
Applications of Optics in Non-
Traditional Biomedical Imaging

Item Type text; Electronic Dissertation

Authors Amirsolaimani, Babak

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 24/05/2023 21:07:46

Link to Item http://hdl.handle.net/10150/630219

http://hdl.handle.net/10150/630219


APPLICATIONS OF OPTICS IN NON-TRADITIONAL BIOMEDICAL IMAGING 

by 

Babak Amirsolaimani 

__________________________ 
Copyright © Babak Amirsolaimani 2018 

A Dissertation Submitted to the Faculty of the 

COLLEGE OF OPTICAL SCIENCES 

In Partial Fulfillment of the Requirements for the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2018 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Babak: Amirsolaimani, titled Applications of Optics in Non-Traditional Biomedical
Imaging and recommend that it be accepted as fulfilling the dissertation requirement for the 
Degree of Doctor of Philosophy. 

-------H='-------+----------+�------'--------- Date: ? / <?/ / �

-���+----+---- Date: 
'ff (8°' ( �

____ ___,.,__ ___ -+------- Date: # _ // � . f cf

Fi al approval and accept nee of is disse11ation is contingent upon the candidate's submission
of e final eopies ofthe disse atio t th€ Q.raduate Col�)

" 

I hereby certify that I have read this disse11ation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement. 

2



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of the requirements for 

an advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 

provided that an accurate acknowledgement of the source is made.  Requests for permission 

for extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the head of the major department or the Dean of the Graduate College when in 

his or her judgment the proposed use of the material is in the interests of scholarship. In all 

other instances, however, permission must be obtained from the author. 

SIGNED: Babak Amirsolaimani 



4 

ACKNOWLEDGMENTS 

During my PhD years, many people helped and guided me in my research as well as in 

personal life to achieve my goals. First, I would like to thank Prof. Nasser Peyghambarian 

for all his support during my research. His guidance was something that I could always 

count on. I enjoyed working on many exciting projects in his team and having access to 

almost any resource that was required for my research. I would also thank Prof. Masud 

Mansuripur who helped me become a member of the College of Optical Sciences and his 

office door was always open for any academic and non-academic questions. I always tried 

to learn from his great teaching and mentoring skills. Special thanks to Dr. Gholam Peyman 

who always gave me new ideas to improve my projects and I learned the passion for 

research and hardworking from him. I want to thank Prof. Robert Norwood as my 

committee member and teacher. I enjoyed all the courses that I had with him and his 

guidance during the projects that I worked with him. 

Many faculty members, researchers and staff helped me during the past five years. I 

want to thank Dr. Khanh Kieu and Dr. Palash Gangopadhyay for helping me in my 

research. Majid Behabadi who always helped me get any resource I needed, Linda Schadler 

who supported me for any academic request that I had. I also appreciate all the support I 

got from Mark Rodriguez, Trin Rojias, Ruth Corcoran, and Amanda Ferraris. I want to 

thank all my Lab members during my PhD years, especially Soroush Mehravar who always 

helped me with any question I had and has been a good friend that I could always count 

on. 

I would like to thank all my friends in Tucson for making my PhD years an enjoyable 

time.  I also appreciate my dear friends, Navid Tafaghodi, Behrouz Babakhani, Milad 

Marvian, and Kamal Darchini, for all their support and for always being there for me.  

Finally yet importantly, I want to thank my parents who helped me with everything in 

my life, I could not be here without their love and support, and my wife Andisheh who was 

always by my side during all these years and her encouragement, kindness, and love helped 

me in every step of the way.  



5 
 

DEDICATION 

 

 

To my mother and father 

  



6 
 

TABLE OF CONTENTS 

 

LIST OF FIGURES ............................................................................................................ 8 

LIST OF TABLES ............................................................................................................ 15 

ABSTRACT ...................................................................................................................... 16 

Chapter I: Introduction ...................................................................................................... 17 

Chapter II: All-Reflective Multiphoton Microscope ........................................................ 21 

2.1 Multiphoton microscopy review and theory ...................................................... 21 

2.1.1 Review ........................................................................................................ 21 

2.1.2 Theory ......................................................................................................... 22 

2.2 Microscope design.............................................................................................. 24 

2.2.1 Reflective telescope .......................................................................................... 25 

2.2.2 Setup design and fabrication ............................................................................. 29 

2.2.3 User interface .................................................................................................... 31 

2.3 Results and discussion ............................................................................................. 32 

2.4 Multiphoton writing ................................................................................................ 35 

2.4.1 Waveguide fabrication ...................................................................................... 36 

Chapter III: Automatic Phoropter ..................................................................................... 42 

3.1 Phoropter review and operation basics.................................................................... 42 

3.1.1 Defocus ............................................................................................................. 44 

3.1.2 Astigmatism ...................................................................................................... 46 

3.1.3 Zernike polynomials ......................................................................................... 46 

3.2 Automatic phoropter ............................................................................................... 48 

3.2.1 Phoropter design ................................................................................................... 50 



7 
 

3.2.2 Compact fluidic lenses ...................................................................................... 52 

3.2.3 Holographic optical elements ........................................................................... 55 

3.2.4 User interface .................................................................................................... 56 

3.3 Results and discussion ............................................................................................. 57 

Chapter IV: Magneto Optical Brain Activity Mapping .................................................... 64 

4.1 Magneto optic sensing background and theory ....................................................... 64 

4.1.1 In-line Sagnac interferometer ........................................................................... 65 

4.1.2 Shot noise ......................................................................................................... 67 

4.2 Material synthesis .................................................................................................... 67 

4.2.1 Nanoparticle fabrication ................................................................................... 68 

4.2.2 Shell synthesis. ................................................................................................. 69 

4.2.3 MO film preparation. ........................................................................................ 69 

4.2.4 Sagnac interferometer. ...................................................................................... 70 

4.3 Results and discussion ............................................................................................. 71 

Chapter V: Summary ........................................................................................................ 78 

5.1 Contributions ........................................................................................................... 78 

5.2 Future work ............................................................................................................. 80 

Appendix A: Multiphoton microscope user interface ....................................................... 82 

Appendix B: Automatic phoropter user interface ............................................................. 85 

References ......................................................................................................................... 90 

 

  



8 
 

LIST OF FIGURES 

Figure 1: Absorption and emission process schematic of two-photon excitation 

fluorescence (2PEF), second harmonic generation (SHG), three-photon excitation 

fluorescence, and third harmonic generation (3PEF). ...................................................... 23 

Figure 2: Schematic diagram of the All-Reflective multiphoton microscope. The 

collimated laser beam is raster scanned using a 2D galvo scanner. The beam is later 

expanded by reflective optics to fill the back aperture of the objective lens. Dichroic mirrors 

are utilized to separate the excitation laser light from the back-scattered nonlinear signals 

from the sample, and also to separate the different generated wavelengths from the sample 

into appropriate PMT channels. ........................................................................................ 25 

Figure 3: The Zemax model of the initial telescope design. (a) The schematic of the two 

convex (R = 150mm, 300mm) and a concave mirror (R = 1692mm). (b) The OPD diagram 

of the system. (c) Seidel coefficients of the system. ......................................................... 26 

Figure 4: ARMPM design using off-the-shelf optics. (a) The compact arrangement is 

achieved by employing two flat mirrors to fold the beam (colors represent different 

scanning angles). The mirror numbering follows the microscope schematic depicted in Fig. 

1. (b) OPD of less than 0.35 waves is achieved throughout the scanning field before the 

objective lens for 800nm, 1040nm, 1550nm, 1700nm laser sources. (c) Diffraction limited 

spot size is shown for the simulated all reflective afocal system. The Airy disk is drawn for 

1040nm wavelength. (d) Ray fan diagram at four different wavelengths. The rays form 

different wavelengths overlap each other due to the reflective design of the system....... 28 

Figure 5: (a) field curvature and distortion diagrams of the system. (b) The Seidel 

coefficients diagram of the design. ................................................................................... 29 

Figure 6: Birds eye view of the rendered design of the ARMPM. Total volume of the 

system including laser source and Galvo mirror drivers is 18in×18in×18in. The red color 

represents the laser light path through the system. ........................................................... 30 



9 
 

Figure 7: Fabricated system placed inside a black box to minimize the room light and other 

sources of noise going into the photomultiplier tubes (PMTs). Numbered parts are as 

follows: (1) 1550 nm femtosecond fiber laser, (2) 1040 nm femtosecond fiber laser, (3) 

Galvo mirror, (4) dichroic mirrors, (5) PMTs, (6) translation stage and sample. ............. 31 

Figure 8: Multiphoton image of the euphorbia cactus leaf using. (a) 1550nm laser and (b) 

1040nm laser. Red color represents the two-photon excited fluorescence (2PEF) and 

second harmonic generated signal (SHG). Green color illustrates three-photon excited 

fluorescence (3PEF) and third harmonic generated signal (THG). The focus does not 

change by changing the source wavelength due to the all-reflective design of the system.

........................................................................................................................................... 32 

Figure 9: ARMPM image of fluorescent beads. (a) Image of the microbeads with 500 nm 

diameter. (b) The experimental PSF image exported from averaged individual bead images. 

(c) The comparison between the ideal vs the experimental PSF functions. The red curve 

shows the Gaussian function fitted to the experimental data. ........................................... 33 

Figure 10: multiphoton image of a mosquito captured by stepping and stitching method. 

Red color represents the SHG signal from collagen in muscle fiber structures and green 

shows the THG signal. ...................................................................................................... 34 

Figure 11: ARMPM image of the unstained human ovary biopsy tissue (a). Red color 

represents the SHG from collagen fibers, and green color illustrates the THG and 3PEF 

from red blood cells and lipids. (b) Zoomed in image depicts the fluorescent signal from 

the red blood cells, and SHG from the collagen structure around the blood vessel. ........ 34 

Figure 12: Multiphoton writing on polymer substrate. (a) micro-gear structures are written 

on the polymer using 1550nm laser. (b) SHG image of the University of Arizona logo 

written on positive photoresist using three-photon polymerization with 1040nm laser. .. 36 

Figure 13: (a) THG image of a line structure with different line widths written on a 

polymeric substrate. (b) SEM image of the same structure after removing the excess 



10 
 

polymer in SU-8 developer. (c) The zoomed-in image of the structure shows 400nm 

linewidth. Different writing layers (5μm gap) are also visible in this image. (d) lines with 

larger widths show better sharpness. ................................................................................ 37 

Figure 14: (a) Input waveguide bitmap file. The zoomed in image illustrates the 

modification at the edges to compensate for overlap imperfection during writing. 

Multiphoton image (b) and optical microscope image (c) of written channel waveguide on 

SEO250. The change in the refractive index of the cladding is due to the two-photon 

photobleaching of polymer. .............................................................................................. 38 

Figure 15: (a) Waveguide cross-section illustration showing the silicon substrate (Si) and 

sol-gel lower cladding (SG).  EO polymer film (EO-P) is shown for bleached (B) and 

unbleached (UB) regions. (b) IR camera image of the output mode. ............................... 39 

Figure 16: The THG image of a ring resonator structure fabricated by ARMPM on SEO250 

substrate ............................................................................................................................ 41 

Figure 17: Eye’s anatomy [63] ......................................................................................... 43 

Figure 18 : Arizona eye model prototype ......................................................................... 44 

Figure 19: Schematic diagram of the defocus (myopia/hyperopia) in the eye [68].......... 45 

Figure 20: The optical simulation of an astigmatic lens and its focal point footprint at 

different positions along the optical axis. ......................................................................... 45 

Figure 21: Working principle a Shack-Hartmann sensor for distorted and undistorted waves 

[73]. ................................................................................................................................... 48 

Figure 22: (a) The schematic diagram of the auto-phoropter system. Green Color represents 

the visible light path from the eye chart to the patient’s eye. Orange color illustrates the 

780nm laser light traveling from the source to the eye and finally to the detector. (b) The 

image of the holographic optical elements, fluidic lenses, and the fabricated compact 

phoropter setup. (c) The zoomed in image of the fluidic lenses. Three separate fluidic lenses 



11 
 

are used in the setup to control the defocus and astigmatism at different angles. The 

magnification power of each lens is controlled using a high-resolution hydraulic pump. 51 

Figure 23: The auto-phoropter setup. (a) The red arrow in the schematic diagram shows 

the optical path of the 785nm laser light that is used to detect the wavefront aberrations 

reflecting from eye. Green arrow depicts the patient’s line of sight. The tunable liquid 

lenses are controlled be servo motor actuated diaphragm pumps to correct the vision errors. 

(b) Fabricated auto-phoropter setup in black enclosure. ................................................... 51 

Figure 24: (a) exploded view of the tunable fluidic lenses and pumps. Each lens is 

controlled using a diaphragm pump that is actuated using a servo motor. The pump 

diaphragm is made of the same PDMS as the lens membranes. (b) The assembled setup 

including 3D printed structures. ........................................................................................ 53 

Figure 25: Zemax simulation results of normalized Zernike values at -5 and +5 diopter for 

defocus, oblique astigmatism and vertical astigmatism lenses ......................................... 53 

Figure 26: Simulation data of normalized Zernike values. (a) Variations of defocus (Z4), 

45° astigmatism (Z5), and 90° astigmatism (Z6) versus the volume change of the liquid 

inside the simulated defocus lens, (b) 45 degree astigmatic lens, and (c) 90 degree 

astigmatic lens. .................................................................................................................. 54 

Figure 27: (a) Simulated membrane deformation for defocus lens. The fitted spherical 

curve on to the membrane deformation shows that the membrane acts as a spherical lens 

(40mm radius) within the 10mm diameter optical aperture of the lens illustrated by the red 

dashed line. (b) Simulated data for rectangular membrane with 40mm radius curve (10-

diopter lens) fitted in horizontal cross section. Since the radius of curvature in vertical 

orientation is very large (1000mm), it acts as cylindrical membrane within the optical 

aperture. ............................................................................................................................ 55 

Figure 28: The measured results of the corresponding Zernike values for each lens. The 

measured results matches quite well with simulations, which shows that the defocus lens 



12 
 

can be modeled as a spherical surface and cylindrical surface modeling can be used for 

astigmatic lenses. .............................................................................................................. 57 

Figure 29: The measured results of the Zernike values for (a) Defocus lens, (b) 45-degree 

astigmatic lens, and (c) 90-degree astigmatic lens............................................................ 57 

Figure 30: Single pass vs. double pass. Zemax simulation results of the dioptric power 

comparison between single passing and double passing of the IR light through the (a) 

spherical lens and (b) Cylindrical lens. The values in each case is considered in the user 

interface software to compensate the power difference. ................................................... 58 

Figure 31: Lens calibration data vs. servo motor position. (a) Spherical lens dioptric power 

and defocus Zernike value (Z4) at each servo motor position and (b) the corresponding data 

for astigmatic lens. ............................................................................................................ 58 

Figure 32: The Arizona eye model. Image of the eye model that used to calibrate the fluidic 

lenses and servo motor positions. The performance of the phoropter is investigated by 

placing various trial lenses in front of the eye model and optimizing the automatic 

correction process. ............................................................................................................ 59 

Figure 33: Magnification changes of the defocus fluidic lens depicted at (a) 10cm, (b) 40cm 

, and (c) 100cm focal length. By changing the volume of the fluid, the lens power can be 

tuned to the desired dioptric value. The magnification change of -10 to +10 diopter with 

0.1 diopter increments can be achieved using the hydraulically pumped fluidic lens. ..... 60 

Figure 34: Eye chart images captured through the fluidic lens setup. (a) The -10 to +10 

diopter lens power change with two-diopter increments is induced using servo motor 

actuated pump to the defocus lens. The increments can be as low as 0.1 diopters. (b) 

Astigmatism test chart images captured through fluidic lens setup. Three-diopter 

magnitude astigmatism is induced at 0 degrees, 50 degrees, 90 degrees, and 140 degrees 

using cylindrical lenses placed at 45 degrees with respect to each other. ........................ 60 



13 
 

Figure 35: IR light power transmission inside the phoropter. (a) Schematic diagram of the 

setup and the positions that power was measured. A pig eye was used to evaluate the 

amount of reflection. (b) The power value evaluated at each position inside the phoropter.

