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ABSTRACT 

A device for performing an objective eye exam has been developed to 

automatically determine ophthalmic prescriptions.  The closed loop fluidic 

auto-phoropter has been designed, modeled, fabricated and tested for the 

automatic measurement and correction of a patient’s prescriptions. The 

adaptive phoropter is designed through the combination of a spherical-

powered fluidic lens and two cylindrical fluidic lenses that are orientated 45o 

relative to each other. In addition, the system incorporates Shack-Hartmann 

wavefront sensing technology to identify the eye’s wavefront error and 

corresponding prescription. Using the wavefront error information, the fluidic 

auto-phoropter nulls the eye’s lower order wavefront error by applying the 

appropriate volumes to the fluidic lenses. The combination of the Shack-

Hartmann wavefront sensor the fluidic auto-phoropter allows for the 

identification and control of spherical refractive error, as well as cylinder 

error and axis; thus, creating a truly automated refractometer and corrective 

system.  

The fluidic auto-phoropter is capable of correcting defocus error ranging 

from 20D to 20D and astigmatism from 10D to 10D. The transmissive see-

through design allows for the observation of natural scenes through the 

system at varying object planes with no additional imaging optics in the 

patient’s line of sight. In this research, two generations of the fluidic auto-
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phoropter are designed and tested; the first generation uses traditional glass 

optics for the measurement channel. The second generation of the fluidic 

auto-phoropter takes advantage of the progress in the development of 

holographic optical elements (HOEs) to replace all the traditional glass 

optics. The addition of the HOEs has enabled the development of a more 

compact, inexpensive and easily reproducible system without compromising 

its performance.  

Additionally, the fluidic lenses were tested during a National Aeronautics 

Space Administration (NASA) parabolic flight campaign, to determine the 

effect of varying gravitational acceleration on the performance and image 

quality of the fluidic lenses. Wavefront analysis has indicated that flight 

turbulence and the varying levels of gravitational acceleration ranging from 

zero-G (microgravity) to 2G (hypergravity) had minimal effect on the 

performance of the fluidic lenses, except for small changes in defocus; making 

them suitable for potential use in a portable space-based fluidic auto-

phoropter.  
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1 INTRODUCTION

 

 History of ophthalmic Instrumentation 1.1

The oldest record of an ophthalmic instrument can be found in ancient 

Sanskrit text from India dating 2500BC. It describes a pointy device used to 

alleviate the effect of cataract in humans by removing the crystalline lens [1], 

[2]. Physiological and biological variations in the human visual system make 

it both unique and severely defective at times.  Therefore it was necessary for 

early humans to determine ways to improve their visual performance to 

function and explore the world.  

 

 

Figure 1-1 Refractometer by Schmidt-Rimpler, dated 1877. Source: http://www.history-

ophthalmology.com/henkes5.jpg 
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Over the centuries, to achieve a greater understanding of the human 

visual system; out of both necessity and curiosity, a multitude of ophthalmic 

instruments have been developed to detect, measure, correct, improve and 

treat the many biological and physiological ailments that may affect the 

performance of the eye. Ophthalmic instruments are used by ophthalmologist 

and optometrists to measure and diagnose refractive errors, crystalline lens 

degraded, wavefront analysis, retinal and corneal conditions and numerous 

ocular conditions. Despite all its complexities, the human visual system can 

be modeled and characterized as if it were any common optical system 

consisting of optical elements (the cornea and the crystalline lens), a detector 

(the retina) and an image processor (the brain). The development of optical 

instruments therefore depends greatly on our understanding of optics and 

optical systems. It is common practice to adapt technologies designed for 

other applications in the advancement of ophthalmic instrumentations. The 

scientist and doctors from the 19th and 20th century contributed greatly to 

advancement of these instruments and the adaptability of existing system in 

order to diagnose and correct accurately visual impairments [2].  

 

 Phoropters 1.2

Refractive error is the most common vision impairment affecting 

approximately 50 percent of the world’s population.  When the light entering 

the eye does not focus on the retina, it creates a blurry image that can be 
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difficult for the photoreceptors to detect and for the brain to interpret. A 

detailed description of aberrations in the eye will be provided in chapter 2.  

