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Abstract

Deformable mirrors (DMs) are integrated into adaptive optical (AO) systems to com-
pensate for wavefront aberrations. These aberrations degrade the image resolution of tele-
scopes, microscopes, ophthalmoscopes, and optical coherent tomographs. The objective of
the DM in these applications is to compensate for wavefront aberrations. Continuous and
segmented DMs utilize a variety of mechanisms such as electrostatic, piezoelectric, and
electromagnetic actuation. Micro-electromechanical systems (MEMS) DMs have the ad-
vantages of low cost, low power consumption, and high electrode density. As the electrode
count increases, the possibility of the desired modes corresponding to the Zernike modes
appearing increases. However, the complexity of the static actuation also increases.

In ophthalmology, fifth order Zernike modes are used to categorize the aberrations
induced by the human eye. These aberrations would degrade the image resolution of the
retina during laser scanning. Therefore, a dynamically continuous DMs were developed and
actuated at a natural frequency corresponding to the desired Zernike mode. The actuations
would drive the mirror plate to deform into the shape of the desired mode. Multiple
modes corresponding to low- and high-order Zernike modes were obtained. Resonant DMs
exploit the dynamic amplification available at natural frequency’s in order to reduce voltage
and power requirements. This will also reduce the requirements for spatial control of
individual electrodes’ voltage. However, the use of circular mirror plates to create the
electromechanical modes has led to the appearance of degenerate modes (pairs of almost
identical modes with closely spaced frequencies). Electrostatic fields were designed to
separate those modes and help break coupling between them. The fields employ selectively,
actuating some of the electrodes under the DM while grounding the rest. An AC voltage
was applied to selective scheme of electrodes in order to induced mode shapes that are
corresponding to the Zernike modes. This design relies on a new technique which uses
pulsed laser scanning instead of continuous laser scanning.

The proposed DM was designed and fabricated using a Micra-GEM fabrication pro-
cess. Simulations using the finite element method (FEM) software COMSOL were used
in order to determine the natural frequencies and mode shapes, and to separate degener-
ate modes natural frequencies by applying electrostatic fields that increase the difference
between them. Characterization of the DM was conducted using laser Doppler vibrom-
eter to identify the mode shapes and its natural frequencies experimentally. The stroke
measurements of the target DM were shown as a function of frequency and amplitude. In
addition, RMS error measurements were used as a comparison between DM modes and
there corresponding Zernike mode.

iv



The aim of this research was to over come the influence function due to mechanical
coupling in the continuous DMs. Influence function requires different voltages that apply
to electrode scheme. Therefore, static actuation of the DMs rely on a complex driving
circuits. Resonant DMs eliminate the effect of the influence function by triggering the
mirror via its natural frequencies. They reduce the number of fired electrode scheme by
applying single voltage to the electrodes. As a result, they reduce the complexity of the
driving circuits that require to control its shape. This research requires a new technique of
using a pulsed laser instead of a continuous laser for the proposed DM. This may lead to
manipulation of the optical laser signal using the mirror as a part of the signaling process.
This should be completed by synchronizing the frequencies of both the DM and the laser
to produce a high resolution image of the retina.

v



Acknowledgements

I would like to thank my supervisors, Prof. Eihab Abdel-Rahman and Prof. Mustafa
Yavuz for their guidance and help throughout this work. I am very grateful to them for
spending time discussing results and sharing ideas. Also, I would like to thank my group
members; Alaaeldin Ahmed, Mohamed Arabi, Resul Saritas, Ayman Alneamy, Majed
Alghamdi, Hamidreza Nafissi for their help throughout this work.

vi



Table of Contents

List of Tables ix

List of Figures x

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Deformable Mirrors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Mirror Design and Fabrication 10

2.1 Mirror Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Mirror Layout and Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Modal Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Realization of Degenerate Modes . . . . . . . . . . . . . . . . . . . . . . . 19

3 Pull-in Analysis 23

3.1 Pull-in voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4 Characterization and Experimental Demonstration 27

4.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 Characterization and Experimental Results . . . . . . . . . . . . . . . . . . 29

4.2.1 Resonance Characterization . . . . . . . . . . . . . . . . . . . . . . 30

vii



4.2.2 Mode Shape Characterization . . . . . . . . . . . . . . . . . . . . . 32

4.2.3 Curvature of the Defocus Mode . . . . . . . . . . . . . . . . . . . . 35

4.3 Validation of Experimental Results . . . . . . . . . . . . . . . . . . . . . . 42

4.4 Electromagnetic actuation of the DM . . . . . . . . . . . . . . . . . . . . . 43

5 Conclusions and Future Work 46

References 48

APPENDICES 56

A Copyrights 57

viii



List of Tables

1.1 Clinical use of deformable mirror in ophthalmology . . . . . . . . . . . . . 8

2.1 Dimensions of the DM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Masks of the Micra-GEM fabrication process . . . . . . . . . . . . . . . . . 14

4.1 Displacement of the mirror center as a function of phase angle . . . . . . . 38

4.2 Radius of curvature as a function of phase angle . . . . . . . . . . . . . . . 40

4.3 Displacement measurements of center grid point . . . . . . . . . . . . . . . 43

ix



List of Figures

1.1 Plane wavefront and Spherical wavefront . . . . . . . . . . . . . . . . . . . 1

1.2 Phase change of wavefront . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Wavefront aberrations [5] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Adaptive optics (AO) system [7] . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 Retinal image [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.6 Segmented Hexagonal DM [7] . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Zernike modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Astigmatism mode for prototype # 1 and prototype # 2 . . . . . . . . . . 12

2.3 Mirror dimensions and features . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Cross-sectional view of Micra-GEM fabrication process . . . . . . . . . . . 15

2.5 The DM layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Final processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.7 A 30µm beam thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.8 The first axisymmetric mode (1, 0) of the mirror corresponding to the defo-
cus mode Z0

2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.9 The second circumferential modes (1, 2) of the mirror corresponding to the
astigmatism modes Z±2

2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.10 The third circumferential modes (1, 3) of the mirror corresponding to the
trefoil modes Z±3

3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.11 The fourth circumferential modes (2, 1) of the mirror corresponding to the
coma modes Z±1

3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

x



2.12 The fifth circumferential modes (1, 4) of the mirror corresponding to the
tetrafoil modes Z±4

4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.13 The sixth circumferential modes (2, 2) of the mirror corresponding to the
second astigmatism modes Z±2

4 . . . . . . . . . . . . . . . . . . . . . . . . 19

2.14 The second axisymmetric mode (2, 0) of the mirror corresponding to the
spherical mode Z0

4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.15 Astigmatism actuation schemes . . . . . . . . . . . . . . . . . . . . . . . . 20

2.16 Frequency separation between the Astigmatism modes f5 − f4 . . . . . . . 20

2.17 Trefoil actuation schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.18 Frequency separation between the trefoil modes f8 − f7 . . . . . . . . . . . 21

2.19 Coma actuation schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.20 Frequency separation between the coma modes f12 − f11 . . . . . . . . . . 22

3.1 Static deflection ws of the mirror plate as a function of voltage . . . . . . . 25

3.2 Stable (solid line) and unstable (dashed line) equilibria of the mirror plate
as functions of voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1 (a) A schematic of the chip assembly (b) A picture of the 84 Pin chip carrier 27

4.2 The PCB and switching matrix used to address electrodes individually . . 28

4.3 Experimental setup of the vibrometer and mirror PCB . . . . . . . . . . . 28

4.4 Schematic of the experimental setup . . . . . . . . . . . . . . . . . . . . . 29

4.5 A pulse train . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.6 Modal response to a pulse train . . . . . . . . . . . . . . . . . . . . . . . . 30

4.7 Frequency-response curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.8 The axisymmetric actuation scheme . . . . . . . . . . . . . . . . . . . . . . 32

4.9 (a) The first axisymmetric (defocus) mode shape realized at the excitation
frequency f(1,0) = 17 kHz. (b) The grid points used for measurement along
the diameter of the mirror plate . . . . . . . . . . . . . . . . . . . . . . . . 33

