a device

before fabrication.

Research focused on developing models for two of the most common types of
MEMS mirrors: segmented and continuous face sheet devices. Models for these devices
were first constructed in MATLAB and then experimentally verified in order to
characterize and compare the differences in behavior between model and measured

results.

The models developed displayed similar results when compared to interferometric
readings taken from an actual MEMS mirror. The models were able to reduce the
wavefront error of a notional distorted wave. The corrected wavefront of the notional
wave compared well with experimental data collected indicating that the models were

good representations compared to actual devices of their specific type.
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l. INTRODUCTION

Micro-electronic-mechanical systems (MEMS) encompass a variety of devices at
the micro and nano level. Devices that operate at such a scale offer a number of
advantages in addition to size, such as reduced power consumption, a reduction in
material required, and are suitable for large batch manufacturing. Examples of systems in
which these mechanisms can be used include springs, cantilevers, sensors, mirrors,

switches, and motors.

A. BACKGROUND

MEMS devices are usually fabricated in large lots on silicon wafers, but glass,
ceramics, metals, and plastics can be used. These devices are manufactured with a variety
of techniques, including bulk micromachining, which etches the surface of the material;
surface micromachining, which puts down subsequent layers on top of the surface; or a
combination of these techniques. The basic manufacturing process starts with the
deposition of materials onto the substrate wafer. Once deposited, the material is patterned
in order to sketch the outline of the desired shape. The wafer is then etched to remove
unwanted material. This process is repeated using a multitude of different methods for

deposition, patterning, and etching until the desired design of the device is achieved.

While a large number of devices can be created efficiently at a relatively low cost,
the creation of a single device is much more cost prohibitive. A main concern regarding
collective batch manufacturing is that it limits the device being constructed to the specific
sequence, method, and materials for that production run. Additionally, manufacturing via
micromachining is not perfect. Often multiple copies of the same design have to be

created to achieve a single functioning device.

B. PURPOSE

Manufacturing large optics for use in space requires large, heavy, and expensive
materials. An array of micro mirrors that adjust their height in order to deform their

surface enables lighter and less-expensive materials to replace traditional large optics.



Lighter materials do not have the same high optical qualities, but the array of mirrors
could correct for the wavefront aberrations by deforming on command. The goal of this
thesis is to develop and validate two types of MEMS mirror models for predicting

enhancements to wavefront correction.



Il.  MODEL DESIGN

MEMS deformable mirrors are ideal for wavefront correction due to their high
actuator density, relative low cost, small size, and low power consumption. These devices
have demonstrated repeatability in actuator piston position movement accuracy [1]. Other
types of deformable mirrors, such as pizo-electric devices, cost more, have higher power
requirements, and possess a significant logistics tail tied to cabling and server support for

the device.

MEMS mirrors are deformed using electrostatic actuators that are normal to the
surface and located below an electrostatically actuated diaphragm supported along two
edges above a fixed electrode. The mirror surface is connected to the top surface of the
actuator by an electrostatically actuated diaphragm, as shown in Figure 1. Typically, the
layers are made of polysilicon with a thin, reflective film applied to the top layer to form

the mirror.

Mirror Post
face;sheet attachment
—— '.-'.d
Electrode Electrostatically
actuated

Substrate diaphragm

According to Steward et al. [2], this diagram depicts a row of thee actuators on a
continuous face sheet MEMS DM in which the middle actuator has a voltage applied
causing the surface face sheet to be pulled down at that location.

Figure I. Continuous Face Sheet MEMS DM. Source: [2].

There are three primary types of MEMS mirrors: continuous face sheet,
segmented, and tip and tilt. A continuous face sheet mirror is a surface that has a
continuous membrane along the entire length of the surface. This produces a coupled
mechanical system. A segmented mirror is made of tightly packed mirror segments. The

empty space between mirrors is called the fill factor. Segmented mirrors can come in a
3



variety of shapes from square to hexagonal. For this research, a segmented mirror is
defined as a device that only has vertical motion. A tip and tilt mirror allows each
segment to move vertically and tilt along a 360 degree arc around the piston. Figure 2 is a

depiction of both types of actuation.

(a) (b)

As demonstrated by Stewart et al. [3], a single actuator from a segmented DM is shown
being stimulated in piston only movement (a) and with tip-tilt (b). Even though a single
DM mirror segment is shown, two actuators are visible and are required to have their
diaphragms actuated with different voltages in order to create the tilt as presented. If tip
and tilt are not desired then a single mirror segment can be attached to one actuator. [3]

Figure 2.  Piston (a) and Tip-Tilt (b) DM. Source: [3].

A. ACTUATOR MODEL

The continuous face sheet MEMS mirror was considered for this research, as it is
the most complex mirror type. This device is composed of two mechanical systems: an

array of actuations and a non-linear continuous face sheet. The two systems are coupled.

The continuous face sheet model achieves deformation by applying a force on an
actuator. This force causes the sheet to displace at both the actuator location and at

unactuated neighbors coupled near the active segment, as shown in Figure 3.



Rest Position \1

| | ‘ Unactuated
Segment T
Actuated szm usZus
Segm—e_r; 7o=7047,
K 13
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From to Papvasiliou et al. [4], this is a depiction of the coupled system for a continuous
face sheet MEMS in relation to how unactuated segments are influenced by their actuated
neighbor. The actuated segment, Z_ , is pulled down from its rest position to its
unactuated spot, Zus , due to the coupling by Zm . The associated free body diagram is
shown to the right of the image.

Figure 3.  Coupled Actuated Effects on Adjacent Unactuated Segments.
Adapted from [4].

When a voltage difference is applied between plates, an opposite charged
electrostatic force develops and pulls the plate down. This decreases the mirror’s height
since the plate is connected to the mirror surface through a post attachment. The surface
of a continuous face sheet mirror is smooth, which creates a curved displacement on its

surface (as seen in Figure 4).