........................................................................................................................................... 61 

Figure 36. The diagram of the magnetometer elements and their Jones matrices in forward 

(top) and backward (bottom) directions. ........................................................................... 65 

Figure 37: Effect of rare-earth material doping on magnetite. (a) The chemical structure 

schematic of magnetite. The lanthanide ions partially substitute the Fe+3. (b) Magneto-

optical FOM graph of three different doping ions at different concentrations. ................ 68 

Figure 38: The synthesis process for the DyxCo(1-x)Fe2O4 nanocomposite polymer. Uniform 

nanoparticles with ~15nm diameter are fabricated. The PBMA shell stabilizes the 

nanoparticles and prevents particle aggregation in the composite.  Synthesis of PBMA 

shells is performed using 10mg of nanoparticles, 0.2mL of benzylmethacrylate (BMA), 

and 10mL of chloroform. .................................................................................................. 69 

Figure 39: In-line Sagnac interferometer sensor design. Schematic diagram of the sensor.  

The 45° splice splits the polarized 1310nm laser light into x and y polarizations and 

combines the back-reflected orthogonal polarizations from the sensor.  This combination 

creates an interference pattern related to the Faraday rotation inside the MO film. The 

interference pattern caused by the phase shift induced by a magnetic field between the two 

polarizations is detected using a balanced detector. ......................................................... 70 

Figure 40: Faraday rotation measurement setup schematic. The 1310nm laser light is 

polarized using a Glan-Thompson (I) and passes through the MO sample (II). The light 

then reflects back from a mirror (III). A Wollaston prism (IV) splits the light into s and p 

polarizations. Applying an AC magnetic field to the solenoid (V) would causes a change 

in the s and p polarization intensities. A balanced detector (VI) detects this intensity 

change. .............................................................................................................................. 72 



14 
 

Figure 41: The Faraday rotation result for the DyxCo(1-x)Fe2O4 nanocomposite film. The 

Verdet constant can be calculated form the slope pf this graph. ...................................... 72 

Figure 42: MO sensor assembly. (a)  Schematic diagram of the MO sensor. GRIN lens is 

used as the collimator. The nanocomposite sensing film is placed inside a 3D printed 

holder. The alignment screws are used as tip/tilt mechanism so the reflected light couples 

back into the fiber. (b) Fabricated single sensor setup...................................................... 74 

Figure 43: (a) Rendered cross section image of the sensor prototype. The MO film (II) is 

sandwiched between QWP (I) and silver coating (III). A GRIN lens is used as the 

collimator; red represents the laser light. (b) The fabricated sensor. The sensor housing size 

can be reduced to almost the diameter of the fiber. .......................................................... 74 

Figure 44: The measured magnetic field sensitivity of MO sensor between 1mHz and 

0.1Hz. The frequency response shows 20femtoTesla/√Hz noise equivalent sensitivity for 

the in-line Sagnac interferometer. The inset image illustrates the FFT response of the 

sensor, which shows ~70dB SNR at a 100pT control field. ............................................. 75 

Figure 45: Magnetic field measured from the human heart. (a) The signal is collected on 

the first pass with 25Hz and the second pass with 845Hz sampling rate using a single MO 

sensing element. (b) Higher resolution sampling of the heartbeat signal shows both 

negative and positive magnetic fields. P, Q, R, S and T signals are detected with high 

contrast. ............................................................................................................................. 76 

 

  



15 
 

LIST OF TABLES 

Table 1. Design Specifications and Component details.................................................... 27 

Table 2: Arizona eye model optical properties ................................................................. 43 

Table 3: Zernike polynomials up to the third order. ......................................................... 47 

Table 4: Measured Verdet constant and transmission of Gd3+- and Dy3+-doped magnetite 

and cobalt ferrite in comparison with TGG at 1310nm. ................................................... 73 

Table 5: MO sensor specifications .................................................................................... 76 

 

  



16 
 

ABSTRACT 
 

In this dissertation, three non-traditional applications of optics in biomedical imaging are 

presented. First, design and development steps of a new compact all-reflective multiphoton 

microscope is described and illustrated. This design eliminates the adverse effects of 

chromatic aberration and dispersion inside the optical elements of the refractive-based 

microscopes. Additionally, in this mirror-based system, multiple laser sources with 

different wavelengths can be deployed for various three-dimensional imaging and writing 

applications. Second part presents a new approach to measure the visual acuity. This 

system uses the unique properties of tunable fluidic lenses and holographic optical 

elements to develop a handheld automatic phoropter. Using this setup, refractive error of 

the eye can be measured and corrected automatically within the range of -10 to +10 

diopters. Moreover, no feedback is required from the patient and the measurement 

procedure can be completed within few seconds. Finally, the design and fabrication of an 

ultra-high sensitivity optical magnetometer is represented. The sensor is based on the 

Faraday rotation effect in nanocomposite polymers with high Verdet constants. This new 

sensing technique can substitute the expensive and high maintenance magnetometers that 

are currently being used in Magnetoencephalography (MEG) and Magnetocardiography 

(MCG) systems. Using this method high spatiotemporal mapping of biological activities 

can be achieved in an un-shielded environment.  
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Chapter I: Introduction 
 

Optical imaging devices are among of the main metrology instruments for different 

applications in almost all scientific fields of study. Traditional microscopy is the basic 

application of optical imaging in biology. This imaging technique usually takes advantage 

of the linear properties of the light and optical elements. These first order optical properties 

can be investigated by geometrical ray tracing. Recent advancements in optics and 

photonics have enabled the deployment of the non-traditional properties of light in 

biomedical imaging. Nonlinear optical effects, such as second- and third-harmonic 

generation, and polarization control using magnetic field are among the new properties that 

can be deployed for new imaging modalities. Moreover, taking advantage of the diffractive 

properties of light in holographic optical elements creates new degrees of freedom in 

optical system design. 

Multi-photon microscopy (MPM) is one of the abovementioned techniques that is 

emerging as an important three-dimensional imaging tool with applications in various 

scientific disciplines. In this technique the high peak power of a femtosecond laser is 

deployed to excite the electrons using the nonlinear optical properties of the material. This 

electron excitation can lead to two/three harmonic generation and fluorescence signals, 

which can be detected using a photo detector. Biomedical imaging is amongst the fastest 

growing fields of study that utilizes the advantages of MPM [1, 2]. In-vivo two-photon 

deep-tissue imaging showed capability of this technique to capture signal from 1.6mm deep 

into mouse cortex [3]. Three-photon imaging has been used to detect cancerous cells and 

tissues in the early stages [4, 5]. Studies have also shown label-free imaging of different 

stages of dysplasia in Barret’s esophagus [6] using MPM.  

In addition to biomedical imaging, MPM can be employed in material 

characterization. Two- and three-photon imaging of thin layers of graphene [7], black 

phosphorous [8], molybdenum disulphide [9-11], and III-V nanostructures [12] illustrate 

not before seen properties of these thin layers. Electro-optical polymer based devices is 

another area of study, which has been taking advantage of the MPM as a powerful 
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characterization method [13]. Moreover, recent studies have shown the ability of utilizing 

MPM in three dimensional micro-fabricated devices including sensors, waveguides, 

photonic structures, and biomedical devices, using various types of light sensitive polymers 

[14-18]. 

The second area that can benefit from non-traditional optical elements for imaging 

is visual acuity measurement. An automatic phoropter system can evaluate the Refractive 

Error (RE) of the eye by employing diffractive holographical elements and fluidic lenses. 

RE is among the main concerns of public health with more than 650 million people 

suffering from insufficient refractive correction globally [19]. Uncorrected refractive error 

is the leading cause [20] of visual impairment with estimated 285 million cases worldwide 

[21] (8.2 million in US [22]), which results in 250 billion dollar productivity loss [23, 24]. 

Monitoring the RE can significantly reduce the risk of vision loss [25] especially in 

developing countries where there is inadequate access to screening facilities [26].  

A phoropter is one of the most commonly used instruments by ophthalmologists 

and optometrists in which the refractive error of the eye is measured using a set of trial 

lenses. These lenses are placed one at a time in front of the patient’s eye, while looking at 

an eye chart at some distance away. This visual acuity examination is time consuming, and 

requires constant and reliable feedback from the patient, who needs to mentally compare 

the two images created by placing different dioptric power lenses in front his/her eyes. This 

can cause confusion and often lead to inaccuracy of the prescribed power of the glasses. 

The process is especially difficult for young children, elderly, or mentally handicapped 

patients who may have reduced attention, poor memory or verbal communication 

disability. Moreover, a large number of trial lenses are required to cover the most common 

vision errors of myopia (nearsightedness), hyperopia (farsightedness), and astigmatism 

within the required range. This causes the system to have large footprint and makes its 

transportation difficult. To address these issues, new optical devices such as fluidic lenses 

and holographic optical elements (HOE) can be used. HOEs exploit the diffraction 

properties of the light. Using these properties, optical elements (lenses, filters, beam 

splitters, diffraction grating, etc.) can be designed to work at a specific wavelength while 
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not affecting the other wavelengths. Such unique elements along with tunable fluidic lenses 

can both decrease the system size and examination time. Additionally, by automatic 

wavefront detection, the prescription errors can be reduced because no verbal feedback 

would be required from the patient. 

Another important property of the light that can be utilized for imaging purposes is 

polarization. Polarization rotation using magnetic field can be deployed to develop highly 

sensitive magnetometers. Miniaturized magnetic field sensors are increasingly used in 

various applications such as geophysical exploration for minerals and oil, volcanology, 

earthquake studies, and biomedical imaging. Existing magnetometers lack either the spatial 

or the temporal resolution, or are restricted to costly shielded labs and cannot operate in an 

un-shielded environment. Increasing spatio-temporal resolution would allow real-time 

measurements of magnetic fluctuations with high resolution. As an example, understanding 

how brain works using the magnetic field fluctuations at its surface is one the most 

interesting and challenging fields of study that can be explored using this magneto-optical 

sensing approach. Hence, highly sensitive magnetometry is a growing field of study 

especially in applications such as biological activity mapping of human body organs [27, 

28]. The capability to probe the cellular organizations in non-invasive manner facilitates 

the deployment of magnetometers in biomedical applications such as magnetocardiogram 

(MCG), magnetoencephalography (MEG), and functional magnetic resonance imaging 

(fMRI).  

Electrical impulses inside the body such as neuronal activity of the brain or cardiac 

tissue induce a magnetic field that can be detected outside the body [29, 30]. Contrary to 

the electric field that can be distorted in interaction with the body tissue [31], the magnetic 

field is not sensitive to the transmembrane currents. Commercially available 

magnetometers range from inexpensive Hall probes and highly sensitive fluxgate sensors 

[32], to high precision superconducting quantum interference devices (SQUIDs) [33], 

optically pumped magnetometers (OPMs) [34], and spin exchange relaxation-free (SERF) 

atomic magnetometers [35, 36]. Most of these magnetometers are capable of detecting and 

measuring very small static as well as anomalous magnetic fields, but lack the necessary 
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dynamic range and spatio-temporal resolution to detect small magnetic fields at room 

temperature and in unshielded environments. For instance, SQUIDs need liquid helium 

coolant, and SERF magnetometers only operate near zero field. All-optical atomic 

magnetometers have shown promising results at room temperature [37, 38], but their design 

and low temporal resolution limit their application for portable biomedical sensing.  

Although OPMs can perform at room temperature, reducing the sensor footprint for 

practical deployment while keeping the sensitivity high is challenging. Since shot noise is 

the main sensitivity-limiting factor for all-optical magnetometers [39], they can reach 

femto-Tesla sensitivities. The combination of low noise and polarization rotation inside 

high Verdet constant materials provides a high dynamic range of detection, enabling better 

sampling at lower fields. 

In this dissertation, three applications that take advantage of the abovementioned 

properties of light are presented. In Chapter II, a new all-reflective multiphoton microscope 

design is discussed that eliminates the chromatic aberration and dispersion effects caused 

by refractive optics. In Chapter III, an ultra-portable phoropter is investigated. To measure 

and correct the refractive error of the eye, the device uses tunable fluidic lenses and 

holographic optical elements. Finally, in Chapter IV, design and development of a highly 

sensitive magnetometer is presented. The robustness to ambient noise can facilitate the 

deployment of these magnetometers for applications such as heartbeat sensing. 
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Chapter II: All-Reflective Multiphoton Microscope 
 

2.1 Multiphoton microscopy review and theory 

2.1.1 Review 

Since the first demonstration of the two-photon microscope in 1990 [40], different 

optical designs have been studied. Various techniques were utilized to improve the imaging 

depth (e.g. using longer wavelength for less scattering), and overcome the challenges 

regarding the optical aberrations of the microscope design [41]. However, most of these 

microscopes use refractive optics and Titanium sapphire femtosecond lasers, which are 

expensive, bulky and hard to use as imaging sources. Fiber laser deployment allowed 

compact and low cost design of the multiphoton microscope. Kieu et al [42] showed the 

application of Erbium and Ytterbium doped femtosecond mode-locked fiber lasers in label-

free biomedical multi-photon imaging. Since multiphoton microscopes must use ultrafast 

pulsed lasers to generate appreciable nonlinear signals, traditional microscope designs with 

refractive elements have several disadvantages. A shorter pulse by its very nature must 

have a larger spectral bandwidth, leading to adverse chromatic and dispersive effects. In 

order to achieve multiphoton excitation, shorter pulses are obviously ideal for providing 

higher peak power. Lens based systems must consider dispersion compensation in order to 

remove the dispersive effects of their refractive beam shaping elements. Horton and Xu 

utilized the high normal dispersion of Si wafers to compensate for their 1700nm source 

[43]. Tullis et al. discussed ways to quantify the effects of dispersive elements on 

femtosecond pulses [44]. Additionally, it is desirable to be able to use more than one 

excitation wavelength. This would allow investigating different structures in a biological 

sample targeted by different chromophores. Imaging modalities such as stimulated Raman 

scattering (SRS) [45] and Coherent anti-Stokes Raman spectroscopy (CARS) [46, 47] 

require utilization of multiple wavelengths at the same time and at the same spatial location. 