4.10 Selective circumferential modes . . . . . . . . . . . . . . . . . . . . . . . . 33

4.11 The first circumferential mode has a single nodal diameter at f(1,1) = 43 kHz 34

xi



4.12 The second axisymmetric mode occurs at f(2,0) = 86 kHz . . . . . . . . . . 35

4.13 The third axisymmetric mode occurs at f(3,0) = 195 kHz . . . . . . . . . . . 36

4.14 The second circumferential mode with two nodal diameters corresponds to
astigmatism at f(1,2) = 68 kHz . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.15 The third circumferential mode with three nodal diameters corresponds to
trefoil at f(1,3) = 95 kHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.16 The fourth circumferential mode with single nodal diameter and single nodal
circle corresponds to coma at f(2,1) = 123 kHz . . . . . . . . . . . . . . . . 37

4.17 The fifth circumferential mode with four nodal diameters corresponds to
tetrafoil at f(1,4) = 169 kHz . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.18 (a) Displacement time-history. (b) Displacement versus phase angle. . . . . 39

4.19 Radius of curvature of the first axisymmetric (defocus) mode of vibrations 39

4.20 Radii at beam attachment and free end . . . . . . . . . . . . . . . . . . . . 40

4.21 Comparison of deflection along a beam center-line to that along a radius
mid-way between two beams . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.22 The normalized profiles of the Zernike, experimental, and FEM defocus
modes along a mirror radius . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.23 The normalized Zernike, experimental, and FEM defocus modes . . . . . . 43

4.24 Electro-magnetic actuation of the DM . . . . . . . . . . . . . . . . . . . . 44

4.25 The first axisymmetric mode occurs at f(1,0) = 17 kHz . . . . . . . . . . . . 45

A.1 THORLABS Consent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

A.2 BostonMicromachines Consent . . . . . . . . . . . . . . . . . . . . . . . . . 59

A.3 MicraGEM Consent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

xii



Chapter 1

Introduction

1.1 Background

A wavefront is a surface which encircles the optical rays with a constant phase. Plane
wavefronts and spherical wavefronts are introduced by a source situated at infinity, and by
a point source emanating within an optical system respectively Fig. 1.1.

Figure 1.1: Plane wavefront and Spherical wavefront

A wavefront distortion or aberration is a change in phase of the wavefront. This change
is shown as phase advance or phase lag appearing in the wavefront propagation Fig. 1.2.
Aberrations are induced in the wavefront due to atmospheric turbulence, temperature
variations, optical misalignments, surface polishing defects, and biological tissues. Atmo-
spheric turbulence changes the phase of the wavefront due to the non-uniform atmosphere
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of the earth [1], and the variation in temperature which causes an arbitrary fluctuation
in the refractive index of the atmosphere [2]. Also, optical components such as lenses al-
ter the wavefront phase due to differences in the optical path length at the center and
tip of the edge. Biological tissues also induce aberrations in the wavefront due to inhomo-
geneities in the layers. For example, the cornea consists of five layers; epithelium, bowmans
membrane, stroma, descemets membrane, and endothelium [3]. These layers modify the
refractive index along the optical path. Furthermore, the imperfect shape of the cornea
causes astigmatism [1, 3, 4].

Figure 1.2: Phase change of wavefront

Aberrations can manifest as astigmatism, spherical aberration, coma, or defocus. Wave-
front aberrations have a significant impact in degrading image formation. The perfect im-
age formation is produced when the incident rays converge on a single sharp point focus at
the desired image plane Fig. 1.3 (a)1. However, wavefront aberrations diverge the rays away
from a single point due to phase changes. For instance, a spherical aberration converges a
bundle of light to a point that is closer to the lens and other bundle of light converges to a
point that is near to the lens. Consequently, there is no single point focus and the image
appears to be blurred Fig. 1.3 (b)2. Another example of aberration is comatic aberration
which degrades the image resolution when the light focus onto the image plane at different
height Fig. 1.3 (c)3. Therefore, the objective of the Adaptive Optics (AO) system is to
manipulate the image quality by correcting wavefront aberrations. AO are also used to
overcome aberrations due to imperfections in the optical components and misalignment of
optical elements. Furthermore, it compensates the wavefront aberration that are induced
from biological samples and atmospheric turbulence. It can also enhance the performance
of lower performance optical systems, and as a result can reduce the total cost of optical

1A permission is shown in Appendix A Fig.A.1
2A permission is shown in Appendix A Fig.A.1
3A permission is shown in Appendix A Fig.A.1
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systems [6]. This system can be found in many applications such as astronomy, biology,
and vision science. AO systems consist of three main components: a wavefront sensor to
measure the wavefront aberration, a control system to track the aberration overtime, and a
deformable mirror to correct the wavefront distortion as shown in Fig. 1.44. A retinal image
was captured without AO which shows low image resolution due to aberrations Fig. 1.5 (a)5.
A significant improvement in image resolution is achieved by using adaptive optics scanning
laser ophthalmoscope which eliminate the wavefront aberration Fig. 1.5 (b)6.

(a) Ideal wavefront without aberration (b) Wavefront with spherical aberration

(c) Wavefront with comatic aberration

Figure 1.3: Wavefront aberrations [5]

1.2 Deformable Mirrors

In the AO system, DMs respond to specific change in its profile according to the wavefront
aberration sensor signal. In order to deform the DMs, mechanisms such as piezoelectric,

4A permission is shown in Appendix A Fig.A.2
5A permission is shown in Appendix A Fig.A.2
6A permission is shown in Appendix A Fig.A.2
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Figure 1.4: Adaptive optics (AO) system [7]

elctrostatic, and electromagnetic actuation are used. DMs are either continuous or seg-
mented piston-tip-tilt. Mathematically, the deformed shapes of the DM are represented
by Zernike polynomials which are polynomials normal to a unit circle [9]. The DM as a
part of adaptive optics has been found in many apparatus such as telescopes, microscopes,
adaptive optics scanning laser ophthalmoscope (AOSLO), and optical coherent tomography
(OCT).

An electrostatic DM with 331 MEMS hexagonal segmented piston-tip-tilt mirror was
designed for telescopic observations [10]. Each segment has a diameter of 600µm, and
excitation was applied using three rectangular electrodes underneath its geometry. This
mirror has reached a perpendicular stroke of 1µm, and a tilt inclination of ±3 mrad with
aperture of 9.5 mm. Furthermore, an electrostatic DM with 37 and 337 MEMS hexagonal
segmented piston-tip-tilt mirrors were designed for use in vivo microscopes and telescopes
respectively. Each segment was actuated using three rectangular electrodes, and each DM
has a diameter of 750µm, Fig. 1.67. The maximum stroke is 3.5µm, and the tilt angle
is ±8 mrad with apertures of 3.8 mm and 11.6 mm respectively. Another configuration of
an electrostatic MEMS segmented DM with 140 square electrodes was incorporated in an
ophthalmic equipment in order to improve the images of the retina [11]. This mirror has
a maximum piston stroke of 2µm with an operating voltage of 220 V and an aperture

7A permission is shown in Appendix A Fig.A.2
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(a) Retinal image without AO (b) Retinal image with AO

Figure 1.5: Retinal image [8]

of 3.3 mm. An electrostatic MEMS segmented piston-tip-tilt DM was used in AOSLO to
correct the eye induced aberrations and enhance the retinal imaging [12]. This mirror has
a 37 hexagonal mirror segments with a three diamond shaped electrodes that underlying
each segment. A stroke of 5µm, and a tilt angle of ±5 mrad were achieved with aperture
of 3.5 mm. A 91 hexagonal actuators with a thickness of 80µm was deposited on a silicon
wafer with a thickness of 700µm and a diameter of 150 mm. The maximum operating
voltage is 140 V with aperture diameter of 65 mm. An assembly can be made using a
number of these segmented mirrors to build a large mirror [13].

The idea behind using different configurations of mirrors or electrodes is to increase
the useful area and reduce the complexity of the control circuit. However, segmented
DMs suffer from energy losses due to the fill factor between the segments. These gaps
allow a bundle of rays to be diffracted. This system allows each segment to have indepen-
dent motion, which is appropriate for large apertures, especially telescopes, due to ease of
replacement and maintenance.