Mirror
X subaperture
| \
"
".._.t’_:
F M F A
Mirror -
post
F, E

According to Steward et al. [2], the curved appearance on the surface of a continuous
face sheet DM being deformed due to a single actuator. The electro static force FE pulls
down the surface and is the same as Zas while the force of the membrane FM
corresponds to Z  and the restoring force, F,to Z  as was shown in Figure 3.

Figure 4. Free Body Diagram of an Actuated Pixel. Source: [2].
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The electrostatic force pulling on the membrane is modeled as
2
Fo= AV 3.1)
2(g-w)

where ¢ is the permittivity of the media, A is the area of the plate, g is the separation
between plates, V is the applied voltage, and w is the displacement of the plate. The
restoring force, F,, is a result of the opposing force and modeled through Hooke’s law.
The spring constant is represented by k and w is the deflection.

F, = —kw (3.2)

The electrostatic force and opposing force are both local to the actuator, while the

mirror force, F, , is coupled to the rest of the system and is the sum of these two local

forces.

B. SURFACE MEMBRANE MIRROR MODEL

Figure 5 shows a cross section of Figure 6 with the key physical elements labeled.

t]Il

Post Spriges
(A XX e

Spring

+—  Anchors

From Azucena et al. [5], a cross-sectional view of a MEMS DM showing the labeling of
all relevant physical elements. The thickness of the mirror is represented by t., the
electrostatically actuated diaphragm, is {,. The distance between plates, J is also known
as the gap and the region encompassing the gap is referred to as the diaphragm.

Figure 5.  Cross-Sectional View of a MEMS DM. Source: [5].

When deformations are smaller than the thickness of the mirror face sheet the

surface can be modeled by using the plate equation:

VW(X, y) = &Dy) ) (3.3)



where q(X,Y) is the load distributed normally in N/m? on the surface and w(Xx, y)is the

desired mirror shape. D is the flexural rigidity of the plate in which D is given by:
__Ew
12(1—V2)’ (3.4)
where the thickness of the face sheet is h, v is Poisson’s ratio and E is Young’s modulus.
If the mirror is deflected more than the thickness of the face sheet, the mirror’s surface is
stretched due to plain strain on the surface. In order to account for the mechanical

coupling of actuators the plate equation must be modified to [6]:

e S0 st v ot]

Equation (3.5) can be adapted into an algebraic expression in order to solve for

the plate displacement w(X, y)by means of Navier’s method for a linear system. In this

method, the following boundary conditions can be applied for a rectangular plate [7],
(W)x=0,x=a =0 (W)y=0,y=b =0

(m)x:o,x:a =0 (m)yzo,y:b =0 ’

where m and n represent index locations. Applying the above boundary conditions results

in the algebraic expression for the deflection:

mzXx . nry
Z sm—smT’

m=1n=1 (3.6)
where M and N represent new index locations and give the dimensions of the matrix for
the number of actuators in each row and column. The values a and b are the length and
width of the mirror, respectively. Since deflection theory for plates is not always linear, a
more robust method is required to solve for the initial value of W. Galerkin’s method is
one such solution that can be applied. It transforms a large set of problems by converting
a given set of differential equations into definite integrals:

jj[DVzvzw(x, y)—q(X, y)]sin%sin@ dxdy =0
a b . (3.7)



The plate equation can be expressed in matrix form and reduced such that W can
be solved iteratively by estimating initial deflection and then solving for W until
convergence is achieved. The value of W can then be placed into the algebraic equation to

solve for the deflection,

m} (nVY 4 A mzx . n
(—j +(—j W = 1 Z —ch +—2 VCZSinLSinLy
a b Dabz” 5 2(9 -w,) a b

, (3.8)

where V. is voltage applied at each actuator, represented by ¢ in the X and y direction. R

represents the number of actuators.

When the actuators are expressed in a symmetrical square pattern, the influence
matrix can be modeled as a cubic form [8]. As this form is a less computationally
intensive method than previously discussed approaches, the following Gaussian influence
function generates the displacement of the mirror surface,

W(XaY)=277[exp Inb[(x_xczj(y_yC) }

, (3.9)
where b is the Gaussian index and d is the distance between adjacent actuators [9]. The
surface’s shape is modeled by applying the appropriate voltage at the specified location.

w(xy) =3V, (1)

(3.10)

A continuous face sheet DM offers benefits over a segmented mirror, as there is
no gap on the continuous sheet’s surface mirror that would result in photons being lost.
Additionally, the smooth surface can be used for phase modulation, and light striking an
edged surface introduces diffraction effects. The MATLAB code that generates the

continuous and segmented models is included in the Appendix.



C. MEMS SEGMENT MIRROR MODEL

The mirrors in a segmented mirror are not physically coupled, which prevents an
actuator from influencing a mirror’s neighbors. This simplifies the model to one in which

the up and down position of the mirror is directly related to its electrostatic force (F;)

without coupling. However, an artificial coupling between segments can sometimes be
desired in order to prevent shading neighboring segments. Artificial coupling also
minimizes the effects of diffraction. Detecting a phase difference greater than 27 is
difficult using an interferometer. This can result in erroneous data readout. Therefore, a
spacing difference in height between adjacent actuators should not exceed one
wavelength. Computation times and latency in system response were reduced without
surface coupling of the face sheet [10]. The gap between mirror segments is known as the
fill factor, which negatively affects the amount of light reflecting off the surface of the

DM. This system can also be modeled by a Gaussian function as follows,

R
w(x,y)=>V,27ze
c=1

X2 +y?

a/R?

log(gi)
, (3.11)

where Qi is the Gaussian index.