Typically, a refractor is used to measure the error and determine the 

patient’s prescription during routine eye exams; the process is a combination 

of both science and experience. The eye-care provider relies on input from the 

patient to adjust the prescription based on their visual acuity. The patients 

rely on the experience on the eye-care provider and their ability to transform 

a patient’s feedback into an acceptable lens prescription. The process is often 

arbitrary, subjective and lengthy. Furthermore, its success is heavily 

dependent on the doctor-patient interaction. For younger patients and 

sometimes the elderly, their judgments are not always reliable. Therefore, it 

may require several iterations before the correct prescription is dispensed. 

A typical phoropter consist of a series spherical and cylindrical lenses 

arranged in a wheel mounted apparatus. A typical phoropter can achieve and 

power resolution of 0.25 diopter (D). The wheels can be rotated by turning 

knobs to change the power of the lens presented in front of the eye of the 

patient at the spectacle plane. Once the patient has indicated the presence of 

a sharp image on the eye chart, the prescription can be written based on the 

final spherical power, cylindrical power, and axis.  The fluidic auto-phoropter, 

which can be considered as an adaptive optics phoropter, takes the entire 

phoropter system and compresses it into a group of fluidic lenses.  This 

grouping of fluidic lenses contains a spherical fluidic lens and two cylinder 
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fluidic lenses. This combination enables for the correction of ocular second 

order aberrations, defocus and astigmatism.  

 Motivation of the research 1.3

The motivation for this adaptive phoropter is driven by two major 

market factors for two separate markets. In developed countries, it is fueled 

by the need for a more accurate method to provide an objective prescription 

and reduced acquisition time. For underdeveloped countries and 

disadvantaged regions of the world, the product is driven by the need to 

provide for a lightweight, inexpensive, mobile and accurate device that can 

easily be used in very remote locations. 

Currently, the majority of eye exams administered in North America, 

Europe, and other developed countries use the patient’s input to determine 

prescription by changing the power in front of the eye in 0.25D increments. In 

order to remove subjectivity, a fast real-time closed loop adaptive system is 

necessary to acquire a more objective measurement of one’s prescription. In 

the past, converting wavefront information to a usable prescription proved to 

be a challenge; however, advancements in the technology have shown that 

such systems can be used to measure refraction errors with a great degree of 

accuracy [3] [4] [5] . According to the Review of Optometry journal, looking 

through the bulky phoropter is one of the least favorite tests for patient at 

the eye doctor, because it is often difficult to differentiate between the 

changes in power [6] [7]. The fluidic auto-phoropter developed here possesses 
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the potential to remove the uncertainty and provide more accurate and 

reliable prescriptions [8].  

According to the World Council of Optometry, the impact of refractive 

error on the global economy is approximately $423 billion a year. 

Approximately 50% of the world’s population has limited or no access to eye 

care (mostly in rural areas) and 88.2% of blindness in developing countries 

and rural area is avoidable. Refractive error services have been identified as 

key components for early intervention. The number of eye care professionals 

will need to increase by 359% before 2022 in order provide access to 

underserved populations and meet the demand of an aging population. 

Approximately 60% of the demand comes from India, China, Brazil, South 

Africa and other emerging markets. The use of auto-refractors is projected to 

increase by 11% among existing professionals [9], [10] [11] . 

According to the Transparency Market Research, the global market for 

ophthalmic devices is expected to grow from $12 billion to $18 billion within 

the next 5 years. It is estimated that emerging markets like Brazil, China, 

India and Mexico will experience double-digit growth rates over the next 5 

years. In addition, demand will increase in remote locations of Africa and 

Asia. It is believed that having a phoropter that is compact, inexpensive and 

mobile may be the optimum device to reach these untapped markets and 

underserved populations. 
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A typical phoropter is approximately 12-15 inches wide, weighs 

approximately 20 pounds and cost $5,000-$10,000. The proposed system 

measures only 4.7 inches in width, weighs less than 5 pounds and would cost 

much less than currently available models [12]. By using holographic optical 

elements in conjunction with the fluidic lenses, the cost, weight and size of 

the phoropter are drastically reduced without compromising the performance 

of the system. 