An electrostatic MEMS continuous membrane DM with 4096 square electrodes was
designed for astronomy, with a maximum stroke of 4µm, an operating voltage up to
300 V, and aperture of 19.2 mm [14]. Another version of an electrostatic MEMS contin-

5



Figure 1.6: Segmented Hexagonal DM [7]

uous DM with 140 square electrodes was fabricated with a maximum piston stroke of
2µm, a maximum voltage of 240 V, and aperture of 3.3 mm[15]. A micro-machined con-
tinuous membrane with 37 hexagonal electrodes was used to correct the ocular aberration
with a stroke of 3.5µm. This mirror was actuated using an electrostatic actuation voltage
of 140 V and it has an aperture of 9.2 mm [16, 17]. A stack of lead zirconium titanate
(PZT) plates were used to increase the number of actuators and stroke of the DM for
astronomy application [18]. These mirrors have a range of 50 to 5000 actuators and 50
to 500 mm diameter[19]. Monomorph DM was integrated in telescopes with a single PZT
plate, a 85 electrodes and a range of 25 to 250 mm diameter [18, 19]. A 19 PZT hexago-
nal electrode were introduced underneath a continuous DM which was used for correcting
ocular aberrations. This mirror has a higher stroke of 3µm and 6µm to 8.5µm when the
central seven electrodes and boundary electrodes were fired respectively with an operating
voltage of -150 V to 450 V [17]. A stroke of 22.18µm for a defocus mode Z0

2 at ±125V
was achieved using a 25 piezoelectric polyvinylidene fluoride (PVDF) actuation electrode
with aperture of 10 mm [20]. However, an electrostriction material was used two ceramic
lead magnesium niobate (PMN) layers. This mirror was used for correction of human eye
aberration with a 10.2 mm pupil diameter and a 16µm stroke that measured when all of 35
concentric electrodes are fired [17, 21]. Two types of continuous Xinetics deformable mir-
rors were used in ophthalmic instrumentations and telescopes with an aperture of 75 mm
and 140.208 mm, a 97 and a 349 PMN electrodes respectively, and an operating volatge
of 100 V [22, 11]. A 52 electromagnetic actuators was used to excite a continuous mem-
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brane deformable mirror. This mirror was utilized in ophthalmic applications with a pupil
diameter of 11.89 mm and an applied voltage started from 0.25 V up to 1 V [23]. Another
type of electromagnetic actuation is found using ALPAO DM97-15 continuous DM with
97 actuators and a 13.5 pupil diameter. This mirror was integrated into a combination of
scanning laser ophthalmoscope (SLO) and optical coherence tomography (OCT) [24].

Continuous DMs achieve near-zero diffraction due to a fill factor of zero and sustains
the continuity of the wavefront. However, it has a coupling effect as a result of exciting
neighboring electrodes. Basically, the main objective of the deformable mirror is to replicate
the Zernike polynomials corresponding to wavefront aberration with a large peak to valley
stroke. To do so, an open loop system and closed loop system were introduced in order to
control a specific Zernike mode [25, 26, 27, 28, 29, 30].

Segmented and continuous DMs are actuated using various actuation mechanisms.
Electromagnetic actuation has the largest stroke which is a significant advantage. However,
it requires bulky coils and permanent magnets, thereby occupying large space. Piezoelec-
tric materials, such as PZT [13] and PVDF [20], exhibit a hysteresis requiring additional
bias voltage to counter-act which complicates the process of mirror actuation and control.
Electrostrictive materials, such as PMN [21], have lower hysteresis in comparison to PZT.

In general, MEMS DMs can realize lower costs and power consumption combined with
higher actuator density which enables robust surface deformation. However, they are
restricted by a small stroke. For ocular aberration, best performance was obtained by
electromagnetic mirrors with the least residual error. The DM with 35 PMN concentric
electrodes had the next favorable performance. The electrostatic DMs with 140 electrodes,
electrostatic DM with 37 electrodes, and PZT DM with 37 electrodes have almost equal
performances. As a result, performance of the DM depends on not only the number of
electrodes and stroke but also on the actuator layout [31, 32].

Segmented and continuous DMs were fabricated using both surface micro-machining
and bulk micro-machining. For instance, continuous electrostatic DMs with 140 and 4096
electrodes were fabricated using surface micro-machining with polycrystalline silicon thin
films [15, 33], while bulk micro-machining fabrication process was used to produce large
mirror dimensions [34, 35, 36, 37].

Most DMs used in ophthalmology are listed in Table 1.1. The objective of these mirrors
is to replicate the Zernike modes in order to correct wavefront aberrations and produce
high resolution images. Three major problems beset these mirrors. First, the presence and
use of influence functions to represent mechanical coupling between individual electrodes
and a continuous mirror surface. These functions are obtained by firing one electrode
and measuring the static displacement of the mirror in response to it. The operation is
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repeated for each electrode individually with different voltages. Individual Zernike modes
are realized by solving a a linear system to determine the contribution of each influence
function, and thus the voltage of the corresponding electrode, to the mode. Second, the
requirement to supply various voltage values to different electrodes results in a highly
complex electrical drive circuit. Third, determining these voltages and supplying them to
the respective electrodes requires a complex control scheme.

Table 1.1: Clinical use of deformable mirror in ophthalmology

DM type DM Φ Stroke Beam Φ Actuator # Power
Continuous (Xinetics) [38] 7.5 mm (pupil) 12-53 um / 7-11 um 14-15 / 11-14
Segmented piston [38] 7.5 mm (pupil) 12-53 um / 7-11 um >95 / 50-90
Segmented piston-tip-tilt [38] 7.5 mm (pupil) 12-53 um / 7-11 um 12-19 / 9-10
Continuous (Xinetics) [11] 75 mm ±4 um 1.9 mm 97 100 V
Segmented (BMC) [11] 3× 3 mm ±2 um 1.9 mm 144 220 V
Continuous (BMC) [39] 4.4 mm 140
Bimorph [40]
MEMS (BMC) [40]
Continuous (Xinetics) [41, 42] 2 um/actuator 1.5 mm 37 PZT
Continuous (Xinetics) [43] 2 um/actuator >2 mm dia 37 PMN
Bimorph (AOptix) [44] 32 um 37
Continuous (Xinetics) [45] 37
AOptix [46] 16 um 37
BMC [46] 3.8 um 140
Bimorph (AOptix)[47, 48] 10 mm (pupil) 37
MEMS (BMC) [47, 48] 3.1 mm pupil 144
Segmented piston-tip-tilt (IrisAO) [49, 50, 51, 52] 5 um 2.3 mm [51]/1.2 mm [52] 111
Continuous membrane (ALPAO) [53] 10.5 mm (pupil) 60 um 1.7 to 5 mm 69
Membrane [54] 32
Bimorph [54] 19 PZT
Segmented MEMS (IrisAO) [55, 52, 56] 5 um 5.5 mm[56]/3.5 mm [52] 111
Bimorph (AOptix) [57] 10 mm (pupil) 37
MEMS (BMC) [57] 3.12 mm (pupil) 144
Segmented MEMS (IrisAO) [58] 0.89 mm 111
PMN Bimorph (AOptix) [59] 10 mm (pupil) 32 um 35
Continuous membrane (ALPAO) [60, 24, 61, 62, 39, 63] 13.5 mm (pupil) 60 um 2 mm [61] 97 50 W
Bimorph (AOptix) [64, 65] 10 mm (pupil)
MEMS (BMC) [64, 65] 3.125 mm (pupil)
Continuous membrane (OKO) [16] 9.2 mm (pupil)/15 mm(total) 8 um 1.75 mm 37 250 V

1.3 Scope

DMs have to replicate the Zernike modes in order to correct for the wavefront aberrations.
DMs have a stroke of at least the wavelength of the source in order to achieve a constructive
interference. A statically actuated DMs are able to replicate the Zernike modes and achieve
a high stroke. However, these mirrors rely on a high dense of electrodes for actuation.
Furthermore, each electrode has different voltage according to its orientation to replicate
a certain Zernike mode. Therefore, these mirrors require a complex algorithm due to the
influence function which shows up because of mechanical coupling to control the electrode
arrays in order to produce each Zernike mode individually. This control system tracks
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the wavefront by deforming the DM overtime with the least amount of residual error. In
order to eliminate the spatial control [66, 67] and its dependence on algorithm complexity,
the use of dynamic actuation is preferable. Dynamic actuation of the DM at resonance
produces a large amplitude which is greater than the wavelength of the light source. A
continuous DM with 140 electrodes was tested dynamically in two photon microscopes and
achieved adequate wavefront correction [68].