D. MEMBRANE MODEL VERIFICATION AND VALIDATION

The computational and system latency benefits and validated experiment results
drive the decision to use the Gaussian function to model the continuous face sheet.
Hudgin et al. [11] investigated error variance for an actively deformed mirror compared
to atmospheric turbulence and plotted the resulting data using different functions, as

shown in Figure 6.
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Results from Richard Hudgin et al. [11] for active mirror error variance for atmospheric
turbulence showing the fitting error. rs/ro is the activator spacing divided by the
coherence length for the turbulence. E is the average error variance, but is given in
relation to waves, unfortunately the author does not specify the wavelength used.

Figure 6.  Active Mirror Error Variance for Atmospheric Turbulence.

Source: [11].

While the Gaussian response function is not a perfect match to the experimental

data, it is fairly close. Additional experiments by Tyson et al. [12] compared the shape of

a mirrors surface in relation to the function used, as shown in Figure 7.

Mormalized influence
function

0 0.2

(Gaussian

0.4 0.6 0.8 1.0
Normalized distance from actuator

Tyson’s graph [12] shows the shape of the deformable mirror after being actuated, where
1.0 represents the location of the actuated piston being fully pulled down. The lines

correspond to the respective
the pulled down actuator.

heights for each modeling shape as distance increase from

Figure 7. Comparison of Membrane DM Shapes. Source: [12].
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In Tyson’s graph, shown in Figure 7, the shape of the deformable mirror after
actuation is referenced as the influence function on the y-axis. This is the standard
convention and the shape of the mirror surface is referenced as the influence function for

the rest of the paper.

Bifano et al. [13] took surface map measurements using an interferometer for a
10 by 10 continuous face sheet MEMS DM. Using the equations described previously, a
10 by 10 DM model was simulated to compare the model’s results with the actual
measurements of [13], as shown in Figure 8 (a). The darker surface color represents a

downward direction. Results from the simulated model are shown in Figure 8(b).

ul
.
500 1

1000
-500

1500

nm

pixels

2000

2500

3000

-1500

L s L . L .
0 500 1000 1500 2000 2500 3000
pixels

(a) (b)

The article by Bifano et al. [13] does not indicate which actuator was actuated for the
reading. From their measurement in the continuous surface map (a), it appears that the
actuator is in the second row of the second column (2,2). Using this same location for
actuation, a surface map for the continuous DM model was constructed (b) for
comparison to actual surface measurements.

Figure 8. Comparison of Experimental and Model Results for a
Continuous DM. Source: [13].

The results from the model in Figure 8 (b) are in agreement with the actual
measurements shown in Figure 8 (a). The effects of a single actuator influencing its
neighbors is seen in the interferometric surface map as the darker, slightly fuzzy halo
around the actuated position. This same feature also appears in the model results in
Figure 8 (b). In both cases, the dark spot extends to the edge of the DM despite that the

11



actuated piston is in the second column. This continuation of the DM beyond its localized

position indicates that other actuators in the vicinity are also influenced.

E. SEGMENT MODEL VERIFICATION AND VALIDATION

Bifano et al. [13] also took surface map measurements for a 10 by 10 segmented
DM with piston-only motion. The segmented mirror model was used to create a 10 by
10 DM in which the actuator in the fifth row of the six columns was actuated. The model
results seen in Figure 9 (b) were compared with the surface map measurement taken by

Bifano et al. in Figure 9 (a).

2500

-1000
2000
-1500

1500 D 1 2000 £

-2600

pixels

1000

-3000

500
-3500

1} 500 1000 1500 2000 2500 -4000

pixels

(a) (b)

As explained in Bifano et al. [13], surface map measurements for segmented MEMS DM
mirror (a) in comparison to the simulated model results (b) for a 10 by 10 matrix.
Measurement in the segmented surface map (a) seems to indicate that the actuator in the
fifth row of the sixth column was used. Using this same location for actuation, a surface
map for the model (b) was developed for comparison.

Figure 9. Comparison of Experimental and Model Results for a
Segmented DM.Source: [13].

Model results shown in Figure 9 (b) are in good agreement with the
measurements shown in Figure 9 (a) for the actuated segment. However, the gaps
between segments are quite noticeable in Figure 9 (a) as lightly white horizontal and
vertical bars. These bars are not present in the simulation results and represent the area
where light strikes the DM and is lost. The loss of light ultimately affects the number of

photos reaching the focal plane array or science instrument.
12



1. EXPERIMENTAL SETUP

A. BACKGROUND

For this study, a segmented Boston Micromachines 492 actuator DM was
available for experimental lab studies. The goal of the experiment was to characterize the
self-correction wavefront performance of the Boston DM. This data was then compared
with a simulated wavefront in which the previously constructed DM models. The optical

layout for the characterization of the Boston DM is shown in Figure 10.

Boston492 DM

Quarter Wave Plate

Polarized Beam Splitter

Quarter Wave Plate
Iris == Collimator

2" Flat
Mirror

2” Flat
Mirror

2" Flat
Mirror

Collimator

Off-Axis
Palrabolwc 47 Flat
Mirror Mirror

Zygo Interferometer

Experimental optical layout for the initial characterization of the Boston 492 DM. The
red ray depicts the path of the light from the Zygo interferometer to the DM while the
green light shows the path back from the DM to the interferometer.

Figure 10. Experimental Optical Layout for the Boston DM Characterization

Light emanates from the Zygo interferometer in the lower right corner of Figure
10 and is reflected by a series of 4" flat mirrors until reaching the off-axis parabolic

mirror that focuses the light to a 2” column after passing through a collimator. The light
13



continues through another series of 2" flat mirrors before continuing to an iris, forming a
circular aperture. For characterization of the DM, light was not polarized so that the rays
could pass through both quarter wave plates and the polarized beam splitter without being
affected. These plates and beam splitter were part of the layout because the system in

Figure 10 is part of a much larger set up that was not involved in this research study.

B. DEFORMABLE MIRROR

A Boston Micromachines 492-SLM deformable mirror consisting of a segmented
polysilicon surface wired bonded to a ceramic chip and housed inside a sealed enclosure
was used. The system provides fast control and high voltage response up to 205V
resulting in a maximum stroke of 1.8um. Although the mirror has 492 actuators, only
391 of them are visible due to the aperture of the interferometer. The device has a time

response of < 20 psec and an aperture size of 6.9 mm.