It is possible to minimize the effects of chromatic aberration and dispersion in a 
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multiphoton microscope system by various methods, as discussed by Wang et al. [48], and 

Young et al. [49]. However, it is desirable to be able to remove this concern entirely.  

In order to overcome these problems, in this chapter I demonstrate a new compact 

All-Reflective Multi-Photon Microscope (ARMPM) design. Metal-coated mirrors used in 

this design have high reflectance in a wide range of spectrum, which are suitable for sources 

between 300nm and 20µm in wavelength. The use of reflective optics eliminates the 

inherent chromatic aberration of the lenses, and multiple broadband sources with a large 

separation between wavelengths can be deployed simultaneously. 

2.1.2 Theory 

Multiphoton microscopy is based on nonlinear properties of the material in 

interaction with light. In presence of high intensity light, multiple photons can be absorbed 

simultaneously and create harmonics [50]. In two-photon excitation fluorescence (2PEF), 

absorption of two photons with frequency 𝜔𝜔𝑖𝑖 would cause a real transition and later 

emission of a photon with 𝜔𝜔𝑜𝑜 < 2𝜔𝜔𝑖𝑖. Vibrational relaxation causes this energy loss. The 

response time of such process is in nanoseconds regime. On the other hand, in second 

harmonic generation (SHG), simultaneous absorption of two photons causes a transition to 

a virtual excited state and a photon with 𝜔𝜔𝑜𝑜 = 2𝜔𝜔𝑖𝑖 will be emitted during the relaxation 

process. This process has femtosecond response time and the energy of the incoming 

photons is conserved (no loss). Similar processes take place for three-photon excitation 

fluorescence (3PEF), and third harmonic generation (THG). Figure 1 depicts the schematic 

diagram of theses nonlinear effects. 

Excitation by two or three photons requires confinement of the photons in space 

and time. The spatial confinement can be achieved by focusing the light using a high 

numerical aperture (NA) lens. Confinement of the photons in time can be done by emitting 

large number of them using an ultra-short pulses of a mode-locked laser. These pulses can 

produce high peak (kW) power at a short time (fs-ns) while keeping the total average power 

low (mW). The low average power is required to avoid damage to the tissue or material 

that is being imaged. The efficiency of the multiphoton process depends on the pulse 
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duration, repetition rate and the nonlinearity of the material. As an example the two-photon 

fluorescence excitation process can be calculated using: 

𝐹𝐹𝐹𝐹 =
𝜂𝜂𝜂𝜂
𝜏𝜏𝑓𝑓𝑟𝑟2

(
𝜋𝜋𝑁𝑁𝑁𝑁2

ℎ𝑐𝑐𝑐𝑐
)2 < 𝑃𝑃 >2 𝑒𝑒−2𝑧𝑧/𝑙𝑙𝑠𝑠                (2.1) 

where η is quantum efficiency, σ is two-photon absorption cross-section, h is 

Planck’s constant and c is the speed of light. The laser average power is <P> and the 

scattering length of the tissue is represented by ls [51]. Since the scattering has inverse 

relation to the wavelength, longer wavelengths show less scattering and higher penetration 

depth. Penetration depth also can be related to other factors such as water absorption inside 

the material. Although using longer wavelength would decrease the scattering, the 

resolution will be degraded due to the larger spot size (larger Airy radius). 

 

Figure 1: Absorption and emission process schematic of two-photon excitation fluorescence (2PEF), second 

harmonic generation (SHG), three-photon excitation fluorescence, and third harmonic generation (3PEF). 

As mentioned earlier, in harmonic generation the energy is conserved between the 

input and output photons. The momentum conservation may or may not happen in this 

process. The relation between the input and output fields can be derived from non-linear 

wave equation. Equation (2.2) show the incident field relation to the induced field for a 

plane wave in 1D. 
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∇2𝐸𝐸(3𝜔𝜔) +
𝑛𝑛2(3𝜔𝜔)(3𝜔𝜔)2

𝑐𝑐2
𝐸𝐸(3𝜔𝜔) =

(3𝜔𝜔)2

𝜖𝜖0𝑐𝑐2
𝜒𝜒(3)(3𝜔𝜔;𝜔𝜔;𝜔𝜔;𝜔𝜔)𝐸𝐸3(𝜔𝜔)       (2.2) 

where E(ω) and E(3ω) are the electric fields of the fundamental wavelength and 

THG respectively and χ(3) is nonlinear susceptibility. The influence of NA, dispersion, 

interference and orientation is discussed in detail in [52]. 

2.2 Microscope design 

One of the main factors in multiphoton efficiency is pulse width. Using refractive 

optics would cause pulse broadening and reduce the efficiency. Additionally, inherit 

dispersive properties of the refractive optics would cause chromatic aberration. The group 

velocity dispersion (GVD) or group delay can be represented by: 

𝐷𝐷 =
𝑐𝑐
𝑐𝑐
𝑑𝑑2𝑛𝑛
𝑑𝑑𝑐𝑐2

                        (2.3) 

Such aberration can limit the wavelength of lasers that can be used for a specific 

optical design. To eliminate this aberration, reflective is used. These elements were 

deployed for beam shaping and expansion, while having a design with more compact 

footprint in comparison with traditional microscopes. 

The schematic diagram of the MPM is depicted in Figure 2. All-reflective optical 

components (mirrors) are utilized to form a telescope to expand the beam. This step is 

required in order to fill the back aperture of the focusing objective lens, to make use of the 

full NA of the lens.  The telescope also serves to relay the scan mirror image onto the back 

aperture of the objective, ensuring that all the scan angles are supported by the imaging 

system without vignetting.  A shortpass dichroic filter reflects the beam onto the sample 

through the objective lens and also passes the reflected signal towards the photo multiplier 

tubes (PMT). The reflected signal can be separated into multiple channels using different 

dichroic mirrors and filters to detect the desired wavelength in each channel. These 

elements can separate SHG, THG, 2PEF, and 3PEF signals and send them to separate 

detectors. While for applications with single laser source a normal refractive infinity 
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corrected objective lenses can be used, utilization of a reflective objective lens allows 

simultaneous deployment of multiple laser sources with different wavelengths.  

 

 

Figure 2: Schematic diagram of the All-Reflective multiphoton microscope. The collimated laser beam is 

raster scanned using a 2D galvo scanner. The beam is later expanded by reflective optics to fill the back 

aperture of the objective lens. Dichroic mirrors are utilized to separate the excitation laser light from the 

back-scattered nonlinear signals from the sample, and also to separate the different generated wavelengths 

from the sample into appropriate PMT channels. 

2.2.1 Reflective telescope 

To design the telescope, two spherical mirrors are used as the initial beam 

expanding method. The tilt in each mirror should be chosen so that the coma and the 

astigmatism are minimized. The radius of curvature of the two mirrors should be chosen to 

have enough beam expansion to fill the objective lens’s aperture. The separation between 

the mirrors should be chosen to create an afocal system. Figure 3a shows the Zemax 

simulation model for such system. To further minimize the effect of astigmatism and coma, 

a concave mirror with low power is added to the telescope design after the convex mirrors. 
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Figure 3: The Zemax model of the initial telescope design. (a) The schematic of the two convex (R = 150mm, 

300mm) and a concave mirror (R = 1692mm). (b) The OPD diagram of the system. (c) Seidel coefficients of 

the system. 

Different colors in figure 3a represent different scanning angles in the system (0 

and ±5 degrees). The design is optimized for minimum wavefront aberration. The two 

convex mirrors have radius of curvature of 150mm and 300mm respectively and the 

concave mirror has 1692mm radius of curvature. The design is based on the design family 

of three mirror tilted component telescopes [53]. The large scanning angle required in 

scanning microscopes and the use of spherical mirrors instead of parabolic surfaces 

differentiates the design from known types of this class of telescopes such as the Tri-

Schiefspiegler [54]. As can be seen from figures 3b and 3c the system is not diffraction 

limited and the Main aberration of the system is coma. Continuing to optimize the design 

and choosing appropriate beam diameter for the collimated laser source (stop size), and the 

objective lens aperture (image size) would result in the final design [55]. 

The final telescope system is designed to achieve the appropriate beam size to fill 

the back aperture of the objective lens by expanding the 2.2mm collimated input beam to 

an 8mm diameter (~4 times beam expansion). Off-the-shelf reflective components satisfied 

both of the above-mentioned conditions. The design is depicted in figures 4a. Mirror 1 is a 

two-inch diameter concave mirror, which act as a telescope in conjunction with a concave 
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mirror 4. Mirrors 2 and 3 are flat silver coated mirrors that fold the beam to reduce the 

overall footprint of the system. Finally, the low power convex mirror corrects the coma 

and astigmatism, which are the two main sources of aberration in the system due to the off-

axis nature of the reflective telescope design. Since the diameter of the input beam is small, 

the aberrations are corrected by using spherical mirrors, which reduces the overall system 

cost by avoiding the use of custom made parabolic or aspheric mirrors.  

Table 1. Design Specifications and Component details 

Design Specifications: 

Diffraction limited performance over a large scan angle (10 degrees or more) 

Expand laser beam output by a factor of four using only reflective elements 

Surface Description Supplier and 

Part number 

Radius of 

Curvature, 

mm 

Distance to 

next surface, 

mm 

Tilt 

Galvo Mirrors GVS002 Infinity 84.0  

Mirror 1, F=150mm 

Thorlabs 

CM508-100-

P01 

-200 -187.3 -5.0° 

Mirror 2, Fold Mirror 
Thorlabs 

 PF20-03-F01 
Infinity 184.2 13.0° 

Mirror 3, Fold Mirror 
Thorlabs 

PF20-03-F01 
Infinity 165.0 -35.0° 

Mirror 4, F=300mm 
Newport 

20DC500ER.2 
500 185.0 -6.0° 

Mirror 5, F=-400mm 
Edmund 

Optics 87-687 
800 -215.0 -11.5° 

 

Table 1 shows the specifications of the design, as well as describing the mirror 

components used. Distances and radii of curvature follow the standard optics convention 

of changing sign after reflection. The telescope part of the microscope includes a 150mm 

focal length concave mirror 1 (Thorlabs CM508-100-P01), and a concave mirror 4 
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(f=300mm, Newport 20DC500ER.2). Flat folding mirrors 2 and 3 are silver coated 

(Thorlabs PF20-03-P01) to reduce the telescope footprint. Mirror 5 (Edmund Optics 87-

687) is a low power convex mirror to corrects the coma and astigmatism. 

 

Figure 4: ARMPM design using off-the-shelf optics. (a) The compact arrangement is achieved by employing 

two flat mirrors to fold the beam (colors represent different scanning angles). The mirror numbering follows 

the microscope schematic depicted in Fig. 1. (b) OPD of less than 0.35 waves is achieved throughout the 

scanning field before the objective lens for 800nm, 1040nm, 1550nm, 1700nm laser sources. (c) Diffraction 

limited spot size is shown for the simulated all reflective afocal system. The Airy disk is drawn for 1040nm 

wavelength. (d) Ray fan diagram at four different wavelengths. The rays form different wavelengths overlap 

each other due to the reflective design of the system. 
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The Zemax modeling results are illustrated in Figures 4b and 4c for 800nm, 

1040nm, 1550nm, and 1700nm source wavelengths, which are the main fiber laser sources 

that are used for our multiphoton imaging and writing applications. Different colors in the 

image illustrates different angles of incidence coming from scanning galvo-mirrors. The 

optical path difference (OPD) of the wavefront and the spot size radius show diffraction 

limited performance of the system over 10 degrees of scanning angle using the galvo-

mirrors. 

The optical path difference (OPD) of the wavefront is less than 0.35 waves. The 

spot size radius shows diffraction limited performance of the system over 10 degrees of 

scan angle from the galvo mirrors. The airy disk is drawn for 1040nm source wavelength. 

The ray fan aberrations (less than ±0.2mr) of different wavelengths overlap each other due 

to the reflective design of the system. The Seidel coefficient diagram and field curvature 

graph of the system are illustrated in figure 5. Although coma is still the largest source of 

aberration, its value is reduced and the system has diffraction-limited performance. 

 

Figure 5: (a) field curvature and distortion diagrams of the system. (b) The Seidel coefficients diagram of the 

design. 

2.2.2 Setup design and fabrication 

The microscope is designed to have the minimum footprint so the setup can be 

portable. The birds eye rendered view of the microscope depicted in Figure 6 shows the 
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compact footprint of the all-reflective design. The red color represents the laser light path 

through the system. The overall size of the system including laser sources is 18×18×18 

inches, which is smaller in comparison with the conventional Ti-Sapphire multi-photon 

imaging systems. An image of the assembled ARMPM system along with two femto-

second fiber laser sources (1040nm (2) and 1560nm (1)) is shown in Figure 7. Each laser 

can be used separately for imaging and writing application, or they can be employed at the 

same time for simultaneous imaging and writing applications.  

 

Figure 6: Birds eye view of the rendered design of the ARMPM. Total volume of the system including laser 

source and Galvo mirror drivers is 18in×18in×18in. The red color represents the laser light path through the 

system. 
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Figure 7: Fabricated system placed inside a black box to minimize the room light and other sources of noise 

going into the photomultiplier tubes (PMTs). Numbered parts are as follows: (1) 1550 nm femtosecond fiber 

laser, (2) 1040 nm femtosecond fiber laser, (3) Galvo mirror, (4) dichroic mirrors, (5) PMTs, (6) translation 

stage and sample. 

National instruments data acquisition board (NI-PCI 6110) was used to control the 

galvomirrors and read the output data from the PMTs. Since the fs fiber laser used in the 

system was polarized, a separate polarizer was deployed to control the output power of the 

laser. 

2.2.3 User interface 

In order to have a high-speed performance, a .Net based user interface was 

developed to control the multiphoton microscope. The scanning speed and amplitude of 

the galvo mirrors, movement of the stages, and capturing the data were done using this 

interface. A triangular wave function is used to drive the galvo scanners, which reduces the 

artifacts caused by high-speed movement of the mirrors at large scanning angles [56]. Since 

the setup can be used for three-dimensional lithography as well as imaging, a separate 3D 
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writing section was included in the software. Further details of the user interface is 

discussed in appendix A. 

2.3 Results and discussion 

To test the ARMPM, two fs laser sources with ~150fs pulse width, 8MHz repetition 

rate, and the wavelength 1040nm and 1550nm with average power of ~60mW were used. 

Reflective lens (36X 0.5 NA) was employed as the microscope objective to eliminate the 

chromatic aberrations inside the lens. Fig. 4 depicts euphorbia cactus leaf structures which 

imaged with 1550nm laser (Fig. 8a), and 1040nm laser (Fig. 8b) without any change in the 

position or focus of the sample. Red and green colors represent the 2PEF/SHG, and 

3PEF/THG signals respectively. As it can be seen, both of the samples are in focus despite 

the change in source wavelength. The same test with conventional refractive microscope 

would result in 100µm difference in focus between the two laser sources which would 

cause one of images to be completely out of focus (no signal). 

 

Figure 8: Multiphoton image of the euphorbia cactus leaf using. (a) 1550nm laser and (b) 1040nm laser. Red 

color represents the two-photon excited fluorescence (2PEF) and second harmonic generated signal (SHG). 