The proposed deformable mirror is designed to be a continuous DM which avoid signal
losses in the segmented mirrors. It is applicable in ophthalmic instruments to compen-
sate for the degradation of images due to eye induced aberrations during scanning. The
proposed DM under dynamic actuation mechanism is able to replicate low order and high
order Zernike modes with low number of electrodes. It shows a simple actuation mecha-
nism by applying a single voltage to the electrodes in order to induce a certain Zernike
mode individually. As a result, it reduce the complexity of algorithm to control the elec-
trode arrays. This mirror propose a replacing of the continuous laser scan with a pulsed
laser scan. The challenge is to synchronize the frequencies of the laser scanning beam and
the natural frequencies of the DM in which the incident beam interfaces with the mirror
surface at its maximum amplitude.
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Chapter 2

Mirror Design and Fabrication

2.1 Mirror Design

Three design criteria are employed when designing the proposed DM. First, the desired
mode shapes of the DM have to replicate biologically relevant Zernike modes. The human
eye exhibits various aberrations that deform incident and reflected light. These aberra-
tions can be represented by Zernike polynomials. Some aberrations correspond to low-order
Zernike modes, namely defocus corresponds to mode Z0

2 Fig. 2.1 (a) and astigmatism cor-
responds to modes Z±2

2 Fig. 2.1 (b). Other aberrations correspond to high-order Zernike
modes, such as coma which corresponds to Z±1

3 , trefoil which corresponds to Z±3
3 , and

tetrafoil which corresponds to Z±4
4 [69].

Second, the natural frequencies of those modes should be above the acoustic frequency
range f = 20 kHz in order to minimize the effects of external disturbances on their response.
However, the natural frequencies of the relevant modes should not exceed 100 MHz to avoid
complicating the drive circuits required to deliver the actuation voltage.

Finally, the DM is designed to achieve a large ‘stroke’ for the relevant modes, defined
as the transverse distance between the maximum deformation point and the minimum
deformation point within one period of oscillations. This criterion is constrained by the
fabrication process, Micra-GEM, and limitations on the dimensions of the DM as per the
design rules.

The proposed DM is designed to replicate, via dynamic excitation at resonance, six
Zernike modes. These modes include low-order and high-order Zernike modes required for
opthalmology applications to correct the temporal eye aberrations encountered by scanning
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(a) Defocus mode shape Z0
2 (b) Astigmatism mode shape Z±2

2

Figure 2.1: Zernike modes

laser opthalmoscopes (SLO), namely defocus Z0
2 , astigmatism Z±2

2 , coma Z±1
3 , trefoil Z±3

3 ,
tetrafoil Z±4

4 , and spherical Z0
4 modes. Resonant DM has the advantage over the static DM

by applying the same voltage to the scheme of electrodes. Therefore, the design reduces the
number of fired electrodes that excite a certain mode shape and reduces the complexity of
the driving circuits. The complexity of influence function due to mechanical coupling has
no longer exist. For example, BMC DM generates the defocus and tetrafoil Zernike modes
by firing a 140 electrodes with different voltages depending on its orientation. However,
resonant DM generates the defocus and tetrafoil Zernike modes via a 49 and 9 electrodes
respectively.

The mirror was designed as a circular plate to match the typical circular shape of wave
front aberrations and Zernike modes. It has a diameter of 1.6 mm and a thickness of
10µm. Center or mid-span supports were excluded since they impede the continuity of the
resulting mode shapes, thereby diverging from Zernike modes. Instead, long and narrow
beams were adopted as supports and located at the circumference (edge) of the mirror
plate. Further, the beams should be identical and located at equal distances around the
mirror circumference in order to create a sectoral symmetry in mirror structure.

In order to determine the appropriate number of support beams, models of the mirror
were developed and simulated in COMSOL software using two, three, four, five, six, and
seven identical evenly spaced support beams around the mirror circumference. All of
them were failed to generate both low and high order Zernike modes. A circular plate
supported by eight identical evenly spaced beams was found to allow for the creation
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(a) Prototype # 1 (b) Prototype # 2

Figure 2.2: Astigmatism mode for prototype # 1 and prototype # 2

of modes corresponding to the desired Zernike modes. This is the minimum number of
support beams that meet the criteria listed above.

The support beams stiffness, and therefore dimensions, can also distort the plate modes
away from Zernike modes. COMSOL simulations were carried out to minimize the impact
of the support beams on the plate mode shapes and their natural frequencies. The results
showed that the support beams stiffness were low enough to minimize their interference
with the plate modes when their dimensions were as follows: length l =100µm, width
w =15µm, and thickness t =10µm.

For the sake of comparison, two prototypes were fabricated with identical dimensions,
except that the beam thickness for prototype # 1 was kept at the recommended design value
t =10µm while the beam thickness for prototype # 2 was increased to 30µm thickness,
Fig. 2.2. The fabrication of the 10µm thick beams was more challenging when using
Micra-GEM. A Y mask was used to etch a 20µm to create the mirror and the beams. The
dimensions and features of the DM are illustrated in Fig. 2.3.

The mirror is electrostatically actuated via 49 concentric electrodes, subdivided into
sixteen sectors to match the support system, except for the inner most circle which con-
stituted a single electrode. The electrodes cover the whole area under the mirror plate.
The width of the gaps demarcating the electrodes was set to 40µm to provide for electrical
routing within the constraints of the fabrication design rules. The air gap between the
mirror and the electrodes was set to 20µm as per the fabrication constraints. All mirror
dimensions for prototype # 1 are listed in Table 2.1.
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(a) Mirror with 10µm beam thick (b) Mirror with 30µm beam thick

(c) Electrodes configuration (d) DM structure

Figure 2.3: Mirror dimensions and features

2.2 Mirror Layout and Fabrication

The DM was fabricated based on the Micra-GEM fabrication process [70], which includes
two silicon-on-insulator (SOI) wafers, a base (handle) wafer and top (device) wafer. The
base wafer was patterned through three deep reactive-ion etching (DRIE) steps, Trench 1,
Trench 2, and Trench 3. Mirror plate and support beams were patterned in the top wafer
through a single DRIE etch to a depth of 20µm using a Y mask, Fig 2.41. The fabrication
process uses five masks to create the mirror and electrodes Table 2.2.

The design layout of the DMs was carried out in the commercial packages MEMS Pro

1A permission is shown in Appendix A Fig.A.3
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Table 2.1: Dimensions of the DM

Parameter Prototype # 1 (µm)
Mirror radius, a 800
Mirror thickness, t 10
Beam length, l 100
Beam thickness, h 10
Beam width, w 15
Capacitive gap, d 20

and L-Edit. Prototypes #1 and # 2 were laid out within the design area Fig. 2.5 (a). A
microscopic image of the DM is seen in Fig. 2.5 (b).

Table 2.2: Masks of the Micra-GEM fabrication process

Masks µm
Trench 1 Etching 51
Trench 2 Etching 35
Y Etching 20
Metal Deposition 0.075
Z Etching 30

The base wafer comprises of a device layer 50µm thick, a silicon oxide layer 1µm thick,
and a handle substrate 500µm thick. The top wafer consists of a device layer 30µm thick,
a silicon oxide layer 1µm thick, and a handle layer 500µm thick. The DM was fabricated
through three processes. First, the electrodes were patterned on the handle layer of the
bottom wafer by the Trench 1 mask and a DRIE etch to a depth of 51µm. Second, a Y mask
was used to define the mirror, support beams, and posts in the device layer of the top wafer
by etching the mirror plate and beams to a depth of 20µm. Finally, anodic bonding was
applied to connect the two wafers. Wet etching was used to etch away the handle and
the silicon oxide layes of the top wafer in order to expose the mirror and support beams.
Gold was deposited through a metal mask to create the mirror plate reflective surface.
The Z mask was used to etch the whole thickness of the top wafer using DRIE etching and
release all features of prototype # 1, Fig. 2.6. The design of prototype # 2 is shown in
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Figure 2.4: Cross-sectional view of Micra-GEM fabrication process
.