While the mirror has the capability to deflect up to 205 volts, it was observed that
nonlinearities appeared on the surface of the actuated segments when higher voltages
were applied. These irregularities are due to the intrinsic internal stresses on the mirror.
Due to these stresses, the mirror surface will not be perfectly flat either when actuated or

relaxed, and it will appear slightly domed shaped as shown in Figure 11.

Surface

v b B

RS

The curved surface for each mirror segment of the DM is a result of intrinsic internal
stresses on the individual mirrors regardless of being actuated or in a relaxed state.

Piston

Figure 11. Side View Showing the Curved Surface on a DM Segment

Initially, a voltage of 100V was applied to all the actuators in order to achieve a

known, biased flat that could be used as a reference. Pulling all the actuators to an initial

14



starting point allows for segments either to be pushed up above the floor by decreasing
the voltage or to be pulled down by increasing the voltage. Another 100V was applied
one actuator at a time in order to build the influence matrix. This resulted in each actuator
receiving 200V. This voltage, as shown in Figure 12, caused the actuator surface to

appear sloped instead of domed-shaped.

Boston 492-DM single actuator deflection with 100V applied. The surface colors
represent the relative height of a pixel in relation to one another. Dark red is a high spot
while blue indicates a lower value. The image shows that the segmented surface appears
to be slanted which is a result of nonlinearities in the system. Since the surrounding area
around the segment is blue, a low spot, this indicates that the segment is being poked.

Figure 12. Boston 492-DM Single Actuator Deflection with 100V Applied

The initial reference voltage was reduced to 50V with the corresponding actuator

activation occurring at 100V resulting in the expected dome shape seen in Figure 13.

15



Boston 492-DM single actuator deflection with 50V applied. The surface colors
represent the relative height of a pixel in relation to one another. Dark red is a high spot
while blue indicates a lower value. The image shows that the segmented surface
appears to be correctly pulled down as denoted by the dark blue square with a slight
dome shape as seen by the rainbow of colors inscribing the blue square from its higher
surrounding of red.

Figure 13. Boston 492-DM Single Actuator Deflection with 50V Applied

Of the 391 actuators visible in the circular interferometer aperture, actuators 1, 43,
and 61 would not operate. When activated, a MEMs DM pulls the surface of the mirror
down. This is easily seen in Figure 13 in which the actuator is lower than its
surroundings, indicated in blue. In Figure 12, the actuator is red while its surroundings
are blue, which indicates that the actuator is higher than its surroundings. This poke effect
seen is a result of all the initial actuators pulled down to the biased flat except the
malfunctioning actuator. As the actuator sticks out from its surroundings even though the
same voltage is being applied to all the actuators, it is likely that the actuator did not pull
down even though voltage was being applied. The poke effect also appeared when the
segmented actuator distance was greater than 27 as compared to the wavelength of the

interferometer.
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C. WAVEFRONT SENSOR

A Zygo GPI XPHR laser interferometer was used to sense the wave front error
and pass the data to a workstation running MetroPro software. The interferometer used at

NPS is shown in Figure 14.

As stated in Villalba [14], the Zygo GPI XPHR Laser Interferometer used is a high
resolution, high speed camera that uses optical phase shifting interferometry to measure
the wavefront from the DM and 1-meter CFRP mirror. A 632.8nm beam of light was
used for conducting measurements.

Figure 14. Zygo GPI XPHR Laser Interferometer at NPS. Source: [14].

The MetroPro software analyzes the data from the interferometer and depicts the
wave front on the support computer. The software also corrects for some aberrations such

as power, astigmatism, and tilt. A sample output of the software is depicted in Figure 15.
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Measured 2d Wavefront .
Image

Measured 3d Wavefront

RMS and PV Results From Image

Measured Image

8 Live 2d Wavefront

Zygo Control Options Video

Adaptation of a screenshot from the MetroPro software user interface indicating the
control options, measured results, and live stream of data.

Figure 15. MetroPro Software Screenshot

The root mean square (RMS) value is a key parameter in the measurement of a
wavefront. RMS quantifies the magnitude of all numbers representing various height
dimensions for the surface of the wave. MetroPro measures the wavefront in terms of
waves, which relate the physical dimension of displacement as a ratio of the frequency of
the measurement wavelength. The wavelength used is 632.8nm. Comparison of RMS

values is the primary means to compare results for this thesis.

D. MASKING

A mask was applied to the interferometer as the device only measures a circular
aperture, but the DM used was square. The mask prevented measurements occurring
outside the area of interest. The image in Figure 16 shows the interferometer readout of
the 492-SLLM DM on the MetroPro software before masking was applied, Figure 16 (a),

and after masking was applied, Figure 16 (b), before segments were actuated.
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Live interferometric reading before application of the mask (a) and after (b). The mask
blocks out regions so that they are not measured. Only the area in (b) shaded in red will
be measured by the MetroPro software. The stripes appearing on the image are fringes,
which are indications of how in focus the image is.

Figure 16. Interferometric Raw Image Before (a) and After (b) Masking

The individual segments of the DM are clearly seen in Figure 16 due to the high
resolution of the interferometer. The light circular ring between the DM at the center and
the darker square region encompassing the DM is the total area measured by the
interferometer in Figure 16(a). A mask, as shown by the dark red circle in Figure 16 (b),
was applied so that the area in red would be measured and displayed on the MetroPro
software. The alternating light and dark spots are interference fringes caused by the beam
of light being out of phase. Each subsequent fringe is one wavelength out of phase from

its predecessor.