Green color illustrates three-photon excited fluorescence (3PEF) and third harmonic generated signal (THG). 

The focus does not change by changing the source wavelength due to the all-reflective design of the system. 
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Figure 9: ARMPM image of fluorescent beads. (a) Image of the microbeads with 500 nm diameter. (b) The 

experimental PSF image exported from averaged individual bead images. (c) The comparison between the 

ideal vs the experimental PSF functions. The red curve shows the Gaussian function fitted to the experimental 

data. 

The resolution of the ARMPM was examined via fluorescent microbeads with 

500nm diameter. The beads were imaged using the 1040nm laser source and an infinity 

corrected refractive objective lens (20X .5NA), with the resulting image seen in figure 9a. 

An experimental Point Spread Function (PSF) was calculated from the image of the beads 

using deconvolution [57, 58] (Figure 9b). The microbead images were averaged in order 

to achieve higher signal to noise ratio to calculate the PSF. Figure 9c illustrates the cross 

section data of an ideal PSF function [59, 60] in comparison with the experimental PSF. 

The experimental (FHWM = 990nm) data that is fitted with a Gaussian curve matched 

quite well with the ideal case (FHWM = 910nm) and the small difference is due to the 

aberrations of the objective lens in the infrared range. 

Large samples can be imaged by capturing multiple images and moving the sample 

in x and y directions and stich the images afterwards. To evaluate the large area imaging 

performance of the system, a mosquito was imaged using the reflective microscope setup. 

Figure 10 shows the captured multiphoton image. Red color represents the SHG signal 

from collagen in muscle fiber structures and green shows the THG signal. The image is 

formed from a 37×33 images captured in y and x directions. 
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Figure 10: multiphoton image of a mosquito captured by stepping and stitching method. Red color represents 

the SHG signal from collagen in muscle fiber structures and green shows the THG signal. 

 

Figure 11: ARMPM image of the unstained human ovary biopsy tissue (a). Red color represents the SHG 

from collagen fibers, and green color illustrates the THG and 3PEF from red blood cells and lipids. (b) 

Zoomed in image depicts the fluorescent signal from the red blood cells, and SHG from the collagen structure 

around the blood vessel. 
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Biomedical imaging without slicing and staining the tissue is another promising 

application of multiphoton imaging. Using the ARMPM enables deployment of various 

source wavelengths to investigate different structures in biological tissues or incorporating 

different fluorescent dyes to detect specific targets [61]. Figure 11a shows the image of an 

unstained ovary tissue captured using ARMPM. The human ovary tissue was obtained 

under a protocol approved by the University of Arizona Institutional Review Board, and 

the patient consented to the use of salpingo-oophorectomy surgical discard tissue for this 

study. The green color shows three photon fluorescent and third harmonic generated signals 

from lipid structures and red blood cells inside the tissue. The red color depicts second 

harmonic generated signal from the collagen fibers. The red blood cells signal and the 

blood vessel boundary is visible in the enlarged image of figure 11b. 

2.4 Multiphoton writing 

Multiphoton Micro and Nano 3D writing processes are a growing field due to the 

ability to go beyond the diffraction limit using two- and three- photon absorption. Different 

light absorption regimes in polymers are currently in use for lithography applications, 

which demands various light sources for each material. As it is not sensitive to the source 

wavelength used, the ARMPM is a good choice for mask-less, three-dimensional writing 

applications. Direct writing of a micro gear structure on polymer is depicted in figure 12a. 

Both the imaging and writing is performed using the multiphoton microscope setup using 

1550nm laser source. During the imaging, the laser power is adjusted be lower than the 

damage threshold of the polymer. The polymer is spin coated on the glass substrate and 

prebaked at 95°C for 4 minutes. The dwell time is 0.4msec at 24mW laser power. Soft bake 

at 95°C for 1 minute is done after the exposure. Figure 12b shows the SHG image of the 

three-photon printed University of Arizona logo written with ARMPM on positive 

photoresist using the 1040nm laser source. The dark area shows the refractive index change 

due to polymerization of the resist. 
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Figure 12: Multiphoton writing on polymer substrate. (a) micro-gear structures are written on the polymer 

using 1550nm laser. (b) SHG image of the University of Arizona logo written on positive photoresist using 

three-photon polymerization with 1040nm laser. 

The scanning electron microscope (SEM) imaging of the structures was performed 

to check the writing resolution of the ARMPM. The minimum linewidth of 400nm is 

achieved using a 0.5 NA objective lens. Deploying a higher NA objective lens and a better 

developing process of the polymer can further improve the resolution. Figure 13a shows 

the THG image of the cross lines with 25μm thickness and different line widths written on 

the polymer. The SEM image of the same sample is illustrated in figure 13b. Figure 13c 

depicts the zoomed SEM image of the structures. Five different writing layers with 5μm 

gap in z direction are also visible in this image. The lines with larger width have better 

sharpness (figure 13d). 

2.4.1 Waveguide fabrication 

One application of direct writing using ARMPM is in photonics and waveguide 

fabrication [62]. High frequency electro-optic (EO) modulators and waveguides with high 

thermal and photostability are key components in Internet and data networks with rising 

demand for higher speeds and larger capacities. The compatibility of these polymers with 

silicon photonics and lower cost due to simple fabrication processes create a variety of 
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applications for them with advantages over their counterparts [63, 64]. SEO250 (from 

Soluxra) has an EO figure of merit n3r four times larger than that of lithium niobate, and 

has high optical and thermal stability as well. A study on photo-bleaching of SEO250 using 

a multiphoton process [65] showed two photon degradation of the polymer using a 1550nm 

laser source which resulted in changes in the refraction index of material. 

 

Figure 13: (a) THG image of a line structure with different line widths written on a polymeric substrate. (b) 

SEM image of the same structure after removing the excess polymer in SU-8 developer. (c) The zoomed-in 

image of the structure shows 400nm linewidth. Different writing layers (5μm gap) are also visible in this 

image. (d) lines with larger widths show better sharpness. 

Multiphoton writing is a high-speed technique to fabricate low loss EO polymer 

waveguide. The writing pump source is a linearly polarized 1560nm, 150-femtosecond 

fiber laser with 8MHz repetition rate and average power of 30mW on the sample. The 
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1.4µm diameter spot size is achieved using an aspheric objective lens (0.5NA, 20x). The 

exposure time has clear correlation with the amount of photo-bleaching, as does the laser 

power. Writing duration (dwell time) can vary from 0.1 to 1.0 msec and results in different 

refractive indices. Imaging can be done by input power reduction, choosing the appropriate 

angle between polarizer’s fast axis and the pump polarization, such that the polymer is not 

bleached. 

 

Figure 14: (a) Input waveguide bitmap file. The zoomed in image illustrates the modification at the edges to 

compensate for overlap imperfection during writing. Multiphoton image (b) and optical microscope image 

(c) of written channel waveguide on SEO250. The change in the refractive index of the cladding is due to the 

two-photon photobleaching of polymer. 

Writing can be done either by raster scanning of the laser beam, or x-y movement 

of the stage. Although high-speed writing can be done by stage scanning (10 minutes for a 

1 cm long waveguide), better resolution for complex waveguides is achievable using laser 

scanning and stitching lithography. If the latter case is used to create large area waveguides, 

overlap between adjacent frames can be minimized by modifying the input writing file. A 

bitmap image file (600 × 600 pixel) is used as a direct input for the system (figure 14a). 
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The black region is the cladding, and each black pixel defines an exposure point on the 

sample.  Imperfections in overlapping areas can be fixed by input image modification. 

The waveguide substrates are prepared by spinning a sol-gel MAPTMS/ZPO 95/5 

[66] used as the bottom cladding on a silicon wafer. The core EO polymer SEO250 layer 

was then spin-coated to achieve a thickness of 2.5μm, with the films dried at 80◦C under 

vacuum for 16 hours.  

The single-mode regime was determined using the FIMMWAVE FEM mode 

solver.  The refractive index of SEO250 for the TM mode is 1.71 and the chosen waveguide 

width was 4μm with top and bottom sol-gel claddings of nSG = 1.49. To achieve single-

mode operation, the refractive index difference between the core and bleached cladding 

should be Δn ≤ 0.01. To measure the refractive index change achieved through photo-

bleaching a 5mm × 5mm square (exposed by stitching 0.3mm × 0.3mm frames) was 

exposed with 5kW peak power pulses. Using a Metricon 2010 prism coupler the Δn was 

0.078 (0.068) for TE (TM) respectively. By reducing the power of the laser the Δn was 

tuned to achieve single-mode conditions.  

 

Figure 15: (a) Waveguide cross-section illustration showing the silicon substrate (Si) and sol-gel lower 

cladding (SG).  EO polymer film (EO-P) is shown for bleached (B) and unbleached (UB) regions. (b) IR 

camera image of the output mode. 

The fabricated waveguides have a channel width of 4μm with 50μm cladding 

thickness, and 1cm length. Figure 14b shows the multiphoton THG image of the 

waveguide. Two-photon photo-bleaching changes the third order nonlinear susceptibility, 

which results in lower signal (black area). Figure 14c shows an optical microscope image 
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of the same waveguide fabricated by laser raster scan and stitching lithography with a 

300μm × 300μm frame size. The steps were chosen to be 150μm such that each area would 

be double exposed leading to a uniform refractive index in cladding. The required index 

contrast is achieved by exposing each point with 3kW peak power laser pulses for 0.4 msec 

(∼2 min/frame). 

The sample was cleaved to 6.2mm length and without top sol-gel cladding. The 

waveguide structure is illustrated in figure 15a. High NA fiber was used to couple into the 

waveguide, and a microscope objective was used to couple out of the sample into a power 

meter or IR camera. The high NA fiber has a larger index contrast (ΔnUHNA = 0.01) 

compared to SMF-28 (ΔnSMF = 0.004) as well as smaller mode diameters, and should 

improve coupling into waveguide. The insertion loss of the device at 1550 nm was 

measured to 18.2 dB for TM mode. The observed output mode is shown in figure 15b. This 

loss can be attributed to stitching overlaps errors (vertical line partly visible in figure 14c) 

that introduce periodic scattering structures. High-index contrast waveguides are sensitive 

to waveguide roughness and the lack of a top cladding. These losses can be investigated 

further, and reducing the index contrast of the waveguide should further improve the 

performance. 

These preliminary results can be used for further optimization, loss reduction, and 

manufacturing more complex photonic integrated circuits. Moreover, this low-cost and 

high-speed lithography process can be deployed for fabrication of other photonic 

structures. The THG image of a ring resonator structure fabricated by this technique on 

SEO250 substrate is depicted in figure 16.  

Finally, simultaneous multiphoton writing and imaging using different laser 

sources is also another potential fabrication method that can benefit from the all-reflective 

design of the microscope. Since multiple laser sources can be used at the same time, one 

laser can be used for imaging while the other is performing the writing task. 



41 
 

 

Figure 16: The THG image of a ring resonator structure fabricated by ARMPM on SEO250 substrate 
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Chapter III: Automatic Phoropter 

3.1 Phoropter review and operation basics 

A phoropter is one of the most commonly used instruments by ophthalmologists 

and optometrists. The refractive error of the eye is measured using a set of lenses with 

power increments of 0.25 diopter. These lenses are placed one at a time in front of the 

patient’s eye, while looking at an eye chart at some distant away.  

To better understand the working mechanism of a phoropter, it is necessary to study 

human visual system. Figure 17 illustrates the human eye anatomy. The cornea is the outer 

membrane of the eye that has a fixed focus location and provides two third of the optical 

power in the visual system. The additional one third is provide by the crystalline lens to 

focus the light on the retina. Iris is placed between the cornea and the lens. The pupil is the 

clear aperture at the center of the iris. If the combination of the cornea and the lens does 

not focus the light on the retina, the individual will suffer from myopia (nearsightedness) 

or hyperopia (farsightedness). In such case, refractive correction is needed to correct the 

focus. The photoreceptors on the retina have detection range of 400nm to 780nm. The ultra-

violet (UV) light is blocked by the crystalline lens and over exposure to UV would cause 

cataracts [67]. The contraction and relaxation of the iris controls the amount of light 

entering the eye and adjusts the pupil size (stop size 2mm – 8mm). The entrance pupil of 

the eye is defined by the image of the iris in the object space.  

The eye can be me modeled as an optical system. Table 2 shows the Arizona eye 

model [68] that can help with better understanding of the aberration sources inside the eye. 

Figure 18 depicts the fabricated eye model. 



43 
 

 

Figure 17: Eye’s anatomy [63] 

 

Table 2: Arizona eye model optical properties 

Layer Radius (mm) Conic (K) Index (n) Abbe (v) Thickness (mm) 

 
7.8 -0.25 

   

Cornea 1.377 57.1 0.55 

6.5 -0.25 

Aqueous 1.337 61.3 2.97 

12 -7.51 

Lens 1.42 51.9 3.76 

-5.2 -1.35 

Vitreous 1.336 61.1 16.71 

-13.4 0.00 

Retina    
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Figure 18 : Arizona eye model prototype 

Although the eye is modeled as a rotationally symmetric system, in reality it is 

difficult to consider the eye in this classification. The aberrations such as astigmatism is 

caused by asymmetry in the eye. Hence, to correct the refractive error it is better to 

understand both circularly symmetric and asymmetric systems. The complete properties of 

an optical system can be described by the wavefront. The spherical waves from an ideal 

point source have no aberrations. Any shift from these spherical waves at any position of 

the wavefront would cause an aberration. For a rotationally symmetric system the 

wavefront aberrations can be expressed by: 

𝑊𝑊(𝐻𝐻,𝜌𝜌) = � 𝑊𝑊2𝑘𝑘+𝑛𝑛,2𝑚𝑚+𝑛𝑛,𝑛𝑛(𝐻𝐻.𝐻𝐻)𝑘𝑘(𝜌𝜌.𝜌𝜌)𝑚𝑚(𝐻𝐻.𝜌𝜌)𝑛𝑛
∞

𝑘𝑘,𝑚𝑚,𝑛𝑛

            (3.1) 

W= W020𝜌𝜌 + W111H cos𝜃𝜃 + W040𝜌𝜌4 +   (3.2) 

W131H𝜌𝜌3 cos 𝜃𝜃 + W222 𝐻𝐻2𝜌𝜌2 cos2 𝜃𝜃 + W220 𝐻𝐻2𝜌𝜌2 + W311 𝐻𝐻3
 ρ cos𝜃𝜃 

 where the field (H) and the aperture (ρ) are expansion coefficients of different 

wavefront terms (Wijk). Each wavefront term represents an aberration including defocus, 

tilt, spherical, coma, astigmatism, field curvature, and distortion aberrations [69, 70]. 

3.1.1 Defocus 

In this aberration (W020), a parabola shaped optical path difference is created by the 

difference between the ideal exit pupil curvature and the real spherical wave. This 
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aberration does not have field dependence. Inside the eye if the light focuses on the retina, 

there would be no defocus (emmetropia). Otherwise, if the focus shifts to the front of retina 

(myopia) or behind it (hyperopia), the image would become blurry and with less contrast. 