Fig. 2.7.

2.3 Modal Analysis

The mirror was made of crystal silicon of a family < 100 > with a modulus of elasticity
of E = 129 GPa, a Poisson’s ratio of ν = 0.22, and a density of ρ = 2320 kg/m3. Modal
analysis was carried out using the commercial FEM package COMSOL to examine the DM
mode shapes and their natural frequencies. The structure was modeled using tetrahedral
type with 17307 elements. The FEM results for prototype # 1 showed that mirror modes
were exhibited degenerate mode shapes. The frequencies were ordered according to FEM
results. The results were replicated low-order Zernike modes which were appeared at
f1 = 23.8 kHz for the defocus mode, Fig. 2.8, and f4 = 68.23 kHz, and f5 = 68.27 kHz for the
astigmatism modes, Fig. 2.9. Spurious (undesirable) modes were appeared at f2 = 52.9 kHz,
f3 = 52.9 kHz, f6 = 134.2 kHz, and f12 = 215.39 kHz. The mode shapes corresponding to
high-order Zernike modes were appeared at f7 = 127.4 kHz and f8 = 127.5 kHz for the
trefoil modes, Fig. 2.10, f9 = 136.8 kHz and f10 = 136.8 kHz, for the coma modes, Fig. 2.11,
f11 = 171.6 kHz and f15 = 286.26 kHz for the tetrafoil modes, Fig. 2.12, and f16 = 203 kHz
for the spherical mode Z0

4 , Fig. 2.14.

The simulation results showed that two degenerate modes correspond to the astigma-
tism modes, trefoil, coma, and second astigmatism modes. Selectively exciting one of the
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(a) Layout (b) Microscopic image

Figure 2.5: The DM layout

(a) Anodic bonding

(b) Wet etching

(c) Metal mask for deposition (d) Z mask

Figure 2.6: Final processes
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Figure 2.7: A 30µm beam thickness

Figure 2.8: The first axisymmetric mode (1, 0) of the mirror corresponding to the defocus
mode Z0

2

Figure 2.9: The second circumferential modes (1, 2) of the mirror corresponding to the
astigmatism modes Z±2

2

degenerate modes poses a challenge. The degenerate modes are linearly coupled whenever
the difference between their natural frequencies fn+1 − fn is small enough to allow their
half-power bandwidths to interfere:

fn+1

2Qn+1

+
fn

2Qn

≥ fn+1 − fn

Nonlinear coupling may further strengthen energy exchange between the modes and result
in auto-parametric resonance at higher excitation levels.

Exciting one of the degenerate modes under these conditions will result in complex
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Figure 2.10: The third circumferential modes (1, 3) of the mirror corresponding to the
trefoil modes Z±3

3

dynamics where the two modes exchange energy. This energy exchange is due to the
overlap of two bandwidths. Frequencies lie on the interference area would induce two
mode shapes at same frequency. Therefore, it is desirable to develop methods that allow
to decouple the degenerate modes, thereby selectively excite each of the degenerate Zernike
modes, Zn

m and Z−n
m , individually.

Figure 2.11: The fourth circumferential modes (2, 1) of the mirror corresponding to the
coma modes Z±1

3

Figure 2.12: The fifth circumferential modes (1, 4) of the mirror corresponding to the
tetrafoil modes Z±4

4
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Figure 2.13: The sixth circumferential modes (2, 2) of the mirror corresponding to the
second astigmatism modes Z±2

4

Figure 2.14: The second axisymmetric mode (2, 0) of the mirror corresponding to the
spherical mode Z0

4

2.4 Realization of Degenerate Modes

We found that applying DC voltage selectively to the substrate electrodes can increase the
difference between the natural frequencies of the degenerate modes, thus decoupling them.
A study of decoupling the degenerate modes was conducted based on extensive numerical
simulations of the mirror actuation in COMSOL. Schemes of electrode activations are
proposed here for each pair of degenerate modes.

In order to separate the two astigmatism modes, the electrodes between two opposite
sectors, out of the four sectors made by the nodal diameter, are activated. This condition
was selected to allow the electrostatic field created by those electrodes to approximate the
phase relations mandated by the target mode shape on the mirror plate displacement field.
To simplify electrostatic actuation, we chose to apply a constant DC voltage to all ‘fired’
electrodes and to ground the mirror plate. Since the electrostatic force is rectifying, that
meant the electrodes were limited to addressing two of the four sectors that were mving
in phase. Four actuation schemes that satisfy this condition were tested. The activated
electrodes under each scheme are shaded in Fig. 2.15.

19



Figure 2.15: Astigmatism actuation
schemes

Figure 2.16: Frequency separation between
the Astigmatism modes f5 − f4

Due to the softening effect of the electrostatic force, the natural frequencies of the
two degenerate modes, f4 and f5, decrease as the DC voltage increases, with the natural
frequency of the lower mode f4 decreasing at a first rate. As a result the frequency difference
between the two natural frequencies f5 − f4 increases under all four actuation schemes as
shown in Fig. 2.16. We found that firing the electrodes in one sector only (scheme 1) was
not as effective as using the electrodes in two opposite sectors (schemes 2, 3, and 4). Firing
the larger tier 4 electrodes combined with the smaller tiers 2 and 3 electrodes were more
effective than firing one set only. Scheme 3 was able to increase the separation between
the natural frequencies of the two astigmatism modes from 40 Hz to 185 Hz at 500 V. On
the other hand, the center (tier 1) had a negligible impact on the degenerate modes. This
is expected since both modes have a node over that electrode. As a result, scheme 3 had
the most significant effect in decoupling the two degenerate astigmatism mode shapes.

Following the same criteria, three actuation schemes were devised to separate the nat-

20



Figure 2.17: Trefoil actuation schemes
Figure 2.18: Frequency separation between
the trefoil modes f8 − f7

ural frequencies of the two degenerate trefoil modes f7 and f8. Scheme 3 fires all tier 2 and
3 electrodes under the plate areas moving in-phase. Scheme 2 fires only tier 4 electrodes
under the same in-phase moving areas, while scheme 1 fires only half of these sectors,
Fig. 2.17. The difference between the natural frequencies of the degenerate modes f8 − f7
is shown as a function of DC voltage in Fig. 2.18. Once again, it was found that firing all
of tiers 2, 3, and 4 electrodes (scheme 3) was the most effective method in decoupling the
degenerate modes increasing the frequency separation from 12 Hz to 60 Hz at 500 V,

In the case of the coma modes, the degenerate modes share a nodal circle. The mirror
plate displacement field reverses its direction as it crosses that circle. As a test case, two
actuation schemes were devised using tiers 2 and 3 electrodes, which are enclosed within
the nodal circle. The actuated fired electrodes in scheme 1 lie on one side of the nodal
diameter of the higher mode, shown in Fig. 2.19, while the fired electrodes in scheme 2
are distributed evenly on either side of that nodal line. Figure 2.20 shows the difference
between 4 natural frequencies of the degenerate coma modes f12 − f11 as a function of the
DC voltage of the activated electrodes. Scheme 2 was found to be effective in decoupling
the two modes, increasing the frequencies separation from a negligible value to 80 Hz at
500 V. On the other hand, scheme 1 was ineffective. The reason for that can be observed
in the fact that it reduces the natural frequency of the higher mode to cross that of the
lower mode resulting in a negative separation between the two frequencies. Therefore, it is
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Figure 2.19: Coma actuation schemes Figure 2.20: Frequency separation between
the coma modes f12 − f11

necessary to target the areas moving in-phase in the lower, rather than the higher, of the
two degenerate modes. Using tier 4 electrodes instead of those of tiers 2 and 3 may have
even more impact on decoupling the coma modes.