E. INFLUENCE MATRIX

The influence function represents the response of the mirror surface due to the
actuation of a single actuator. The collective group of influence functions for each
actuator is known as the influence matrix and is the total response of the surface of the
DM due to actuation. For this experiment, the functions were calculated by taking an
initial reference flat reading by applying 50V to all actuators and storing the resulting
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wave front error in MetroPro. Then, each actuator was applied with an additional 50V
and the subsequent error reading was recorded. In between each individual actuation, a
reference flat measurement was obtained. For each actuator, the mean of the difference
between the actuated function and the reference flat image was subtracted from the
associated reference function to create the influence function for that actuator. This
process was repeated to create the influence matrix. An example of an initial flat reading

is shown in Figure 17.

100 150 200 250 300 350 400 450 pixels

(a) (b)

2D (a) and 3D (b) reference flat images for the Boston 492-SLM DM. For this condition,
all actuators had 50V applied in order to pull the actuators to a reference plane as shown
in order to establish a baseline. Red indicates high points while blue low points.

Figure 17. 2D (a) and 3D (b) Boston 492 Reference Flat Images

From Figure 17 it can be seen that even though all actuators had the same voltage
applied they did not all pull down the same distance. The effects of astigmatism are seen
in the saddle shape of Figure 17 (b) and tilt in Figure 17 (a) from the dark blue in the
negative direction extending to the ridge in the image. Aberrations for the flat reference

varied from each image. For this particular reference, a variation of approximately 1um

was measured across the surface of the mirror. This variation is significant as the

segmented DM only has a stroke of 3.5 um. This means that nearly one-third of the

DM’s stroke was used to correct for variance in the mirror vice optical aberrations. Drop

out in the data can also be seen in many of the spaces between actuator segments,
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particularly in Figure 17 (a) with the dark blue horizontal and vertical lines. This is a
result of the interferometer’s inability to take a measurement. However, the drop out
in data does cause the correct dome shape for each actuator to be clearly visible in
Figure 17 (b), indicating a correct linear response. The interferometric image is in

agreement with Bifano et al. in Figure 9 to include the loss of data between segments.

F. ZERNIKE POLYNOMIALS

Before the aberrations can be corrected, the missing data must first be filled in to
avoid discontinuities. Zernike polynomials were fitted to the measured reference flat to
correct for the missing data points. Zernike polynomials are a series of polynomials
orthogonal to a unit disk. A sum of Zernike polynomials is used to construct a wavefront

for the measured data by matrix inversion:

M
9(p.0)=>az/(p.0), (4.1)
i=l
where Z;(p,0)represents the fitted Zernike polynomial evaluated at (p,0) on the unit

disk while &, are the Zernike coefficients. M is the number of Zernike polynomials fitted.

For the experiment, a value of 50 was chosen. € is the sum of the evaluated Zernike
polynomials. Using this method, the data shown in Figure 17 can be reconstructed to the

data in Figure 18.
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2D (a) and 3D (b) Zernike fitted reference flat images from Figure 17. Using Equation
4.1, the raw data was fitted for an M=50. This was done to remove discontinues. Red
indicates high points while blue low points.

Figure 18. 2D (a) and 3D (b) Zernike Fitted Reference Flat

Tilt and astigmatism greatly affected the influence function as each actuator
was at a slightly different initial starting height. As previously mentioned, the
interferometer cannot read a difference of 27 between an actuator and its surroundings.
This measurement error contributed to the variance in height of each actuator along the
dimensions of the DM despite applying the same voltage to each actuator. Figure 19
shows the actuation of two different segments with the background removed. Everything
except the actuator was forced to zero to remove background. This was accomplished by
identifying the pixel location for each actuator and setting all areas outside of that region
to zero. Figure 19 displays the difference in height for actuator 8 and 58 despite having

the same voltage applied.

22



pm
o

|
pm
o

!

2 T T T T T oo 2 T T T T T L
E00 500 400 300 20 100 1] 600 500 400 300 200 100 0 500
pixels pixels

(@) (b)

Variance in actuator piston height for actuator 8 (a) and actuator 58 (b) given the same
100 volts. An approximate 0.8 #M difference exists between these actuators despite the

same identical voltages.

Figure 19. Variance in Actuator 8 (a) and Actuator 58 (b) Heights

As previously discussed, nearly one-third of the stroke for each actuator is used to
correct the mirror surface vice the optical aberrations. Since this study is focused on the
ability of the DM to correct for optical aberrations, piston, tip, and tilt were removed
from the measured data by the MetroPro software. These aberrations would have

saturated the stroke of each actuator before the DM could correct for the wavefront.

G. MIRROR CORRECTION

The surface of the Boston DM was measured after an initial S0V was applied to
all actuators to make a reference flat image. The DM was then commanded to correct for
an imputed distorted wavefront. A comparison of the before and after RMS values is

shown in Table 1.

Table 1.  Experimental Before and After RMS Values

RMS (waves)
Before Correction 1.546
After Correction 0.883

The before correction represents the RMS reading by the MetroPro
software after an initial 50V had been applied to all actuators. The after
correction is the subsequent RMS value with the DM actively trying to
deform its surface in order to reduce the RMS value.
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The DM was able to reduce the RMS of the original distorted wavefront by
approximately 54.9% (Table 1). While the corrected wavefront is not perfectly flat, the

results indicate that a DM has the potential to increase optical performance.
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IV. EXPERIMENTAL VERSUS MODEL RESULTS

A. MODEL SIMULATION RESULTS

A random sinusoidal wavefront was generated in order to represent the initial
reference image for which the DM models were to correct (Figure 20). This is similar to
the previous reading taken in the experimental lab data with the exception that the wave

generated has a smooth distortion.

Waves
o
waves

50 0 pixels

pixels

Randomly generated sinusoidal wavefront substituted into the control as the aberration
coming off of a mirror for the MATLAB-generated segmented DM model to correct for.