The refraction error corrective lenses would compensate for this shift in the focal plane and 

bring back the focus on to the retina were detection cones and rods are placed. Figure 19 

depicts the schematic diagram of the defocus aberration. 

 

Figure 19: Schematic diagram of the defocus (myopia/hyperopia) in the eye [68]. 

 

 

Figure 20: The optical simulation of an astigmatic lens and its focal point footprint at different positions 

along the optical axis. 
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3.1.2 Astigmatism 

Different curvatures along different meridians of the lens can create astigmatism 

(W222). This curvature difference prevents the light to be focused at one point on the retina. 

The focus position for such lens would be different between sagittal and meridional planes 

and the image point would become a straight line at each position. A cylindrical lens is an 

example of an optical element that creates astigmatism. Figure 20 illustrates the 

astigmatism and its image points at different positions. 

3.1.3 Zernike polynomials 

Zernike polynomials can be used as a method to describe the optical aberrations of 

the eye [71]. These polynomials are commonly used in optical aberration theory, phase-

contrast microscopy and interferometric testing of optical elements. The Zernike 

polynomial series of a system with (OPD = W) can be written as [72]: 

𝑊𝑊 =  ∆𝑊𝑊����� + �[𝑁𝑁𝑛𝑛𝑄𝑄𝑛𝑛0(𝜌𝜌) +
∞

𝑛𝑛=1

� 𝑄𝑄𝑛𝑛𝑚𝑚(𝜌𝜌)𝜌𝜌𝑚𝑚(𝐵𝐵𝑛𝑛𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃′ + 𝐶𝐶𝑛𝑛𝑚𝑚𝑐𝑐𝑠𝑠𝑛𝑛𝑐𝑐𝜃𝜃′)]      (3.3)
𝑛𝑛

𝑚𝑚=1

 

where ∆𝑊𝑊����� is the mean OPD and An, Bnm, and Cnm are polynomial coefficients. 

𝑄𝑄𝑛𝑛𝑚𝑚(𝜌𝜌) is a polynomial and can be derived from the special case Jacobi polynomials. Table 

3 shows the first fifteen Zernike polynomials and their related aberrations. Using table 3 

the wavefront can be written as: 

𝑊𝑊 = 𝑍𝑍0 − 𝑍𝑍3 + 𝑍𝑍8                                                          𝑝𝑝𝑠𝑠𝑐𝑐𝑝𝑝𝑐𝑐𝑛𝑛 

          +(𝑍𝑍1 − 2𝑍𝑍6)𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃′ + (𝑍𝑍2 − 2𝑍𝑍7)𝜌𝜌𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃′      𝑝𝑝𝑠𝑠𝑡𝑡𝑝𝑝 

          +(2𝑍𝑍3 − 6𝑍𝑍8 + 𝑍𝑍4𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃′ + 𝑍𝑍5𝑐𝑐𝑠𝑠𝑛𝑛2𝜃𝜃′)𝜌𝜌2      𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 + 𝑎𝑎𝑐𝑐𝑝𝑝𝑠𝑠𝑎𝑎𝑐𝑐𝑎𝑎𝑝𝑝𝑠𝑠𝑐𝑐𝑐𝑐     (3.4) 

          +3(𝑍𝑍6𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃′ + 𝑍𝑍7𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃′)𝜌𝜌3                                 𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎  

          +6𝑍𝑍8𝜌𝜌4                                                                    𝑐𝑐𝑝𝑝ℎ𝑒𝑒𝑒𝑒𝑠𝑠𝑐𝑐𝑎𝑎𝑡𝑡 

 



47 
 

Table 3: Zernike polynomials up to the third order. 

n m No. Polynomial Aberration 

0 0 0 1 Z0  piston 

1 
1 

1 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃′ Z1  x-tilt 

2 𝜌𝜌𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃′ Z2  y-tilt 

0 3 2𝜌𝜌2 − 1 Z3 focus 

2 

2 

4 𝜌𝜌2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃′ 
Z4 astigmatism @ 0° & 

focus 

5 𝜌𝜌2𝑐𝑐𝑠𝑠𝑛𝑛2𝜃𝜃′ 
Z5  astigmatism @ 45° 

& focus 

1 
6 (3𝜌𝜌2 − 2)𝜌𝜌2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃′ Z6  coma & x-tilt 

7 (3𝜌𝜌2 − 2)𝜌𝜌2𝑐𝑐𝑠𝑠𝑛𝑛2𝜃𝜃′ Z7 coma & y-tilt 

0 8 6𝜌𝜌4 − 6𝜌𝜌2 + 1 Z8  spherical & focus 

3 

3 
9 𝜌𝜌3𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃′  

10 𝜌𝜌3𝑐𝑐𝑠𝑠𝑛𝑛3𝜃𝜃′  

2 
11 (4𝜌𝜌2 − 3)𝜌𝜌2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃′  

12 (4𝜌𝜌2 − 3)𝜌𝜌2𝑐𝑐𝑠𝑠𝑛𝑛2𝜃𝜃′  

1 
13 (10𝜌𝜌4 − 12𝜌𝜌2 + 3)𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃′  

14 (10𝜌𝜌4 − 12𝜌𝜌2 + 3)𝜌𝜌𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃′  

0 15 20𝜌𝜌6 − 30𝜌𝜌4 + 12𝜌𝜌2 − 1  

 

 The output of a wavefront sensor such as a Shack-Hartmann is in terms of Zernike 

polynomials and the aberration can be extracted from these values. The detector includes 

a lenslet array in front of a CCD sensor. Each lens of the array is used to focus one section 

of the wavefront on the CCD. The created two-dimensional grid pattern can be used to 

detect aberrations of the wavefront. Figure 21 illustrates the basic working principle of a 

Shack-Hartmann sensor. The aberrations are calculated based on the displacement and the 

intensity of the grid points from their ideal value (uniform plane wave). 



48 
 

 

Figure 21: Working principle a Shack-Hartmann sensor for distorted and undistorted waves [73]. 

3.2 Automatic phoropter 

In a phoropter system a large number of lenses is required to cover the most 

common vision errors of myopia (nearsightedness), hyperopia (farsightedness), and 

astigmatism within the required range. This will result in large physical footprint of the 

phoropter and adds to its complexity. Moreover, this process can take a long time and 

requires constant and reliable feedback from the patient, which can cause some errors in 

the actual prescribed data, especially for young children and infants who cannot have 

verbal communication. 

Fluidic lenses are a good alternative to greatly reducing the number of lenses 

required in a phoropter system. Continuous power change of these lenses is also another 

potential advantage that can lower the 0.25-diopter increments of trial lenses. Tunable 

lenses have been studied in different applications [74-79] including ophthalmic correction 

using manually pumped lenses [80-83]. While these hydraulically pumped lenses have 

showed to support large correction range, they lack a feedback system for automatic 

operation and they have large system footprint. Various methods to fabricate and control 

liquid lenses have been investigated [84-90] of which externally actuated hydraulic pumps 

showed good control and large variations in focal length [91, 92]. Although most of these 

methods are limited to spherical powers, recent studies showed tunable astigmatism in 

liquid lenses [93, 94] as well.  However, they suffer from limited movement range (limited 
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change in focal length) which make them unsuitable for eye refractive correction. 

Employing servo motors and diaphragm pumps in a small 3D printed package provide high 

tuning accuracy and large focal length variations of the lenses, while reducing the required 

actuation voltage and system size. On the other hand, autorefractors that are currently being 

used to measure RE, lack the ability of simultaneous data verification through using trial 

lenses. Hence, the prescribed data of the autorefractor should later be fine-tuned using a 

phoropter. To overcome this issue, holographic optical elements (HOEs) can be deployed. 

Due to the compact form factor and unique diffractive properties of these elements, various 

applications of them have been studied [95]. One main advantage of HOEs is their ability 

to work in specific wavelength while being transparent in others, which enables them to 

project the pupil on to the wavefront detector without blocking the patient’s view. 

The design and fabrication of a handheld and low-cost auto-phoropter based on 

fluidic lenses is presented here. The automatic correction through the feedback from a 

wavefront sensor eliminates the required presence of an optometrist for RE evaluation. The 

fluidic lenses are made of Polydimethylsiloxane (PDMS) membranes and controlled using 

servo actuated diaphragm pumps. Tunable lenses are deployed for both defocus and 

astigmatism correction within the range of -10 to +10 diopters. Optometric constants can 

be measured using Zernike values corresponding to focus Z4, oblique astigmatism Z5, and 

vertical astigmatism Z6. The magnitude of defocus and astigmatism is calculated using 

Equations (3.5) and (3.6) respectively. Astigmatism angle can be calculated using equation 

(3.7). As it can be seen from this equation, all astigmatic angles can be corrected using two 

cylindrical lenses placed at 45 degrees with respect to each other. A spherical lens can be 

used to compensate the defocus. 

𝐷𝐷𝑒𝑒𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑐𝑐 𝑐𝑐𝑎𝑎𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑓𝑓𝑑𝑑𝑒𝑒:              2𝑍𝑍4 ± �𝑍𝑍52 + 𝑍𝑍62          (3.5)  

𝑁𝑁𝑐𝑐𝑝𝑝𝑠𝑠𝑎𝑎𝑐𝑐𝑎𝑎𝑝𝑝𝑠𝑠𝑐𝑐𝑐𝑐 𝑐𝑐𝑎𝑎𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑓𝑓𝑑𝑑𝑒𝑒:   ± 2�𝑍𝑍52 + 𝑍𝑍6 
2                (3.6) 

𝑁𝑁𝑐𝑐𝑝𝑝𝑠𝑠𝑎𝑎𝑐𝑐𝑎𝑎𝑝𝑝𝑠𝑠𝑐𝑐𝑐𝑐 𝑎𝑎𝑛𝑛𝑎𝑎𝑡𝑡𝑒𝑒:               
1
2
𝑝𝑝𝑎𝑎𝑛𝑛−1 �

𝑍𝑍5
𝑍𝑍6
�                (3.7) 
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3.2.1 Phoropter design 

The auto-phoropter design is depicted in figure 22a [96]. Green color shows the 

visible light path in the system while orange illustrates the infrared light traveling form the 

source to the detector. The collimated 780nm laser steers towards the eye using 50:50 beam 

splitter. The light passes through the fluidic lens setup before reaching the eye. The first 

two fluidic lenses have cylindrical shape (placed at 45 degrees with respect to each other) 

to correct astigmatism at different angles while the third one has spherical shape to correct 

the defocus. After passing through the three fluidic lenses, the reflected light from the eye 

goes through the HOE telescope system. The HOE telescope system is designed to image 

the eye pupil on to the wavefront detector and changing the beam size to fit the detector’s 

aperture. Moreover, the HOEs are designed specifically for 780nm wavelength and they 

don’t affect the visible wavelength range. Hence, patient’s view will not be blocked while 

looking at a distant eye chart and the eye is not blinded by the visible laser light. A Shack-

Hartmann detector is used to measure the Zernike values and optometric constants of the 

IR wavefront. The fluidic lenses are controlled using hydraulic pumps based on the 

feedback data from the Shack-Hartmann detector. Figures 22b and 22c show the fabricated 

compact phoropter system and the fluidic lenses respectively. 

Further reduction in the system size can be done by encapsulating both the fluidic 

lenses and their pumps in a small 3D printed package. The compact auto-phoropter system 

schematic is depicted in figure 23 [97]. Power reaching the eye from the laser is 

~0.6 𝑐𝑐𝑊𝑊/𝑐𝑐𝑐𝑐2, which is less than Maximum Permissible Exposure (MPE) at the cornea37 

(1m𝑊𝑊/𝑐𝑐𝑐𝑐2). 



51 
 

 

Figure 22: (a) The schematic diagram of the auto-phoropter system. Green Color represents the visible light 

path from the eye chart to the patient’s eye. Orange color illustrates the 780nm laser light traveling from the 

source to the eye and finally to the detector. (b) The image of the holographic optical elements, fluidic lenses, 

and the fabricated compact phoropter setup. (c) The zoomed in image of the fluidic lenses. Three separate 

fluidic lenses are used in the setup to control the defocus and astigmatism at different angles. The 

magnification power of each lens is controlled using a high-resolution hydraulic pump. 

 

 

Figure 23: The auto-phoropter setup. (a) The red arrow in the schematic diagram shows the optical path of 

the 785nm laser light that is used to detect the wavefront aberrations reflecting from eye. Green arrow depicts 

the patient’s line of sight. The tunable liquid lenses are controlled be servo motor actuated diaphragm pumps 

to correct the vision errors. (b) Fabricated auto-phoropter setup in black enclosure. 
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3.2.2 Compact fluidic lenses 

The exploded view of the three separate fluidic lenses that are deployed in the 

system are shown figure 24a. The two cylindrical lenses that are placed at 45 degrees with 

respect to each other will correct the astigmatism, and the third lens (spherical lens) will 

compensate for the defocus. Each fluidic lens is tuned individually using a diaphragm 

pump mechanism that is actuated by a servo motor. Thus, the power increments of each 

lens is controlled by the step size of the servo motor (~0.1 diopter). 

To fabricate the lens membranes, Sylgard-184 PDMS form Dow Corning was spin 

coated at on a two-inch flat glass substrate and baked in the oven at 100°C for 30 minutes. 

The thickness of the PDMS membranes are measured using a DEKTAK profilometer. 

Choosing 500 RPM spin coating speed for 15 seconds and degassing the PDMS before 

bake, creates a 250µm thick uniform membrane. The membrane of the pump’s diaphragm 

is made of the 600 µm thick PDMS as well. Laser liquid with refractive index of 1.55 is 

used as the fluid inside the lenses to minimize the index mismatch between the rigid glass 

side, the fluid, and the deformable PDMS membrane of each lens. 

Encapsulating the lenses and pumps in a 3D-printed package makes the setup 

compact and reduces the response time of the system. Figure 24b illustrates the fabricated 

lens setup. USB powered Arduino board controls the servo motors. The user interface 

automatically controls the pumps and corrects the refractive error based on the Zernike 

values from Shack-Hartmann sensor. The correction process stops when the refractive error 

becomes less than 0.25 diopters. 

As mentioned earlier, the clear aperture of the lenses are 10mm in diameter. The 

3D printed mechanical clamps are chosen such that the lenses behave as spherical or 

cylindrical within the optical aperture. The deformation of the PDMS membranes can be 

modeled as a quadratic polynomial [98]. Membranes were modeled as even aspherical and 

toroidal surfaces in Zemax for spherical and cylindrical lenses respectively. By changing 

the curvature form -0.024/mm to 0.024/mm, the focal length can be changed from -100 to 
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100 mm (-10 to 10 diopters). Simulated Zernike value of defocus (Z4), 45° astigmatism 

(Z5), and 90° astigmatism (Z6) at two different lens powers (-5 and +5 diopters) in the 

spherical and cylindrical lenses is represented in figure 25. The volume change 

measurement is based on the surface SAG variations of the spherical cap and cylindrical 

segments. The spherical and cylindrical optometric constants (in diopters) and the axis 

angle of the cylinder in degrees can be calculated based on these Zernike values.  