Selective DC actuation of the substrate electrodes can decouple each pair of degenerate
modes and reduce the likelihood of their interaction. While the required voltage to realize
mode decoupling is high for prototype # 1, it can easily be reduced by redesigning a new
mirror with small electrostatic gap distance.
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Chapter 3

Pull-in Analysis

3.1 Pull-in voltage

Microplates are used as MEMS devices such as CMUTs (capacitive-micro-machined ul-
trasound transducers), micropumps, microphones and micromirrors [71, 72, 73, 74]. These
microsystems are actuated using eletrostatic, electromagnetic, thermal or piezoelectric ex-
citations. In order to predict the behavior of these microstructures, a mathematical model
of a plate equation is solved in order to anticipate the natural frequencies of the structure
as well as the mode shapes. The governing equation for the transverse deflection of a
circular plate supported by elastic beams w(r, θ, t) under the electrostatic force is:

D∇4w + ρh
∂2w

∂t2
=
ε
(
VDC + VAC cos

(
Ωt
))2

2
(
d− w

)2 (3.1)

where D is the flexural rigidity

D =
Eh3

12(1− ν2)
E is the Young’s Modulus, h is the thickness of the plate, ν is Poisson’s ratio, ρ is the
density of the material of the mirror, ∇4 is biharmonic operator, ε is the permittivity of
the medium which is air, VDC is the applied DC voltage, VAC is the applied AC voltage,
Ω is the applied frequency, d is the gap between the mirror and the electrodes. This
equation is subject to boundary conditions describing the interface between the mirror

23



and the support beams around its circumference r = a

Vr(a, θs) = −kw w(a, θs) (3.2a)

Mr(a, θs) = kφ
∂w

∂r

∣∣∣
(a,θs)

(3.2b)

where a is the mirror plate radius, θs are the locations along the mirror plate circumference
where the support beams are attached, Vr and Mr are the shear force and bending moment.
The lumped translational and rotational stiffnesses of the beams are represented by kw and
kφ.

The mirror plate rigidity D is much higher than that of the support beams EI. In the
presence of static loads only, it can be considered as a rigid body and modeled as a lumped
mass. Since deflection in the mirror plate is negligible, the term containing the biharmonic
operator in the equation of motion Eq.(3.1) approaches zero while the inertia term vanishes
identically. The electrostatic force acting on the mirror plate is balanced at its boundaries
by the restoring force of the support beams with the shear boundary condition reducing to

8k ws =
εAV 2

DC

2
(
d− ws

)2 (3.3)

where k is the beam stifness and A is the area of electrodes. For convenience, a non-
dimensional variable was derived as the following:

ŵ =
w

d
(3.4)

Equation(3.3) becomes nondimensionalized as

2 d3
(
1− ŵs

)
k ŵs = εAV 2

DC (3.5)

The stiffness of the support beams acts in parallel to that of the mirror plate. To avoid
explicit evaluation of the plate stiffness, we estimate an effective stiffness of each beam
that lumps the beam stiffness with the plate stiffness acting as

k =
cEI

L3
(3.6)

where c is a correction factor accounting for the parallel configuration of the mirror plate
with the beam. The correction factor was calculated from FEM pull-in red curve Fig. 3.1.
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Figure 3.1: Static deflection ws of the mirror plate as a function of voltage
.

A 600 V pull-in voltage and a 9 um deflection were substituted into Eq.(3.3) from the FEM
pull-in curve. The correction factor c was 2.27 and the beam stiffness becomes

k =
2.27EI

L3
(3.7)

The new beam stiffness Was substituted back into Eq.(3.5) and eliminate the hat, we get
a cubic equation as

5882.31w3 − 0.235292w2 + 2.35292× 10−6w = 1.7794× 10−17 V 2
DC (3.8)

Equation (3.8) is a cubic polynomial. It has three solutions, one of them is unphysical
corresponding to a displacement larger than the gap between the mirror plate and its elec-
trodes. The other two solutions correspond to physical displacements, corresponding to a
smaller stable equilibrium and a larger unstable equilibrium. The two branches of solutions
coalesce at the pull-in voltage which is 625 V Fig. 3.2. The corresponding displacement at
pull-in is ws = 6µm. In stable branch, as the voltage increases the displacement increases
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Figure 3.2: Stable (solid line) and unstable (dashed line) equilibria of the mirror plate as
functions of voltage

.

to cause failure to the mirror because the mirror plate contact to the electrodes. If any
disturbance injects into the mirror, the mirror jumps from the stable to unstable branch
and failure (pull-in) occurs.
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Chapter 4

Characterization and Experimental
Demonstration

4.1 Experimental Setup

A drive circuit was developed to deliver actuation voltage independently to each of the
substrate electrodes and to the mirror plate. A schematic of the chip assembly is shown in
Fig. 4.1(a). The chip with the two designed DMs was wire bonded to a chip carrier in order
to apply voltage to each electrode individually. Each DM was wire bonded individually in
a separate chip carrier. The chip carrier is an 84 pin grid array (PGA) with a cavity size of
11.938× 11.938 mm, Fig. 4.1(b). The 84 pins of the chip carrier was plugged into a socket

Figure 4.1: (a) A schematic of the chip assembly (b) A picture of the 84 Pin chip carrier
.

with 12× 12 pin array. The socket was integrated into a printed circuit board (PCB) that
has four port slots. Each port was connected to a switch PCB that controls each electrode
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individually, Fig. 4.2. Experiments were conducted by placing the PCB carrying the DM
and its actuation circuit over the chuck of the vibrometer. The excitation voltage was
supplied by a function generator. The response of the DM was detected optically by the
reflected laser beam from the DMs surface in order to detect its profile change, Fig. 4.3.

Figure 4.2: The PCB and switching matrix used to address electrodes individually
.

Figure 4.3: Experimental setup of the vibrometer and mirror PCB
.

The setup is comprised of a function generator to generate the excitation signal, a voltage
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amplifier to magnify the signal, an oscilloscope to recognize the signal, and Doppler effect
laser vibrometer to measure the response. A schematic of the experimental setup is shown
in Fig. 4.4.

Figure 4.4: Schematic of the experimental setup
.

4.2 Characterization and Experimental Results

The aim of characterization is to find out the resonance frequencies of the mode shapes of
the mirror. This was carried out by applying a pulse train Fig. 4.5 at different locations of
the mirror surface in order to find out all possible ranges of frequency domains. The quality
factor for each mode was estimated from the frequency response curve. A frequency sweep
was carried out by applying a constant AC voltage amplitude of 150 volts while changing the
frequency in order to plot an accurate frequency response curve. Mode shape corresponds
to each resonance frequency was captured by applying a sinusoidal signal with a certain
frequency to induce a single mode shape individually. A point-grid was defined to cover the
mirror plate surface and a multi-point scan was conducted for each mode separately at each
frequency. An analysis of the first axisymmetric mode shape that corresponds to Zernike
defocus mode is carried out to calculate the curvature at different phase angle. Validation
is examined between the experimental mode shapes and the modeled mode shapes from
the FEM analysis.
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Figure 4.5: A pulse train
.

Figure 4.6: Modal response to a pulse train
.

4.2.1 Resonance Characterization

Modal analysis for the DM was conducted using a pulse train of frequency of 1 kHz, an
amplitude of 150 volt, and a duty cycle of 0.01. This signal was applied to all electrodes
at once. The response of the mirror center was measured using a laser Doppler vibrometer
(LDV) which captures the mirror’s out-of-plane displacement and velocity at the location of
its laser spot. As a result, a modal response shows up with three significant peaks. These
peaks showed the first three axisymmetric mode shapes that correspond to the Zernike
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axisymmetric modes: defocus, second defocus, and spherical at frequencies 17 kHz, 86 kHz,
and 195 kHz respectively, Fig. 4.6. The quality factor for each mode was estimated from
the frequency response curve. A frequency sweep was carried out by applying a constant
AC voltage amplitude of 150 volts while changing the frequency in order to plot accurate
frequency response curves.

Figure 4.7: Frequency-response curve
.

A frequency sweep was conducted around the three axisymmetric frequencies in order to
assure that the resonance occurs at the same values of the modal analysis. This experiment
was carried out with a constant voltage amplitude of 150 volts and a frequency change with
a step of 1 kHz. The frequency response curve was plotted in Fig. 4.7 and the quality factor
of each axisymmetric mode was estimated using the half-power bandwidth technique, where
a maximum amplitude is divided by

√
2. The intersection of this height determines the

bandwidth that is used to calculate the quality factor as

Q =
fn
∆f

(4.1)

The quality factors of the first, second, and the third axisymmetric modes are Q1 = 1.3,
Q2 = 25, and Q3 = 48, respectively. The quality factor is the ratio of energy dissipated in
one cycle by a resonator to the total energy it stores. The measured values here indicate
that the first axisymmetric experiences a much higher rate of energy loss, than the second
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and third modes. Free vibrations of the first mode under external disturbances would die
down fast with the mirror plate returning to its equilibrium position with two first mode
periods 2/f1 = 0.012 ms.