Figure 20. Generated Wavefront Aberration for Model Testing

The wave shown in Figure 20 did not need Zernike polynomials fitted to it
because it did not have any discontinuities when produced by MATLAB. A square 36
actuator segmented DM was built using the model previously constructed in Chapter II.
This segmented DM model then attempted to correct for the wavefront seen in Figure 20
in order to make the wave as flat as possible. Figure 21 is a comparison of the wavefront

before and after correction by the modeled segmented DM.
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The wavefront before correction (a) has a sinusoidal pattern with red indicating a high
elevation and blue as a low elevation. After correction by the 36 segmented DM (b)
model the deviation behind red and blue is significantly reduced.

Figure 21. Before (a) and After (b) Comparison of Wavefront with
the Segmented DM Model

The image in Figure 21(b) is not perfectly flat; a flat image would appear
monochromatic. The peak of the wave can be observed in the upper left hand corner of
Figure 21(b) along with the dark blue band crossing the middle, however, the difference
in wave height is reduced between the before and after wave. This difference is seen in
the lighter intensity of the colors as seen in Figure 21 (b), which indicates the values are
closer to zero. A perfectly monochromic image is difficult to achieve in practical
applications; if the error is less than one-fourteenth of a wave, the system is considered to
be nearly perfect [15]. Therefore, comparison of the before and after RMS values is the
best indication of performance. Figure 21 (a) has an RMS value of 0.2921 waves while
after correction by the DM, as shown in Figure 21 (b), has an RMS of 0.0969 waves. This
is an improvement of 100.4% in reduction of the wavefront error by the segmented DM.

The corrected value is still slightly above near perfect conditions of 0.07 waves.

A segmented DM suffers from gaps between actuator pieces, which prevents the
wavefront from correction at this location. These gaps are collectively represented as the
uncorrected border seen in Figure 21 (b), which appears between both x and y axis
locations and the start of the DM segments. As they cannot reflect light, these gaps also
reduce the number of photons reaching the focal plane. This reduces the intensity, which

necessitates a longer integration time at the focal plane to produce the image while
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making up for the lower number of photos. The original wave undergoing correction had
a smooth wavefront. However, the segmented DM was trying to fit a square/linear shape
to the smooth appearance; this resulted in a staircase appearance in the corrected
wavefront. The simulation can be improved by increasing the number of actuators over
the same horizontal and vertical dimensions. This would enable each actuator segment to
influence a smaller surface area of the wavefront. The smaller influence per actuator
results in finer precision by minimizing the step distance between adjacent actuators

correcting for differences in height.

Similarly, a 36-actuator continuous face sheet DM was also modeled and
given the same wavefront as shown in Figure 20. The continuous DM attempted to
minimize the surface error, as shown in Figure 22. The dimensions for the continuous
wavefront are slightly reduced compared to the segmented DM, as a result of no gap

between segments.

pixels

pixels

(a)

The wavefront after utilizing a square 36 continuous DM to correct for the wavefront
from Figure 20.

Figure 22. Before (a) and After (b) Comparison of Wavefront
with the Continuous DM Model

The continuous DM was more successful in flattening the wavefront as compared
to the segmented results, but the results were still not monochromatic. Increased
performance in reduction of the wavefront is confirmed in the comparison of the RMS
values. Before correction, the wave had an RMS of 0.2819 waves and after a value of
0.0064 waves. This is an improvement of 191.1% and is within the near perfect threshold

of 0.07 waves.
27



The continuous DM does not have gaps between actuators. This allows the DM to
correct for the entire surface of the wavefront. Additionally, the continuous DM is trying
to fit its curved surface to that of the original bowed and smooth face of the original
wave. This enables the DM to achieve a closer fit as it is applying a polynomial fit as
opposed to a linear fit. The absence of a gap between actuators is also attractive as it
enables a shorter integration time on the focal plane due to the greater number of photons
collected as compared to the segmented DM. Again, increasing the actuator density over
the same area has the potential to show increased performance. However, a drawback of
the continuous DM is the longer computational time. While speed is a function of the
specific computer used, the ratio of computational time was approximately 2 to 1 with the
continuous DM taking twice as long as that of the segmented DM to arrive at a solution.
For laboratory work, this difference is irrelevant, but for practical applications it would
require a continuous DM system to possess greater computational power, which increases
hardware, weight, power, complexity, and cost constraints for timely application over a
segmented system. The already low initial power and weight footprint of these devices

makes any additional gains marginal drawbacks.

The results two DM models are compared in Table 2. The small difference in the
starting RMS value is a result of the segmented DM having a slightly larger pixel area
due to the spacing between actuator segments. However, despite the minor difference in
the before value, the after correction value is an order of magnitude different in favor of
the continuous DM. This indicates that continuous DM is preferential to a segmented DM

for wavefront correction.

Table 2. Simulation Results for Before and After RMS Correction

RMS (waves)
Segmented DM | Continuous DM
Before Correction 0.2921 0.2819
After Correction 0.0969 0.0064

Comparison of RMS values for the segmented and continuous DM model results
utilizing a 36 actuator DM to correct for a smooth sinusoidal wavefront.
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The continuous DM performed 175% better than the segmented DM for the two
simulations when comparing the after RMS values. For this simulation, the continuous
DM was the only one that exceeded the acceptable near-perfect RMS condition,
suggesting that the continuous model is the recommended device to use for further
research. Similarly to the results given in Table 1, both DM models were able to improve
the wavefront, but were unable to flatten the reconstructed wavefront entirely (Table 2).
To increase performance in addition to actuator density, the stroke of each actuator could
be increased to give each actuator a larger dynamic range. In the MATLAB model
results, stroke was not a factor given the low initial starting RMS value before correction.
However, stroke likely did play a part in the results shown in Table 1 due to the greater
initial RMS value of the mirror. This could have saturated the piston motion of the DM,
preventing it from correcting the wavefront in either the full up or down direction beyond

the saturation limit.