 

Figure 24: (a) exploded view of the tunable fluidic lenses and pumps. Each lens is controlled using a 

diaphragm pump that is actuated using a servo motor. The pump diaphragm is made of the same PDMS as 

the lens membranes. (b) The assembled setup including 3D printed structures. 

 

Figure 25: Zemax simulation results of normalized Zernike values at -5 and +5 diopter for defocus, oblique 

astigmatism and vertical astigmatism lenses 

The volume change of spherical and cylindrical lenses is measured to calculate the 

relation between the surface curvature and fluid volume. These changes are used for 

simulations and comparison with the measured data. Equation (3.8) shows the spherical 
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cap volume based on the surface SAG S and aperture radius a. The volume of cylindrical 

segment is calculated using (3.9)  

𝑉𝑉 = 𝜋𝜋ℎ
6

(3𝑎𝑎2 + 𝑆𝑆2)      (3.8) 

𝑉𝑉 = 𝐻𝐻[𝑅𝑅2𝑐𝑐𝑐𝑐𝑐𝑐−1 �𝑅𝑅−𝑆𝑆
𝑅𝑅
� − (𝑅𝑅 − 𝑆𝑆)√2𝑅𝑅𝑆𝑆 − 𝑆𝑆2]  (3.9) 

where R is radius of curvature, H is the lens length and S is the surface SAG. By 

changing the pressure on each membrane, the refractive correction can be achieved within 

the range of 20 diopters at different angles. Zernike value changes of defocus (Z4), 45° 

astigmatism (Z5), and 90° astigmatism (Z6) versus the liquid volume change in the 

spherical lens is represented in figure 26a. Figures 26b and 26c illustrate the same graph 

for cylindrical lenses. 

 

Figure 26: Simulation data of normalized Zernike values. (a) Variations of defocus (Z4), 45° astigmatism 

(Z5), and 90° astigmatism (Z6) versus the volume change of the liquid inside the simulated defocus lens, (b) 

45 degree astigmatic lens, and (c) 90 degree astigmatic lens. 

By choosing appropriate dimensions for the circular (radius = 10mm) and 

rectangular (width = 13mm, height = 28mm) clamps for the membranes, the lenses would 

act as spherical and cylindrical within the optical aperture of the setup (radius = 5mm). 

Moreover, refractive correction can be achieved within the range of 20 diopters at different 

angles. PDMS deformation analysis was done to optimize dimensions of the circular and 

rectangular clamps that hold the membranes. Figure 27a depicts the simulated membrane 

deformation for spherical lens using ANSYS Structures software. The fitted 40mm 

spherical surface (10-diopter lens) matches quite well with the simulation data, which 
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shows that the lens performs as a spherical lens within the optical aperture illustrated by 

the red dashed line. Astigmatic lens dimensions were also chosen such that the lens acts as 

a cylindrical surface (Fig. 27b). The vertical cross section has a large radius of curvature 

(1000mm) which corresponds to an error of less than 0.25 diopters compared to an ideal 

cylindrical lens. 

 

Figure 27: (a) Simulated membrane deformation for defocus lens. The fitted spherical curve on to the 

membrane deformation shows that the membrane acts as a spherical lens (40mm radius) within the 10mm 

diameter optical aperture of the lens illustrated by the red dashed line. (b) Simulated data for rectangular 

membrane with 40mm radius curve (10-diopter lens) fitted in horizontal cross section. Since the radius of 

curvature in vertical orientation is very large (1000mm), it acts as cylindrical membrane within the optical 

aperture. 

3.2.3 Holographic optical elements 

The pupil is projected on the Shack-Hartmann sensor using a holographic telescope 

based on two quasi-confocal HOE lenses. The HOEs were fabricated as a volumetric 

hologram recorded using interferometric pattern of spherical and collimated beams.  

Volumetric holograms provide high Diffraction Efficiency (DE>95%) in the specific 

wavelength range and remain transparent in other wavelengths. Thus, allowing the 

patient’s view of the test-chart to be clear in the visible, while the infrared probe beam for 

the wavefront sensor is efficiently diverted to the Shack-Hartmann sensor. However, 
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holographic materials where such a hologram can be recorded (Phase materials) are not 

sensitive in the IR. To make distortion-free holographic lenses working for a 785nm 

wavelength, the same wavelength needs to be used for recording. To fabricate aberration 

free holographic lenses, an amplitude-type hologram was recorded on IR sensitive photo-

emulsion using the geometry of the phoropter setup (figure 22a). Secondly, a contact copy 

was made from this hologram on a phase material (photo-polymer in our case) using 532nm 

collimated beam. The diffraction pattern in the output of the hologram remains the same 

independent of the shape and wavelength of readout beam. As a result, the hologram made 

in such a copying process reconstructs a spherical beam similar to the object beam of the 

master when illuminated with collimated 785nm light source. Moreover, due to the 

similarity of write/read geometries such reconstruction will satisfy the Bragg condition 

thus providing close to 100% DE. IR sensitive silver halide photo-plates (which provide 

low DE) were used to record the understored HOE lens and then a contact copy was made 

onto Bayfol photopolymer (which provides >95% DE ) using a 532nm collimated laser 

beam.  

3.2.4 User interface 

 A .Net base user interface was developed to control and interact with the automatic 

phoropter setup. Control of the servo motors was done using an Arduino board. Custom 

electronics were used to provide the required current to each servo motor. The software 

has the ability to control each servo manually or automatically to adjust different lens 

powers. Moreover, the laser power can be controlled by software using a custom made 

compact power supply and the USB connection of the Arduino. In automatic adjustment 

mode, the position of the servos are adjusted based of the feedback data from the Shack-

Hartmann sensor. The detected wavefront using the sensor provides the Zernike values to 

the software. Optometric constants were then calculated based on these values. The 

adjustment of the servo motors continues until the optometric constants are within the 

desired range (less than 0.25 diopters). The user interface design is discussed in detail in 

appendix B. 
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3.3 Results and discussion 

The fluidic lenses are characterized using their Zernike values at different 

magnifications. Shack-Hartmann sensor was used to measure the Zernike values for 

defocus (Z4), oblique astigmatism (Z5), and vertical astigmatism (Z6) at different dioptric 

lens powers. Figure 28 shows the normalized measured results for each lens at -5 and +5 

diopters. As can be seen the measured results match the Zemax model quite well, which 

shows the fluidic lenses can be replaced the traditional spherical and cylindrical lenses of 

a the phoropter. 

 

Figure 28: The measured results of the corresponding Zernike values for each lens. The measured results 

matches quite well with simulations, which shows that the defocus lens can be modeled as a spherical surface 

and cylindrical surface modeling can be used for astigmatic lenses. 

 

Figure 29: The measured results of the Zernike values for (a) Defocus lens, (b) 45-degree astigmatic lens, 

and (c) 90-degree astigmatic lens. 

As it can be seen from Figure 29a, changing the power of the spherical lens does 

not affect the related Zernike values of the others. Figures 29b and 29c represent the 

changes in Zernike values for the volume changes in oblique and vertical cylindrical lenses 
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respectively. The measured results match quite well with the Zemax model showed in 

figure 26. 

The effect of double passing through the fluidic lenses is compensated through the 

user interface software. Zemax simulations were done for both cases of single and double 

passing to evaluate the effects on each lens. Figure 30a shows the dioptric power simulation 

of the spherical lens versus surface SAG. The corresponding simulation results for the 

cylindrical lens is depicted in figure 30b. 

 

Figure 30: Single pass vs. double pass. Zemax simulation results of the dioptric power comparison between 

single passing and double passing of the IR light through the (a) spherical lens and (b) Cylindrical lens. The 

values in each case is considered in the user interface software to compensate the power difference. 

 

Figure 31: Lens calibration data vs. servo motor position. (a) Spherical lens dioptric power and defocus 

Zernike value (Z4) at each servo motor position and (b) the corresponding data for astigmatic lens. 
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In order to speed up the automatic correction process, system can be calibrated 

based on the refractive error value at each servo motor position. Figure 31 shows the 

relation of servo motor angular displacement to the optometric error for defocus and 

astigmatic lenses. The equation fitted on each curve is utilized to drive each servo motor 

in correction process to minimize the Zernike value and dioptric power. The Arizona eye 

model (Fig. 32) was used for initial calibration of the fluidic lenses and servo motor 

positions in the system. The automatic correction process is optimized by placing different 

trial lenses in front of the eye model and measuring the required refractive correction using 

the phoropter in each case. 

 

Figure 32: The Arizona eye model. Image of the eye model that used to calibrate the fluidic lenses and servo 

motor positions. The performance of the phoropter is investigated by placing various trial lenses in front of 

the eye model and optimizing the automatic correction process. 

The pump diaphragm size of the tunable lenses and the amount of liquid inside 

them were chosen to have ±10 diopters of power change. Figure 33 illustrates the imaging 

results through the defocus lens at three different focal lengths (10cm, 40cm, and 100cm). 

By tuning this focal distance using the hydraulic pump, magnification power variation of -

10 to +10 diopters with 0.1 diopter increments is achieved. The same magnification control 

is also applied for the cylindrical lenses to control the astigmatism at different angles. 
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Figure 33: Magnification changes of the defocus fluidic lens depicted at (a) 10cm, (b) 40cm , and (c) 100cm 

focal length. By changing the volume of the fluid, the lens power can be tuned to the desired dioptric value. 

The magnification change of -10 to +10 diopter with 0.1 diopter increments can be achieved using the 

hydraulically pumped fluidic lens. 

 

Figure 34: Eye chart images captured through the fluidic lens setup. (a) The -10 to +10 diopter lens power 

change with two-diopter increments is induced using servo motor actuated pump to the defocus lens. The 

increments can be as low as 0.1 diopters. (b) Astigmatism test chart images captured through fluidic lens 

setup. Three-diopter magnitude astigmatism is induced at 0 degrees, 50 degrees, 90 degrees, and 140 degrees 

using cylindrical lenses placed at 45 degrees with respect to each other. 
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Figure 34a illustrates eye chart images captured through the fluidic lens setup. 

Dioptric power variation of -10 to +10 diopters with 2 diopter increments is depicted by 

changing the liquid volume inside the spherical lens using servo actuated pump. The step 

size resolution of the digital servo motor (1μsec dead bandwidth) enables control of the 

magnification by ~0.1 diopter steps. The cylindrical lenses are also characterized using an 

astigmatism test chart. Three-diopter induced astigmatism images at different angles are 

represented in figure 34b. The astigmatism angle is controlled by changing the ratio 

between Z5 and Z6. 

Finally, to characterize the optical transmission of the phoropter, power of the IR 

source was measured after each element. A pig eye was used to estimate the amount of 

reflection form the eye. Fresh eye was harvested from a pig and was measured within one 

hour. The cornea becomes cloudy after couple of hours and the measurements would 

become inaccurate. Figure 35a depicts the Solidworks rendering of the IR laser light path 

and the positions that optical power is measured. The power value of each position is 

illustrated in figure 35b. The measurement was done using a Newport free space power 

meter. The reflection from pig eye is measure to be 0.2% to 0.5%. 

 

Figure 35: IR light power transmission inside the phoropter. (a) Schematic diagram of the setup and the 

positions that power was measured. A pig eye was used to evaluate the amount of reflection. (b) The power 

value evaluated at each position inside the phoropter. 
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The reliable screening of refractive error is one of the challenging goals of the 

World Health Organization [99], especially in areas with little or no access to examination 

facilities. Screening large population of patients such as in schools is another essential 

issue. In this chapter, I introduced a compact and low power (less than 5W) auto-phoropter 

system for rapid evaluation of the RE. Although subjective perception of refractive error 

can differ from the objective RE evaluation using Shack-Hartmann detector, these 

differences are usually limited to ±0.5 diopters [100, 101]. To correct and fine-tune the 

results for these subjective variations, manual control of each lens is also provided in the 

user interface. 

The refractive correction using PDMS-based tunable fluidic lenses showed high 

accuracy for spherical aberration and astigmatism. 3D printing of the pump and lens 

chambers on the same structure provide small footprint while increasing the accuracy and 

response time of the system. Although the IR wavefront goes through the fluidic lenses 

twice, the effect of this double passing can be compensated in the software. Moreover, 

employing holographic optical elements exploits their unique property in steering the IR 

light towards the detector without affecting the patient’s line of sight in the visible range. 

High speed and automatic refractive power correction via the data form the Shack-

Hartmann detector not only eliminates the need for verbal feedback from the patient, but 

also increases the prescription accuracy and shortens the examination time.  

The setup can be further miniaturized using custom optics to fabricate an ultra-

portable auto-phoropter with binocular form factor. The low power requirements of the 

phoropter enables the use of batteries. The entire setup can be controlled wirelessly by a 

cellphone. This makes the system more compact and more accessible in hard-to-reach 

areas. Deploying an infrared LED source can further reduce the IR exposure safety 

concerns, especially for young children. The HOEs can be redesigned to work with LEDs 

and accommodate the larger bandwidth of the LED. Using a calibrated data for each pump 

and deploying high speed and high-resolution servo motors can reduce the correction 

process to less than 5 seconds. 
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In conclusion, a handheld RE measurement system with sphero-cylindrical 

correction power range of -10 to +10 diopters and with 0.1 diopter increments was 

developed. The fluidic lenses developed in this study can be deployed in applications that 

need high speed ophthalmic correction such as virtual and augmented reality systems. This 

phoropter system can be furthered improved by adding tunable prism lenses to analyze 

binocular vision. Additionally, deploying more complex tunable lenses enables higher 

order aberration correction by using the data provided form the Shack-Hartmann sensor. 

Finally, by incorporating auxiliary devices such as Maddox rods the system can become 

compact stand-alone personal care devices for home monitoring which would decrease the 

number of visual impairment drastically. 
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Chapter IV: Magneto Optical Brain Activity Mapping 

4.1 Magneto optic sensing background and theory 

Magneto-optic sensing is based on polarization rotation of the light cause by the 

effect discovered by Michael Faraday in 1845. The effect is defined by polarization plane 

rotation (𝜃𝜃) in the presence of magnetic field (B). As shown in (4.1), the polarization 

rotation depends on distance that light travels in the medium (L) and the Verdet constant 

of the material (V). In addition to properties of the material, the Verdet constant depends 

on other factors such as wavelengths and temperature. 

𝜃𝜃 = 𝑉𝑉𝐵𝐵𝐹𝐹                               (4.1) 

The main property of this polarization rotation is its nonreciprocal nature. This 

makes Faraday effect an attractive method for many applications such as optical isolators. 

In presence of a magnetic field, Faraday effect would also cause a propagation speed 

difference between left-handed circularly polarized light (LHCP) and right-handed 

circularly polarized light (RHCP). This is due to the slight variation in refractive index for 

different polarizations (∆𝑛𝑛). The rotation difference can be calculated using (4.2) where ω 

is singular frequency and c is the speed of light. 