 Outline of the Dissertation 1.4

This dissertation is divided into three sections: a background; a design 

and proof of concept; and testing and improvement. The background section 

in chapter 2 provides the reader the necessary background to become familiar 

with the vernacular of this document.  It includes a detailed description of the 

anatomy of the human eye and processes that govern its functionality, a brief 

description of aberration theory for both rotationally and non-rotationally 

symmetric system, an introduction to adaptive optics for vision purposes and 

the design and fabrication of the fluidic lenses.  

In chapter 3, a proof of concept is presented to determine the feasibility of 

developing an adaptive see-through auto-refractor with the use of fluidic lens 

technology and wavefront analysis capabilities. It consists of the optical 

design and analysis of the proposed system and the evaluation of a prototype.  

In chapter 4, a smaller and more compact system is designed and tested 

using a set of custom designed holographic optical element (HOE) to replace 
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the majority of the glass optics. This modification enabled a more compact 

and lighter optically equivalent fluidic auto-phoropter.  

In chapter 5, the fluidic lenses are tested in various levels of gravitational 

acceleration during a NASA parabolic flight campaign to predict their 

performance in a portable system. Wavefront aberrations, the point spread 

function (PSF) and the modulation transfer function (MTF) were calculated 

to determine the effect of gravitational changes on the image quality.  
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2 BACKGROUND 

 

 Introduction 2.1

This chapter provides an overview of the optical concepts necessary to 

design, build, test and analyze the fluidic auto-phoropter. In section 2.2, the 

optical system of the human eye is described. Its properties and limitations 

are presented. A description of aberration theory for symmetric and 

asymmetric optical systems is provided in section 2.3. The subsequent 

sections consist of a discussion of adaptive optics processes and the design, 

fabrication and assembly of the fluidic lenses.  

 

 

Figure 2-1 Cross-section of the human eye [13] 
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 The Human Eye as an Optical System 2.2

 The properties of the human visual system (HVS) are essential in the 

understanding and correction of observed ocular aberrations with fluidic 

lenses. Fluidic lenses will be shown to correct for defocus and astigmatism 

measured in multiple optical auto-phoropter designs.  Furthermore, 

approaches in the correction of trefoil and spherical aberration through the 

use of fluidic technology are discussed.  Thus, this section is dedicated to 

analyzing the eyes properties in the support of these fluidic-based lens 

designs. 

 

 Eye’s Anatomy 2.2.1

Light propagates into the eye through the cornea, a durable 

transparent membrane that produces two-thirds of the overall optical power 

by refraction.  The crystalline lens offers the additional one-third of the 

optical power by focusing light from the cornea onto the retina.  In between 

the cornea and the crystalline lens is the iris, where the clear aperture at the 

center of the iris is known as the pupil.  Traditionally, the combination of the 

crystalline lens and the cornea focus light onto the retina, but if an individual 

is suffering from myopia (near-sightedness) or hyperopia (far-sightedness), 

then corrective eye wear is necessary to focus the propagating light onto the 

retina.  The retina is composed of photoreceptors and ganglia that convert the 

retinal image into neural signals that are then transmitted by means of the 
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optic nerve to the brain.  The brain inverts the image and combines the 

optical information of both eyes to produce stereoscopic imagery.   

 

 Optical Properties of the Eye 2.2.2

A fundamental property for an optical detector is the wavelength 

detection range.  The HVS includes spectral sensitivity from approximately 

400 to 780 nm.  The crystalline lens absorbs light for wavelengths below 400 

nm.  At longer wavelengths than the visible and near-infrared,  absorption is 

primarily seen at the cornea with additional absorption at the crystalline 

lens.  Thus, in addition to controlling the optical power, the cornea and 

crystalline lens limit the HVS’s detection range. 

The iris, which is situated between the cornea and crystalline lens, is 

the aperture stop of the eye.  Depending on the surrounding lighting 

conditions, the iris relaxes or contracts in order to control the pupil size, 

adjusting the stop size.  Pupil sizes vary between 2 – 8 mm, where 8 mm 

occurs under extremely dim lighting conditions. The image of the iris in 

object space is known as the eye’s entrance pupil.  The Arizona Eye Model, as 

is shown in Figure 2.2 below, is a schematic eye model designed to match the 

on- and off-axis aberrations found clinically [13].   
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 Figure 2-2 The Arizona Eye Model: The fundamental guidelines on applying the 

Arizona Eye Model [13]. 