4.2.2 Mode Shape Characterization

Two sets of modes shapes were accompanied with the circular plates: axisymmetric mode
shapes such as defocus and spherical and asymmetric mode shapes such as astigmatism and
trefoil. Several grid points on the DM surface were investigated to avoid nodal diameters in
asymmetric modes and nodal circles in axisymmetric modes, thereby capturing all modes
present in the mirror response. A sinusoidal signal was applied with a certain frequency
to induce a single mode shape individually. A point-grid was defined to cover the mirror
plate surface and a multi-point scan were conducted for each mode separately at each
frequency. In order to induce the first axisymmetric (defocus) mode, a sinusoidal input

Figure 4.8: The axisymmetric actuation scheme
.

signal was applied to all electrodes at once (the highlighted electrodes are excited with
the same voltage) Fig. 4.8. The applied AC voltage signal has a frequency of 8.5 kHz and
an amplitude of 150 volts, resulting in an excitation frequency of 17 kHz. The laser beam
was located at the center of the mirror so that the response has maximum amplitude,
Fig. 4.9(a). Furthermore, a point-grid was defined over the mirror plate, blue square in
Fig. 4.9(b), and a multi-point scan were carried out to capture the mode shape it exhibits.
To actuate the second axisymmetric mode shape Fig. 4.12, an AC voltage is applied to all
electrodes at a frequency of 86 kHz and an amplitude of 150 V. A third axisymmetric mode
shape is actuated at 195 kHz and 150 V amplitude Fig. 4.13. This mode shape corresponds
to the Zernike spherical mode.
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Figure 4.9: (a) The first axisymmetric (defocus) mode shape realized at the excitation
frequency f(1,0) = 17 kHz. (b) The grid points used for measurement along the diameter of
the mirror plate

.

In order to capture the circumferential modes, such as astigmatism, coma, trefoil, and
tetrafoil, the selective actuation schemes shown in Fig. 4.10 were employed. A modal
response is obtained where the laser point is located at the middle of the mirrors radius to
avoid the nodal diameters that cross the center of the mirror. However, the circumferential
mode shapes are captured at locations where the nodal diameters do not show. The
experiments showed that the frequencies 68 kHz, 95 kHz, 123 kHz, and 169 kHz correspond
to astigmatism, trefoil, coma, and tetrafoil modes, respectively. In order to capture

Figure 4.10: Selective circumferential modes
.

33



Figure 4.11: The first circumferential mode has a single nodal diameter at f(1,1) = 43 kHz
.

the individual mode shape, a sinusoidal excitation signal is applied using selective AC
actuation schemes at frequencies corresponding to the peak frequency of the mode found
in modal response. A multi-point scan is used to capture the modal response of the mirror
plate. The first circumferential mode shape, Fig. 4.11 appeared at 43 kHz and 150 volts,
where a quarter of the electrodes are fired. At the same electrode scheme, the second
circumferential mode shape is shown at 86 kHz frequency and 150 volts, Fig. 4.14. This
mode shape approaches the Zernike astigmatism modeZ2

2 .

At frequency of 95 kHz and 150 V amplitude, the third circumferential mode shape
which appears corresponds to the Zernike trefoil mode Z−3

3 , Fig. 4.15. Finally, at a fre-
quency of 169 kHz and 150 volts, the fourth circumferential mode shape is actuated which
corresponds to the Zernike tetrafoil mode Z−4

4 , Fig. 4.17. However, different electrodes
schemes, as shown in Fig. 4.10, were used to excite the mixed mode shape. This mode
shape has one nodal circle and one nodal diameter. In order to excite this mode, a fre-
quency of 123 kHz and a voltage of 150 volts are used. This mixed mode corresponds to
the Zernike coma mode, Fig. 4.16.
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Figure 4.12: The second axisymmetric mode occurs at f(2,0) = 86 kHz
.

4.2.3 Curvature of the Defocus Mode

The first axisymmetric mode shape can be used to change the focal point of the laser
beam. So that the mirror can be used as a variable focal mirror in cameras using this
mode. To characterize the evolution of the mirror curvature over the phase angles of the
first axisymmetric mode, we measured the mirror displacement at a set of nine grid points
along the mirror diameter to the end of the beam, shown in cyan in Fig. 4.9(b). Those
points were located along an x-axis with origin at the mirror center at: -900, -756, -504,
-252, 0, 252, 504, 756, 900 um. The displacement time-history was measured at each of
those points as shown in Fig. 4.18(a) for the center point (x = 0). At each point, the
displacement time-record over multiple cycles was transformed to phase-angle to obtain
the displacement-phase angle plot shown in Fig. 4.18(b) for the center point (x = 0). The
average displacement over these cycles were calculated for a set of phase angles. The
average displacements for the center point (x = 0) are listed in Table 4.1. The average
displacements of the seven diameteral grid points are shown in Fig. 4.19 as functions of
their position along the diameter (normalized with respect to the mirror radius) for a set
of 18 constant phase angles from 90o to 270o in steps of 10o.
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Figure 4.13: The third axisymmetric mode occurs at f(3,0) = 195 kHz
.

Figure 4.14: The second circumferential mode with two nodal diameters corresponds to
astigmatism at f(1,2) = 68 kHz

.
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Figure 4.15: The third circumferential mode with three nodal diameters corresponds to
trefoil at f(1,3) = 95 kHz

.

Figure 4.16: The fourth circumferential mode with single nodal diameter and single nodal
circle corresponds to coma at f(2,1) = 123 kHz

.

The measured displacements at the same phase angle were used to estimate the mirror
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Figure 4.17: The fifth circumferential mode with four nodal diameters corresponds to
tetrafoil at f(1,4) = 169 kHz

.

Table 4.1: Displacement of the mirror center as a function of phase angle

Phase Angle φ 90o 110o 130o 150o 170o 190o 210o 230o 250o 270o

Average displacement (nm) 420.78 395.42 325.49 214.02 80.33 -62.87 -200.49 -318.30 -393.97 -421.46

curvature at that phase. Towards that end, a least square fit was deployed to approximate
the deflection of the mirror plate at a given phase angle φ as a fourth-order function of the
diameteral position r:

wφ(r) = a+ b r2 + c r4 (4.2)

where a, b, c are the coefficients of obtained from the fit. The deflection was obtained for
each of the phase angles listed above. For example, the deflection of the defocus mode at
a phase angle of φ = 90◦ was found to be:

w90(r) = 0.988784− 1.10374 r2 + 0.11762 r4 (4.3)

The radius of curvature for each phase angle is then calculated from the relationship

ρφ
(
r
)

=

[
1 +

(
dwφ

dr

)2] 3
2

d2wφ

dr2

(4.4)

38



Figure 4.18: (a) Displacement time-history. (b) Displacement versus phase angle.
.

Figure 4.19: Radius of curvature of the first axisymmetric (defocus) mode of vibrations
.

Table 4.2 lists the phase angle and the corresponding radius of curvature at the plate center
ρφ(0). For example, at a phase angle of 90o, the radius of curvature is 0.616 m. The aim of
this work was the design of a resonant DM that can replicate the Zernike modes with the
least number of electrodes actuated using the same voltage. This is in contrast to static
DM with their influence functions which require different actuation voltages applied to a
large number of electrodes.
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Table 4.2: Radius of curvature as a function of phase angle

Phase angle φ (o) 90 100 120 140 160 190 200 220 240 270
Radius of curvature (m) -0.959 0.970 -1.095 -1.438 -2.548 7.215 3.169 1.539 1.115 0.951

In order to evaluate the accuracy of the generated modes, the differences among three
mode shapes were evaluated: the ideal Zernike defocus mode, the FEM defocus mode, and
the measured first axisymmetric mode. First, we examined whether the simulated mode
was axisymmetric. Towards that end, two sets of nine grid points were defined along two
radii of the FEM model. One set of points along a radius aligned with the beam center-line.
Another set of points along a radius mid-way between two adjacent beams as shown in
Fig. 4.20.