𝜃𝜃 =
𝜔𝜔

2𝑐𝑐∆𝑛𝑛𝐹𝐹
                          (4.2) 

To achieve large Faraday rotation, magneto-optic (MO) materials with high Verdet 

constants can be used. MO materials have been investigated for different applications such 

as optical isolators, magnetic field sensors and communication systems [102-106]. Various 

transparent materials with large Faraday rotation have been studied to enhance the 

magnetic sensitivity [107-109]. Crystals such as bismuth doped iron garnet films are 

traditionally being used for Faraday rotation in applications such as optical isolators. On 

the other hand, composite of magnetic nanoparticles (NP) in different hosts such as organic 

matrices have shown high MO sensitivity [110-114]. The high Verdet constant of such 

nanocomposites results in observable Faraday rotation even in small magnetic fields. 

Although the Verdet constant of such nanocomposites are high (~104 °/Tm), the sensitivity 
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is still insufficient to achieve acceptable signal to noise ratio (SNR) to detect sub-picoTelsa 

level magnetic fields. Doping these nanoparticles with rare-earth materials such as 

lanthanide ions can further increase their Verdet constant.  

In this chapter, I present a unique polymer based approach to prepare magneto-

optic sensors based on the quantum properties of magnetite and cobalt ferrite-based 

nanoparticles. To verify the performance of the materials, an all-optical in-line Sagnac 

interferometer is used [115]. This design would eliminate the environmental distortions 

such as thermal fluctuations and mechanical vibrations. Finally, the noise characteristics 

and some of the properties of the MO sensor is presented. 

4.1.1 In-line Sagnac interferometer 

The sensor design is based on an in-line Sagnac interferometer [116, 117] and 

Faraday rotation inside the nanocomposite. The in-line design will reduce the system 

sensitivity to mechanical vibrations, linear and circular birefringence, change of fiber 

length due to fluctuations of ambient temperature, stress, bend, and earth’s magnetic fields. 

Jones calculation can illustrate the effect of each element and the overall working 

mechanism of the Sagnac interferometer. A schematic diagram of the system based on the 

Jones matrix of each element is illustrated in Figure 36. The 45° splice creates two 

orthogonal polarizations in the x and y directions. This input light can be represented by 

Jones vector as: 

𝐸𝐸𝑖𝑖 =
𝐸𝐸
√2

�11�                (4.3)        

 

Figure 36. The diagram of the magnetometer elements and their Jones matrices in forward (top) and backward 
(bottom) directions. 
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The phase delay between the x and y polarization due to the birefringence of the 

PM fiber is represented by φ. The forward and backward travelling light have the same 

Jones matrices in the PM fiber. On the other hand, the quarter waveplate (QWP) (4.4) and 

the Faraday rotation inside the magneto-optic polymer (4.5) have different Jones matrices 

in forward and backward directions. 

𝑄𝑄𝑓𝑓 =
1
√2

�
1 𝑗𝑗
𝑗𝑗 1� ,       𝑄𝑄𝑏𝑏 =

1
√2

�
1 −𝑗𝑗
−𝑗𝑗 1 �            (4.4)    

𝑀𝑀𝑓𝑓 = �
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑓𝑓 𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃𝑓𝑓
−𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑓𝑓

� ,       𝑀𝑀𝑏𝑏 = �
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑓𝑓 −𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃𝑓𝑓
𝑐𝑐𝑠𝑠𝑛𝑛𝜃𝜃𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑓𝑓

�          (4.5)    

Reflection from the mirror changes the state of the circularly polarized light from 

RHCP/LHCP to LHCP/RHCP, and its Jones matrix is expressed by: 

𝑅𝑅 = �−1 0
0 1�               (4.6) 

The polarizer is placed at a 45° angle with respect to the x-y axis and its Jones 

matrix is: 

𝑃𝑃 =
1
2 �

1 1
1 1�                (4.7) 

Using these equations the output can be calculated using: 

𝐸𝐸𝑜𝑜 = 𝑃𝑃.𝐹𝐹𝑏𝑏 .𝑄𝑄𝑏𝑏 .𝑀𝑀𝑏𝑏 .𝑅𝑅.𝑀𝑀𝑓𝑓 .𝑄𝑄𝑓𝑓 .𝐹𝐹𝑓𝑓 .𝐸𝐸𝑖𝑖             (4.8)      

This results in: 

𝐸𝐸𝑜𝑜 = −
𝐸𝐸
√2

sin(2𝜃𝜃𝐹𝐹) �11�                  (4.9)    

Since the intensity of the light is measured using a photodetector, the result can be 

expressed as (4.10). In this geometry, the phase difference due to the Faraday rotation is 

four times larger than the single pass phase change. 

𝐼𝐼𝑜𝑜 =
𝐼𝐼
2

(1 − cos4𝜃𝜃𝐹𝐹)                 (4.10)   



67 
 

4.1.2 Shot noise 

The main sensitivity-limiting factor in the all-optical magnetometer is the shot 

noise. The minimum detectable magnetic field by this inherit noise (BSN) can be derived 

based on the detector’s responsivity (R), the saturation power of the photoreciever (P), and 

the MO responsivity (S). Using the Verdet constant of 32.2 × 107°/𝑇𝑇.𝑐𝑐, responsivity of 

0.75A/W, and saturation power of 0.5mW, shot noise limited magnetic sensitivity can be 

calculated from (4.11) and (4.12). MO responsivity can be increase by using auto-balanced 

noise cancelling differential detector to reduce the common mode noise (𝐺𝐺1 = 200). Double 

passing the nanocomposite film is another gain factor (𝐺𝐺2 = 2). Having a thickness (L) of 

~500μm and electron charge 𝑒𝑒 = 1.6 × 10−19𝐶𝐶 results in 13 𝑓𝑓𝑒𝑒𝑐𝑐𝑝𝑝𝑐𝑐𝑇𝑇𝑒𝑒𝑐𝑐𝑡𝑡𝑎𝑎/√𝐻𝐻𝐻𝐻 noise 

equivalent sensitivity.  

𝐵𝐵𝑆𝑆𝑆𝑆 =
1
𝑆𝑆
�

𝑒𝑒
2𝑅𝑅𝑃𝑃

         (4.11) 

𝑆𝑆 = 𝐺𝐺1 × 𝐺𝐺2 × 𝑉𝑉 × 𝐹𝐹             (4.12) 

4.2 Material synthesis 

Achieving high Verdet constant requires uniformly dispersed nanoparticles. Both 

magnetite and cobalt ferrite nanoparticles encapsulated inside polymethylmethacrylate 

core-shell have shown high Verdet constants [118, 119]. Adding rare-earth ions such as 

dysprosium (Dy+3), Gadolinium (Gd+3), and Holmium (Ho+3) would increase the Verdet 

constant of these nanocomposites [120, 121].  
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Figure 37: Effect of rare-earth material doping on magnetite. (a) The chemical structure schematic of 

magnetite. The lanthanide ions partially substitute the Fe+3. (b) Magneto-optical FOM graph of three different 

doping ions at different concentrations. 

Figure 37a illustrates the schematic of Fe3O4 chemical structure. Doping will cause 

the lanthanides to partially replace Fe+3 ions. This would increase the Faraday rotation of 

the material due to the oscillator strength for absorption in particular spectral regions. 

Figure 37b shows the measured MO figure of merit based on the materials Verdet constant 

V and absorption coefficient α (𝐹𝐹𝐹𝐹𝑀𝑀 = 𝑉𝑉/𝛼𝛼 ) at different concentration levels of three 

different lanthanide ions.  

4.2.1 Nanoparticle fabrication 

The nanoparticle DyxCo(1-x)Fe2O4 synthesis is illustrated in figure 38. 5mL of 

ethylene glycol (EG) and 25mL of hexafluorophosphate salt of 1-butyl-3-

methylimidazolium (IL) were mixed in a 100mL flask and heated to 325°C. Aqueous 

solutions of 2.7mg of FeCl3, 1.2mg of CoCl2, and Dy+3 ion were injected slowly into the 

flask. The mixture refluxed for 6 hours before cooling down to 225°C. Additional 14 hours 

of refluxing was done afterwards. The mixture is cooled down to room temperature and 

diluted by DI water. Oleyl amine was used to disperse the nanoparticles inside chloroform.  
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4.2.2 Shell synthesis.  

Synthesis of PBMA shells was performed using 10mg of nanoparticles , 0.2mL of 

benzylmethacrylate (BMA), and 10mL of chloroform. The mixture was sonicated in 60°C 

water bath for 2 hours and then illuminated by photoexcitation UV source for 90 minutes. 

The solvent volume reduces to ~3mL after cooling down to room temperature. Figure 38 

represents the synthesis process of Dysprosium doped cobalt ferrite nanoparticles. The 

polybenzylmethacrylate (PBMA) shell will fix and stabilize the nanoparticles in a polymer 

and avoid aggregation. The transmission electron microscopy (TEM) image of the 

nanoparticles is shown before and after shell synthesis. Particles size (~15nm) and density 

(5 wt%) are optimized to achieve highest amount of magnetic sensitivity while having low 

optical scattering.  

 

Figure 38: The synthesis process for the DyxCo(1-x)Fe2O4 nanocomposite polymer. Uniform nanoparticles 

with ~15nm diameter are fabricated. The PBMA shell stabilizes the nanoparticles and prevents particle 

aggregation in the composite.  Synthesis of PBMA shells is performed using 10mg of nanoparticles, 0.2mL 

of benzylmethacrylate (BMA), and 10mL of chloroform. 

4.2.3 MO film preparation.  

Blade coating was performed by MSK-AFA-III automatic thin film coater from 

MTI corporation. The nanocomposite polymer was coated on glass substrate in ~2μm thick 
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layers. An intermediate layer was coated between each layer. The blade coating process 

continues to fabricate ~500μm thick film. 

 

Figure 39: In-line Sagnac interferometer sensor design. Schematic diagram of the sensor.  The 45° splice 

splits the polarized 1310nm laser light into x and y polarizations and combines the back-reflected orthogonal 

polarizations from the sensor.  This combination creates an interference pattern related to the Faraday rotation 

inside the MO film. The interference pattern caused by the phase shift induced by a magnetic field between 

the two polarizations is detected using a balanced detector. 

4.2.4 Sagnac interferometer.  

Figure 39 illustrates the schematic design of the system. The 1310nm laser reaches 

a 45° splice after passing through a 2×2 polarization maintaining (PM) fiber splitter and a 

polarizer. This would equally split the polarization into horizontal and vertical axis of the 

PM fiber. Fiber birefringence creates a travel time difference for two polarizations. After 

collimating the light using a graded-index (GRIN) lens, a quarter waveplate (QWP) 
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converts the two orthogonal polarizations into right and left hand circular polarized light 

(RHCP/LHCP). The silver coating behind the MO film act as a mirror which flips the 

polarization by introducing a π phase shift. The reflected light goes through the QWP and 

the polarization that was traveling in the fast axes of the PM fiber now moves in the slow 

axis and vice versa. Therefore, both polarizations will recorrelate when reaching the 45° 

splice. The 45° splice would create an interference between the recorrelated beams. The 

Faraday rotation inside the nanocomposite film creates the phase shift between the two 

orthogonal polarizations and hence the intensity of the light on the photodetector will 

change. Due the design of the system and double passing through the MO film, the phase 

difference induced by the Faraday rotation is four times larger than the single pass phase 

change.  

4.3 Results and discussion 

The Verdet constant of the MO material is calculated based on Faraday rotation of 

a polarized light in presence of an AC magnetic field. Figure 40 depicts the schematic 

diagram of the Faraday rotation measurement setup. A 1310nm collimated light source is 

polarized at 45 degrees compared to the x and y-axis. The light then travels through a 50:50 

non-polarizing beam splitter (NPBS). The MO material is placed inside an AC magnetic 

field running at 400Hz. The mirror behind the MO film reflects the light back into the 

sample creating a double pass. The reflected light is steered by NPBS and splits into s and 

p polarizations using a Wollaston prism. Each polarization is detected using one of the 

auto-balanced detector channels. In absence of the magnetic field the s and p polarization 

are equal and cancel each other out. Appling a magnetic field would cause a rotation in 

polarization and the difference between the s and p polarization intensities can be detected. 

A Lock-in amplifier is used to generate the magnetic field and also detect the balanced-

detector output. 

The measured faraday rotation for the DyxCo(1-x)Fe2O4 nanocomposite film is 

illustrated in figure 41. The Verdet constant of the material can be calculated based on the 

slope of this graph. The Faraday rotation (θ) is directly proportional to the Verdet constant 
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of the material (V), the applied magnetic field (B), and the thickness of the material (L) 

using equation 4.1. 

𝑉𝑉 =
𝜃𝜃
𝐵𝐵𝐹𝐹

=
3.3 ∗ 103

500 ∗ 10−6
= 6.6 ∗ 106  

°
𝑇𝑇.𝑐𝑐

                  (4.13) 

 

Figure 40: Faraday rotation measurement setup schematic. The 1310nm laser light is polarized using a Glan-

Thompson (I) and passes through the MO sample (II). The light then reflects back from a mirror (III). A 

Wollaston prism (IV) splits the light into s and p polarizations. Applying an AC magnetic field to the solenoid 

(V) would causes a change in the s and p polarization intensities. A balanced detector (VI) detects this 

intensity change. 

 

Figure 41: The Faraday rotation result for the DyxCo(1-x)Fe2O4 nanocomposite film. The Verdet constant can 

be calculated form the slope pf this graph. 
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Table 4 illustrates the measured Verdet constant of cobalt ferrite and magnetite 

nanoparticles doped with Dysprosium and Gadolinium. As it can be seen, they have much 

higher magnetic field sensitivity compared to today’s benchmark materials such as 

Terbium Gallium Garnet (TGG). Although magnetite based nanoparticles have higher 

Verdet constant, due the phase change of Fe+3 to Fe+2 and their spin differences, the Verdet 

constant decrease over time. Moreover, these nanoparticles are more prone to oxidation. 

Improved stability can be achieved using cobalt-ferrite nanoparticles. 

Table 4: Measured Verdet constant and transmission of Gd3+- and Dy3+-doped magnetite and cobalt ferrite 

in comparison with TGG at 1310nm. 

Material Verdet constant (°/T.m) Thickness (μm) Transmittance 

GdxFe(1-x)Fe2O4 10.6 × 106 498 55% 

DyxFe(1-x)Fe2O4 32.2 × 107 473 35% 

DyxCo(1-x)Fe2O4 6.6 × 106 500 50% 

TGG 2100 1000 80% 

 

Figure 42a illustrates the magneto-optic sensor schematic. Thorlabs FPA1053p 

1310nm was used as the laser source. The light was polarized using ILP1310PM polarizer 

from Thorlabs and goes through a 2×2 PM splitter. Thorlabs PDB570C balanced detectors 

from was used to monitor the sensor output. Lock-in amplifier (SR830 from Stanford 

Research) was used to phase lock the solenoid AC signal and the output of the balanced 

detector. 

As previously mentioned, the MO sensor consists of a quarter wave plate to create 

right hand and left handed circularly polarized light, the nanocomposite polymer, and a 

silver coating layer. A single sensor setup is depicted in Figure 42b. The cross section 

rendering of the MO sensor along with the fabricated sensor prototype is depicted in figure 

43. Further reduction of the sensor size can be achieved by using more compact packaging. 
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Figure 42: MO sensor assembly. (a)  Schematic diagram of the MO sensor. GRIN lens is used as the 

collimator. The nanocomposite sensing film is placed inside a 3D printed holder. The alignment screws are 

used as tip/tilt mechanism so the reflected light couples back into the fiber. (b) Fabricated single sensor setup. 