B. MODEL USER APPLICABILITY

MEMS deformable mirrors can provide a multitude of benefits to the U.S. Navy
and Department of Defense (DOD) in general. The ability to control and shape the
wavefront is ideal for laser applications. Atmospheric distortions, thermals, and
differences in environments between the laser destination and target can result in laser
beam distortion. These environmental factors could negate the effect of the laser by the
time it reaches its destination. A DM would allow the laser to shape the wavefront at the
origin such that after passing through the environment it would arrive at the target in the
correct wavefront form. Instead of working against the environment or trying to burn
through it simply by increasing power, DMs would enable the system to work with the
environment to achieve the desired effect. In particular, a MEMS mirror plays a crucial
role due to its compact size and low power consumption, making it ideal for use inside of
an aerial platform or other volume-constrained products. These restricted applications
include fiber optic cables for long distance data transfer and fast tactical communications

such as long-distance laser communication systems.
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These types of devices are also ideal for space-based applications. Space vehicles
are inherently power, weight, and volume limited. This is particularly true for remote
sensing systems, which require optics of superior quality that are not only heavy, but also
cost prohibitive. A MEMS DM is a means to allow lighter materials with some optical
aberrations on their surface to be used as mirrors in the telescope. A DM could be used to
correct for the reduced optical quality of the lighter materials. In addition to surface
errors, the DM could also correct for field angle magnification effects. These effects are a
result of the difference in diameter of the primary mirror and that of the exit pupil.
Further errors are introduced to the system as the field of view is steered across the field
of regard. This causes light to enter the telescope at different angles, resulting in varying
path lengths for the rays by the time the light reaches the focal plane. The DM also has

potential to correct for this difference in the optical path.
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V. CONCLUSION AND FUTURE WORK

This thesis successfully constructed models for both a segmented and continuous
DM. Surface maps from the model were experimentally compared to measured surface
maps, indicating that the models were in agreement. Experimental results using a
segmented DM conducted in a laboratory environment compared well with results from
the model in partially correcting a wavefront, but were unable to correct a wavefront

completely.

Modeling revealed that while the continuous DM was computationally intensive,
it yielded the most success in reducing the wavefront. For the simulation, the continuous
model reduced the before and after RMS value by a factor of 191% while the segmented
DM only improved RMS by 100% despite using the same number of actuators. This
difference can be contributed to the fact that the segmented DM is limited to correcting in
a linear fashion while the continuous DM can flex its surface along a curved path creating
a polynomial fit to the surface. Additionally, the segmented DM must contend with gaps
between actuator segments, which not only results in a loss of photons, but also restricts
wavefront correction at these locations. Gaps between segments in relation to the
wavefront leave this portion of the wave uncorrected. The continuous DM is also able to
phase, which allowed it to achieve a closer fit to the originally smooth distortion while
the segmented DM assumed a step like appearance. In the simulation, the segmented DM
achieved a corrected wavefront value of 0.0969 waves while the continuous DM had a

wavefront error of 0.0064 waves, below the threshold of near perfect of 0.07 waves.

A number of factors could be adjusted to improve performance. The number of
actuators for a given wavefront can be increased in addition to the stroke of each actuator.
The DMs could also be combined such that the wavefront is corrected in series. In such a
scenario, an initial DM would provide course correction and additional DMs could fine
tune control of the wavefront. The continuous DM is the most likely candidate for this
due to its better ability to correct for the wavefront and the fact that it does not lose

photons between actuator segments because of gaps.
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A. SUITABILITY OF MEMS IN THE SPACE ENVIRONMENT

MEMS deformable mirrors have immense potential for space-based telescopes for
the DOD and Intelligence Community. Current remote sensing satellites use large and
expensive primary mirrors that are of exceptional optical quality. Weight and cost
savings could be achieved by using cheaper and/or lighter material at the expense of
reduced optical quality. Placing a DM in the optical path of a telescope could help

overcome the optical defects of the new material by correction for these aberrations.

For space-based applications, the DM would not only have to contend with the
wavefront itself, but also magnification factors due to field angles. The field angles from
these systems having a wide field of view in which a fast steering mirror typically
navigates the field of view across the field of regard of the telescope. This results in light
striking the focal plane array at different angles. A magnification factor results from the
difference in diameter of the primary mirror and that of the width of the light ray at the
exit pupil location. To be effective, a DM would need to resolve these factors. A notional
telescope could be designed that places a DM at the exit pupil location that attempts to

correct for a hypothetical wavefront while contending with the additional factors.

B. CONTINUOUS FACE SHEET MEMS DEVICE

A segmented DM was used for the experimental test setup. However, the models
showed that a continuous DM offers far greater potential in its ability to reduce the RMS.
Laboratory experiments could be conducted using a continuous DM given the same wave
front in the lab to observe the correction ratios of RMS values in the lab compared to the

correction ratio for the models.

Additionally, the number of actuators and length of stroke for each actuator could
be adjusted in order to characterize how parameters affect performance. This could be
related to the wavelength of interest to determine if there is a limit at which increasing the

actuator count or stroke no longer improves performance.

A group of continuous DMs can be placed in a series such that instead of one
mirror trying to correct for an entire wavefront, a series of mirrors could be used to

correct different aspects of the wavefront. Results from this series of DMs could be
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compared with the results of simply having one DM with more actuators and increased
stroke. Both simulations and laboratory experiments could be conducted to more

accurately correct for distortions.