Figure 4.20: Radii at beam attachment and free end
.

The displacement along these points were obtained from Comsol when the mode shape
was at a phase angle of φ = 90◦. A comparison of the deflection between the two radii
was carried as shown in Fig. 4.21. It was found that the deflection along the two radii was
almost identical except for the last point at the edge of the mirror plate. Since those radii
correspond to the maximum and minimum compliance lines along the plate, it is reasonable
to assume that the mode shape is axisymmetric. Therefore, a function representing the
defocus mode from the FEM model can be found following the procedure described above
for the experimental mode shape:

wFEM(r) = 0.542484− 1.53369 r2 + 0.542484 r4 (4.5)
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Figure 4.21: Comparison of deflection along a beam center-line to that along a radius
mid-way between two beams

.

The displacements and the distances along the mirror radius were normalized by di-
viding both measurements by its maximum value for all three modes and are shown in
Fig. 4.22. The difference between the FEM simulation and experimentally realized defocus
modes and the normalized Zernike defocus mode (Z0

2(r) = 1− r2) was determined as the
difference between the modes averaged over the plate area

e2 =
1

A

∫ 2π

0

∫ 1

0

(Z0
2(r)− w(r))2rdrdθ (4.6)

where w(r) is the simulated and experimental modes: wFEM(r) and wexp(r), respectively,
and the normalized plate area is A = π. The deviation of the simulated and experimental
modes from the ideal Zernike mode at φ = 90◦ was found as the square root of that quantity:
e = 23 and 6 nm, respectively. Comparing the last value to the maximum deflection of the
experimental mode shape, 420 nm, indicates that its deviation from the Zernike defocus
mode is less than 1.5%. We note that a deviation of 6 nm from the ideal mode is compared
with those for continuous DM in the literature which varies in the range 1.8 to 7.6 nm [23].
We also note that these results were obtained without any need for close-loop control or
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Figure 4.22: The normalized profiles of the Zernike, experimental, and FEM defocus modes
along a mirror radius

.

actuation involving the distribution of multiple voltage levels to different electrodes which
further emphasize the promise of resonant adaptive mirrors.

The two-dimensional profiles of the normalized experimental and simulated defocus
mode shapes are represented as bodies of revolution and compared to the ideal three-
dimensional Zernike defocus mode in Fig. 4.23.

4.3 Validation of Experimental Results

A comparison between the experiments and the numerical analysis was addressed in Ta-
ble 4.3. The experimental first axisymmetic mode shape had an excitation frequency of
17 kHz, while the FEM first axisymmetric mode shape of 23.8 kHz with a frequency differ-
ence of 6.8 kHz. An exactly match between the experimental and FEM astigmatism mode
shape with a frequency of 68 kHz. The frequency of the experimental trefoil mode had a
deviation of 12.5 kHz from the FEM trefoil frequency. Another deviation was appeared of
13.8 kHz frequency between the experimental and FEM coma mode shape. A small devi-
ation between the experimental and FEM tetrafoil and spherical mode shapes of 2.6 kHz
and 4 kHz frequency respectively.
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Figure 4.23: The normalized Zernike, experimental, and FEM defocus modes
.

Table 4.3: Displacement measurements of center grid point

Defocus Astigmatism Trefoil Coma Tetrafoil Spherical
Experiments (kHz) 17 68 95 123 169 195
FEM (kHz) 23.8 68.23 127.5 136.8 171.6 203

4.4 Electromagnetic actuation of the DM

Another actuation mechanism was proposed using electromagnetic actuation technique
to excite the DM. The aim of this technique is to reduce the voltage that was used in
electrostatic actuation. In order to establish the required strength of the magnetic field
for excitations, two magnets were chosen with appropriate dimensions of 6.35 mm length,
3.175 mm width, and 0.793 mm thickness. These magnets were placed in the cavity of
the chip carrier in order to produce a permanent magnetic field. A small AC potential
difference was applied to two aligned mirror’s beams using two probes in order to pass
current. So that the magnetic field was perpendicular to the current direction. As a result,
a Lorentz force was actuated the mirror plate in a direction that was perpendicular to its
plane Eq.(4.7). The force exerted uniform deflection at the mirror profile as the magnetic
field uniformly distributed by perfectly aligning the magnets. An AC voltage was applied
to excite the DM to its natural frequency that generate the Zernike modes. The current
path length was approximated by the diameter of the mirror and the length of two beams
in which the probes were attached.

#»

F = `
#»

i (t)× #»

B (4.7)
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Figure 4.24: Electro-magnetic actuation of the DM
.

where
#»

F is the Lorentz force, l is the length of the conductor,
#»

i (t) is the electric current,

and
#»

B is the magnetic field. An initial test of using the electromagnetic actuation was
conducted using an AC voltage signal that has a frequency of 8.5 kHz and a maximum am-
plitude of 60 volts in order to induce the first axisymmetric mode shape. The result showed
two responses: first response at frequency of 8.5 kHz due to electromagnetic actuation, and
second response at 17 kHz due to electrostatic actuation that induced implicitly. The first
axisymmetric mode shape that replicate the Zernike defocus mode was occurred at one of
the two frequencies. In order to recognize this mode at 17 kHz, a sinusoidal signal of a
frequency 8.5 kHz, and an amplitude of 60 V was applied using two probes to the electrodes
and the mirror plate. This signal eliminated the response at 8 kHz and the mode shape
was captured at 17 kHz Fig 4.25.
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Figure 4.25: The first axisymmetric mode occurs at f(1,0) = 17 kHz
.
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Chapter 5

Conclusions and Future Work

Circular continuous MEMS DMs were designed and fabricated to detect and correct hu-
man eye’s wavefront aberration. The MEMS DMs were designed using FEM COMSOL
software. The DMs were fabricated using the Micra-GEM micro-fabrication process. Hu-
man eye’s wavefront aberration are represented by a set of Zernike modes. Therefore,
three design criteria were considered to meet the desired Zernike modes that are utilized
in ophthalmic application. The resonant DMs allow the elimination of the spatial control
and exploiting the amplification factor. The number, shape, and arrangements of the exci-
tation electrodes were optimized to excite the mode shapes that match the required set of
Zernike modes leading a significant reduction in the complexity of the hardware required
for mirror excitation. This reduction is in terms of reducing the number of electrodes
that is used to excite certain mode shape. Additionally, resonant DMs eliminate the use
of applying different voltage schemes to generate Zernike modes and it replace them by
only one elctrode scheme with same voltage. For example, a 140 electrodes of a MEMS
DMs were used with different voltage values to generate the astigmatism mode while the
resonant DMs was applied same voltage value to a nine electrode to excite the same mode.
Therefore, a significant reduction in the electrical and control circuits was carried out using
the resonant DMs.

The experimental results show that the measured mode shapes replicate the desired
Zernike modes. The first axisymmetric mode shape that corresponds to the defocus mode
has a stroke of 800 nm which is a sufficient to correct for the laser beam of wavelengths
up to 800 nm such as Ion argon 488 nm and He-Ne 632.8 nm. The RMS error between the
first axisymmetric mode of the resonant DMs and the the Zernike defocus mode is 6 nm.
This RMS error was achieved by the least number of electrodes with the same voltage and
without using a complex electrical circuits and control units. However, static DMs achieve
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a value of RMS error of range 1.8-7.6 nm using complex electrical and control circuits.
The resonant DMs propose a new technique that replace the continuous laser scanning
by a pulsed laser scanning of the human eye. The highest image resolution of the retina
will be captured at the maximum amplitude of the DMs. The challenge is to synchronize
the frequency of the pulsed laser scanning with the frequency of each mode corresponding
to Zernike mode. High speed camera will be used to capture the image at maximum
amplitude of the DM. For future work, the proposed scheme will be implemented in order
to separate the degenerate mode shapes. The splitting action will be obtained by applying
a DC voltage to certain schemes of electrodes. Characterization will be conducted using the
vibrometer to measure the degenerate modes and evaluate each mode individually. Testing
the efficacy of the proposed DM with an optical setup to examine the image resolution is
for future work
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