 

 

Figure 43: (a) Rendered cross section image of the sensor prototype. The MO film (II) is sandwiched between 

QWP (I) and silver coating (III). A GRIN lens is used as the collimator; red represents the laser light. (b) The 

fabricated sensor. The sensor housing size can be reduced to almost the diameter of the fiber. 
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Figure 44: The measured magnetic field sensitivity of MO sensor between 1mHz and 0.1Hz. The frequency 

response shows 20femtoTesla/√Hz noise equivalent sensitivity for the in-line Sagnac interferometer. The 

inset image illustrates the FFT response of the sensor, which shows ~70dB SNR at a 100pT control field. 

Figure 44 depicts the measured frequency response of the MO sensor between 

1mHz and 0.1Hz. The measured noise floor is ~20𝑓𝑓𝑇𝑇/√𝐻𝐻𝐻𝐻 that matches quite well with 

the theoretical limit. Polarization drift and the electrical noises of detector are the other 

contributing factors to the noise level. Polarization dependent noise sources cannot be 

cancelled with a balanced detector. Although, employing PM fibers will help, some 

polarization drifts still exist that will inevitably cause the noise level to fluctuate. 

Additionally, the amplification of the photodetector can contribute to the noise level 

(Johnson noise). Fast Fourier Transform (FFT) of the output signal shows the signal to 

noise ratio (SNR) of ~70dB (𝑑𝑑𝐵𝐵 = 20log (𝑆𝑆𝑁𝑁𝑅𝑅)) at a control field of 100pT. The 1/f noise 

is increased at lower frequencies due to balancing speed of the differential detector and 

lock-in amplifier limitations. 

The sensor is mostly sensitive to magnetic fields perpendicular to the plane of the 

sensor. Table 5 illustrates some properties of the fabricated MO detector. 
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Table 5: MO sensor specifications 

Frequency range Saturation field Bandwidth Temporal resolution 

0.01Hz – 10KHz 8mT 10KHz 1/1000 sec 

 

To investigate the biomedical performance of the sensor, human heartbeat magnetic 

field was measured using the sensor. Figure 45 depicts the human heart magnetic field 

collected using the MO sensor. As it can be seen from figure 45b high contrast and clear 

P, Q, R, S and T signals are detected from heartbeat. Moreover, both positive and negative 

fields can be observed. 

 

Figure 45: Magnetic field measured from the human heart. (a) The signal is collected on the first pass with 

25Hz and the second pass with 845Hz sampling rate using a single MO sensing element. (b) Higher resolution 

sampling of the heartbeat signal shows both negative and positive magnetic fields. P, Q, R, S and T signals 

are detected with high contrast. 

Biomedical imaging and mapping of human organs such as eye, heart, and brain 

are among the most important techniques to identify, prevent and cure various diseases. 

High-resolution and high-speed mapping of brain can help to better understanding of 

disorders such as Alzheimer’s and epilepsy [122-126]. On the other hand having low cost 

and portable magnetometers can facilitate prevention and screening of heart activity 

disorders and brain concussions. Such monitoring systems can be developed from MO 
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sensors due to their room temperature performance and no need for expensive shielded 

facilities. While reducing the system size, the all-optical design of the magnetometer 

exploits the noise cancelling properties of an in-line Sagnac interferometer. Due to the 

almost shot-noise limited performance of the sensor, magnetic fields such as neuronal 

activity inside the brain (50fT – 500fT) can be detected using this technique.  

In conclusion, in this chapter the design and fabrication of an all-optical 

magnetometer was presented. The sensor is based on rare-earth doped cobalt ferrite 

nanocomposites with Verdet constants of ~107 °/Tm. This high magnetic sensitivity 

resulted in observable Faraday rotation in ultralow magnetic field regime. The shot-noise 

limited performance and the in-line interferometer design provide 20 𝑓𝑓𝑇𝑇/√𝐻𝐻𝐻𝐻  noise floor.  
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Chapter V: Summary 

5.1 Contributions 

In this dissertation, three applications of optics in biomedical imaging was investigated. To 

achieve the desired performance, nonlinear properties, polarization, diffraction, and 

magneto-optical effects of light were deployed. 

The first system that was investigated was a mirror-based multiphoton microscope. 

The system was based on reflective optical elements to eliminate the inherent dispersion 

caused by refraction. It was designed and optimized for diffraction-limited performance. 

Another important consideration during the system design was to keep the footprint as 

small as possible, while using off the shelf optical components. The microscope deployed 

compact femtosecond fiber lasers as the source, and galvo-mirror scanners were used to 

raster scan the laser. After the optical design, the MPM was fabricated and tested to analyze 

its performance at different wavelengths. To achieve large area three-dimensional scanning 

capabilities, automatic x-y-z linear translation stages were used. Combination of the galvo 

mirror scanning and motorized stages, provided ~1.5μm imaging resolution over a volume 

of 10cm×10cm×5cm.  

The performance of the ARMPM was evaluated in multiple applications. First, it 

was used to image unstained biological tissues for cancerous cell detection. SHG/THG 

signals were analyzed to detect esophagus and ovarian cancerous tissues. Since this 

imaging technique does not require traditional sample preparation steps such as sectioning 

and staining, it facilitates detection process for pathologists. The ARMPM was also 

deployed for material characterization of single and few-layer structures such as graphene. 

Large-area and high-resolution imaging of these structure provided a unique 

characterization method. Using this technique, nonlinear properties of graphene and MoS2 

were investigated. 

 The ARMPM was also tested for two- and three-photon direct (mask-less) laser 

writing. Using this method, complex microstructures were fabricated without the need for 

complex lithography steps. An electro-optical based waveguide was fabricated using this 
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technique on Silicon substrate, and its performance was evaluated. Additionally, a C# 

based user interface was developed to control all the opto-mechanical parts, data 

acquisition, and capturing and stitching the images in 3D. Using this UI both multiphoton 

imaging and writing modalities were accessible to the user. 

An automatic phoropter was the second system that was designed and developed. 

This system was based on holographic optical elements to steer the reflected IR light from 

the eye towards a wavefront sensor. The Shack-Hartman detector determined the wavefront 

aberrations. Using the Zernike values of the wavefront, the spherical and cylindrical 

refractive errors were measured. The HOE elements also provided an unobstructed view 

for the patient in visible spectrum. 

To correct the refractive error, three fluidic lenses were fabricated. The spherical 

lens provided correction within ±10D correction for defocus while the two cylindrical 

lenses corrected the astigmatism. The power of each lens was tuned by a diaphragm pump 

mechanism based on the feedback from the wavefront detector. A .Net based user interface 

was developed to calculate the aberrations automatically and to evaluate the optimal 

feedback to the pumps. Manual control was also provided for fine-tuning the prescription 

based on the subjective measurements. This method eliminates the required verbal 

feedback from the patient and reduces the examination time significantly. Moreover, the 

small footprint of the system makes it portable and facilitates the refractive error 

measurement for people in countries and areas without access to adequate facilities and 

trained personnel. 

Finally, A highly sensitive magnetometer was fabricated based an all-optical 

interferometer. The sensing mechanism was based on Faraday rotation inside a rare-earth 

doped nanocomposite material with high Verdet constant. The Sagnac interferometer 

design provided ~20 𝑓𝑓𝑇𝑇/√𝐻𝐻𝐻𝐻  noise floor. The ultra-low noise floor combined with the 

high Verdet constant (~107 °/T.m) of the sensor makes it a good candidate for biomedical 

applications such as heart rate monitoring. 
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5.2 Future work 

Although multiphoton microscopes are commonly being used for biomedical applications, 

few areas can be improved for better performance. The first area is the imaging speed. 

Since the imaging method is based on the raster scanning of a single point in x-y-z planes, 

the scan speed is limited to the speed of scanning galvo mirrors and linear translation 

stages. Improvements can be made using piezo stages and acousto-optic modulator to 

increase the scan speed. The second limitation is the imaging depth. Scattering limits the 

travel distance of SHG/THG signals inside the tissue. To improve the imaging depth, 

higher sensitivity PMTs can be used while using a laser source wavelength with lower 

scattering based on the tissue that is being tested. 

For the automatic phoropter system, in-vivo operation of the phoropter is an 

important next step that should be investigated to completely characterize the system. The 

subjective versus objective calibration of the system is an important step to eliminate the 

need for feedback from patient. Moreover, having a binocular system enables the 

measurement of other refractive errors such as prism error. Fluidic lenses can be designed 

to correct prism aberration as well. Additionally, providing other capabilities such as 

incorporating Maddox rods are required to make a more complete stand-alone phoropter 

system. On the other hand, higher speed actuation methods for the pumps combined with 

an optimized aberration calculation algorithm can increase the RE correction speed. This 

higher speed would facilitate the measurement process (especially for young children) by 

reducing the time that is needed for the patient to look at an eye chart through the system 

without moving his/her eye. 

Finally, for magneto-optic sensing, the long-term performance of the 

nanocomposites should be evaluated and compared with each other and with crystalline 

materials. The performance degradation rate of magnetite nanoparticles are higher 

compared to cobalt-ferrite based nanoparticles. The long-term performance of both 

magnetite and cobalt-ferrite based sensors should be studied as the necessary next step to 

quantify the degradation rate and to root cause the source. Moreover, the MO properties 

can be tuned by controlling inter-particle distances, and optimizing the refractive index and 
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mechanical properties of the sensor based on their polymer host. The main area that can 

benefit from high sensitivity magnetometer is brain activity mapping. Deploying multiple 

MO detectors (256 channels) and solving the inverse problem [127, 128] can lead to the 

mapping of the magnetic field source. This mapping technique can replace traditional brain 

activity mapping systems such as fMRI. Moreover, as a result of to the compact size of 

each sensor (optical fiber dimeter ~10µm) and optical detection, both spatial (~100µm) and 

temporal resolution (1msec) can be higher. The required optical elements and fibers can be 

fabricated within compact photonic chips. This would reduce the overall system footprint 

drastically and help the development of a portable magnetic-imaging devices. Since the 

MO sensors do not require frequent maintenances such as liquid cooling for optimal 

performance, the operation cost would decrease as well.  
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Appendix A: Multiphoton microscope user interface 

 

The ARMPM software was developed using C# programing language to have high-

speed operation in data acquisition. Figure A1 illustrated the user interface. Each window 

of the interface shows the image captured through a photo multiplier tube (PMT). Two 

separate PMTs were used to capture SHG and THG signals. 

 

Figure A1: Multiphoton microscope user interface. Two separate channel is used to show the SHG and THG 

images. 

The left hand section of the interface is used to control the xyz stages and the laser 

and PMTs powers and gains. The x-y stages have the movement range of 15 cm while the 

z stage can move up to 10 cm. The PMTs are controlled using ±15V DC power supply to 

power on and a 0.2V to 1.1V DC source to control the gain. The communication between 

the user interface and power supplies were don using a serial port. The laser power switch 

is controlled by an Arduino board connect to a relay. The relay turns the 5V supply of the 

laser on and off. To change the power of the laser, a polarizer was deployed. The rotation 

of the polarizer is performed using a servo motor connected to the Arduino board. The 

communication of the interface and the Arduino board is through a USB connection.  
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Figure A2 depicts the user interface sections for the stage control (fig. A2a), and 

laser and PMT controls (fig. A2b). 

 

Figure A2: The user interface sections for the (a) stage control, and (b) laser and PMT controls. 

The next section of the software (fig. A3a) was developed to control the data 

acquisition board. The input/output channel and their reading/writing speed can be 

controlled in this section. The next part (fig. A3b) is used to capture and save the SHG/THG 

images. Oversampling and averaging is automatically performed in the software to increase 

the signal to noise ratio. Three-dimensional imaging is done by stitching the images 

captured after each step of xyz stages. The software combines the images and saves them a 

16-bit tiff file. Number of layers and gap controls the number of steps in z-stage and the 

distance between the layers. The gap between the layers depends on the NA of the objective 

lens that is being used and the axial resolution. The same process is done for x-y 

movements. Due to probable misalignment of the x-y stages, the scanning angle can be 

rotated to eliminate stitching boundary mismatches. Finally, a separate section is designed 

for 3D writing using the software. Also for 2D lithography, any black and white bitmap 

file can be uploaded to the software and the program automatically writes the image on the 

polymer. The exposure time and the writing speed can be controlled manually depending 

on the type of polymer that is being used for lithography. 
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Figure A3: (a) Data acquisition board control to set the reading/writing speed of the PMTs and galvomirrors. 

(b) SHG/THG image capture settings. (c) 3D imaging/writing tabs. 
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Appendix B: Automatic phoropter user interface 

 

The user interface is developed in visual C# programing environment. The software 

reads the wavefront data from the Shack-Hartmann sensor, calculates the optometric 

constants (defocus and astigmatism) and controls the servomotors. The servomotors are 

connected to the diaphragm pumps that controls the power of each fluidic lens. Figure B1 

illustrate the schematic diagram of the refractive correction process. The software adjusts 

the power of each lens based on the Zernike values of the wavefront. The correction process 

is continued until the dioptric power the wavefront aberration becomes less than 0.25 

diopters. 

 

Figure B1: The working principle of the user interface (UI) 

 

The servo motors are controlled using an Arduino board. The communication between the 

board and UI is done using a USB port. Since the current required to drive the servo motors 

is higher than the maximum output of the Arduino, a custom made servo driver is used. 

The power of the servos and the laser diode is provided using a 9V battery. Figure B2 
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depicts the interface of the software. The software is designed to work with both binocular 

system as well as single eye refractive error correction setup. 

 

Figure B2: The interface of the automatic phoropter software 
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Figure B3: (a) the grid image of the micro lens arrays from Shack-Hartmann detector. (b) The reflected 

wavefront image form the eye. 

The left side of the interface depicts the grid data and wavefront from the Shack-

Hartmann sensor (Fig. B3). The intensity of the wavefront and Zernike diagrams can also 

be shown in this part. The Zernike values also are illustrated is the measurement section 

(Fig. B4a). The optometric constants are calculated using these values and represented for 

the user (Fig. B4b). 

 

Figure B4: (a) The Zernike values from the wavefront detector. (b) The optometric constants and the 

astigmatism axis angle are calculated from the Zernike values. 
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Since the objective refractive error might be different from the subjective error, the 

pumps can be controlled manually as well. This would enable the user to fine to the results 

after automatic adjustment. The servo motor angles can be set separately to adjust each 

lens. Figure B5 shows the manual adjustment and pump calibration sections of the 

software. 

 

Figure B5: The manual pump control and calibration settings of the UI 

Finally, the Shack-Hartmann settings can be modified to achieve the optimum 

sensing size and position, noise level, and exposure time (figures B6 and B7). To increase 

the SNR, multiple averaging (25 times) is done during automatic adjustment process. 

 

Figure B6: Shack-Hartman detector CCD settings 
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Figure B7: Shack-Hartman detector pupil settings 
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