This ability to fine tune control of the wavefront could be of value to laser
propagation. This is particularly important in a maritime environment where the
atmosphere above the sea surface is consistently turbulent and has constantly changing
parameters such as humidity, winds, particulates, temperature etc. A laser needs to
penetrate these atmospherics to be effective in reaching a target at an appreciable
distance. A DM can facilitate fine-tuned control of the laser so that it could adapt the

wavefront as necessary to the atmospherics of its environment.
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APPENDIX. MATLAB CODE

A. CONTINUOUS MEMS MIRROR MODEL MATLAB CODE

a=455; % mirror length
b=455; % mirror width

R=100; %Number of actuators
rows=sqrt(R);
colomns=rows;

gi = 2; % Gaussian Index: Usually from 1.5 to 2.5
for j=1:R

Vc=zeros(R,1);

Ve(d)=-1;

%Actuator spacing
x=a/rows:a/rows:a;
x=repmat(x,1l,rows);
Y=X3

%Calculates the wave
for i=1:R
for xx=1:length(x)
for yy=1:length(y)
wave(1)=Vc(i)*(2*pi)*exp(log(gi)*(x(1)"2+y(i)"2)/(a/R)"2);
%wave (1)=(1-3.*xx(1) . "2+2_.*xx(i)."3).*(1-
3.*yy(1)."2+2.*yy (1) ."3); WTyson Page 187 Egn 6.13
end
end
end

%Imposes stroke limitation
for i =1 :R

if wave(i) < -1.5e-6; % Anything less than this value will be set
to zero

wave(i) = -1.5e-6;;%-1.5e-6;

end
end
wave (isnan(wave))=0;

w=reshape(wave, rows,colomns);
w=interpn(w, “cubic®);
w=interpn(w, "cubic®);
w=interpn(w, "cubic")/1e-6;

IF(:,J)=reshape(w",[numel(w) 1]);

%For graphing
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count=1;
for i=1:length(w)
for xx=0:length(w)-1
x(count)=a/(2*length(w))+(a/(2*length(w)))*xx*2;
count=count+1;
end
end
y=X;
x=x(1:length(w));
y=y(1:length(w));

%Graphs

F(R) = struct("cdata”,[], colormap”,[1);

figure(1)

figureTitlel = sprintf(® 3D View Actuator #%01d Influence”,j);
subplot(2,4,[1 2 5 6]), mesh(x,y,w);

%subplot(2,4,[1 2 5 6]); sp=spaps({x,y},w,0); Ffnplt(sp)
%subplot(2,4,[1 2 5 6]); sp=surf(x,y,w); shading interp
title(figureTitlel);

xlabel ("pixels™);

ylabel ("pixels®);

zlabel ("\mu m")

wmin=Floor(min(w(:)));

wmax=cei l(max(w(:)));

winc=(wmax-wmin)/60;

wlevs=wmin:winc:wmax;

subplot(2,4,[3 4 7 8]), imagesc(X,y,w); %colormap gray
h=colorbar;

ylabel(h, "\mu m")

figureTitle2 = sprintf(® Top View Actuator #%01d Influence®,j);
title(figureTitle2);

xlabel ("pixels™);

ylabel ("pixels®);

figure(2)

imagesc(X,y,w); %colormap gray

h = colorbar;

ylabel(h, "\mu m")

figureTitle2 = sprintf(® Top View Actuator #%01d Influence®,j);
title(figureTitle2);

xlabel ("pixels®);

ylabel ("pixels®);

F(i) = getframe;
pause()
end

B. SEGMENTED MEMS MIRROR MODEL MATLAB CODE

a=455; % mirror length
b=455; % mirror width

R=100; %Number of actuators
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rows=sqrt(R);
colomns=rows;

gi = 2; % Gaussian Index: Usually from 1.5 to 2.5
for j=1:R

Vc=zeros(R,1);

Ve(@)=-1;

%Actuator spacing
x=a/rows:a/rows:a;
x=repmat(x,1l,rows);
Y=X3

%Calculates the wave
for i=1:R
for xx=1:length(x)
for yy=1:length(y)
wave(1)=Vc(i)*(2*pi)*exp(log(gi)*(x(1)"2+y(i)"2)/(a/R)"2);
%wave(1)=(1-3.*xx(1) .- "2+2_.*xx(1)."3).*(1-
3.*yy (1) -"2+2_*yy(i).-"3); %Tyson Page 187 Egn 6.13
end
end
end

%Imposes stroke limitation
for i =1 : R
if wave(i) < -2e-6 % Anything less than this value will be set to
Zero
wave(i) = -2e-6;
end
end

%Segments (Must match the controls script)
phi=zeros(50);

x=linspace(0,1,50);

y=X3

[x_grid,y_grid] = meshgrid(x,y);

count=j;

it wave(j)<0
colomnlocation=round(ceil (count/rows));
subfactor=floor((count/rows)-0.01);
rowlocation=round(((count/rows)-subfactor)/(1/rows));

phi(find(x_grid>(colomnlocation-1)/rows & x_grid <
colomnlocation/rows & y_grid >(rowlocation-1)/rows & y_grid <
rowlocation/rows))=wave(j);

count=count+1;
end

IF(:,J)=reshape(phi”,[numel(phi) 1]);
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%Graphs

F(R) = struct("cdata”,[], "colormap”,[D;

figure(l)

figureTitlel = sprintf(® 3D View Actuator #%01d Influence”,j);
subplot(2,4,[1 2 5 6]), mesh(x_grid*a,y grid*b,phi);
%subplot(2,4,[1 2 5 6]); sp=spaps({x,y},w,0); Tfnplt(sp)
%subplot(2,4,[1 2 5 6]); sp=surf(x,y,w); shading interp
title(figureTitlel);

xlabel (*\mu m");

ylabel ("\mu m");

zlabel ("\mu m");

subplot(2,4,[3 4 7 8]), contour(x_grid*a,y_grid*b,phi); colormap jet
figureTitle2 = sprintf(® Top View Actuator #%01d Influence®,j);
title(figureTitle2);

%colorbar (" location®, "southoutside®)

xlabel ("\mu m");

ylabel("\mu m");

figure(2)

contour(x_grid*a,y grid*b,phi); colormap gray

h = colorbar;

ylabel(h, "nm™)

figureTitle2 = sprintf(® Top View Actuator #%01d Influence”,j);
title(FigureTitle2);

xlabel ("pixels™);

ylabel ("pixels®);

F(i) = getframe;
pause()

end
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