 

For a rotationally symmetric optical system, the entrance pupil 

diameter is traditionally symmetric about the optical axis.  The lens’ center of 

curvature defines the optical axis for these rotationally symmetric optical 

elements. However, it is fundamentally difficult to classify the eye’s optical 

axis due to the lack of rotational symmetry and variation among individuals.  

Field dependent aberrations, such as astigmatism, can appear on axis and 

illustrate the eye’s asymmetry.To handle asymmetry, a technique was 

necessary to identify the optical axis for this system.  The optical axis is thus 

defined as the least gradient slope of the cornea’s surface [13].   

The visual axis, which defines the gazing direction, is not the optical 

axis.  The visual axis is defined as the axis where the ray propagates from the 

fixation point to the front nodal point and then from the rear nodal point to 

the fovea. 
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Figure 2-3Optical and Visual Axis: An image defining the optical and visual axis [13]. 

 

Nodal points define points in an optical system with unit angular 

magnification [14].  If the nodal points were overlapping, then the visual axis 

would be continuous from the fixation point to the fovea.  However, the nodal 

points do not overlap, where the visual axis is translated along the optical 

axis, allowing for the same angular subtense with 1:1 magnification. Hence, 

the visual axis has the properties of a light ray passing from the location of 

fixation to the fovea through the nodal points. In addition, due to a lack of 

symmetry, a variation in the eye’s rotational field of view exists, where the 

center of the field of view is relative to the eye’s line of sight.  Line of sight is 

defined as the ray path onto the fovea from a fixed location through the 

pupil’s center, known as the chief ray.  Four fields of view were determined 

relative to the eye’s line of sight: 1) 60o nasally, as in the direction of the nose, 

2) 100o temporally, directed toward the outside of the head, 3) 60o superiorly, 

directed above the head, and 4) 70o inferiorly directed below the head.  For a 

stationary eye, the horizontal field of view is 160o and the vertical field of 

view is 130o, which is deduced by summing the respective fields of view.  An 
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overlap between the left and right eyes permits 120o of stereoscopic vision, 

the region of the HVS where depth perception produces stereoscopic imaging.  

As the eyes move and rotate, the field of view shifts with a maximum eye 

rotation between 25o to 30o [15]. 

 Spatial Acuity 2.2.3

Eye movements evolved as a means to produce a detailed scene; 

therefore, scanning occurs to shift the scene onto the macula, where a high 

percentage of the photoreceptors are located.  The highest observed resolution 

is seen from the macula due to the concentration of red, blue and green cones.  

Each specific cone, also identified as long, middle, and short, detects the light 

of their specified wavelength region.  Color vision is produced when the brain 

combines data from these three cones. 

Cone receptors are intended for day vision due to their low light 

sensitivity.   Cones provide high spatial resolution, with the packing of the 

red and green cones possessing the highest density.  Progressing away from 

the eyes’ line of sight, there is a reduction in the number of cones as well as 

an increase in ganglia and rods, rods being the eye’s second type of 

photoreceptors.   In addition to the reduction in the amount of cones, these 

photoreceptors become larger and less receptive to temporal variations.  The 

main focal area, the fovea, requires smaller movements to produce finer 

detailed images, while larger movements are necessary for the peripheral in 

order to gather information due to the rods low  spatial resolution. 



 

 

 

35 

Additionally, the decrease of cones in the periphery and photoreceptor pooling 

produces a sharp drop in resolution.  

Rods are cylinder-shaped receptors situated primarily in the macula’s 

periphery.  These receptors have high sensitivity to light, gathering single 

photons in dark conditions.  Rods work well with dim lighting.  In 

combination with cones, the rodsoffer the HVS a dynamic range that no man-

made detector has replicated. A lower acuity in the periphery exists since the 

rods have a low resolution and the presence of ganglia.  Ganglia are the cells 

that transmit the signal to the optical nerves, and have a ratio of thousands 

of cells to a few photoreceptors in the periphery compared to half a dozen 

cones per ganglia in the fovea.  Decreased resolution arises in the periphery 

due to an increased ratio of ganglia to photoreceptors, which poses a greater 

effect than the decrease in the amount of cones.  Hence, there is lower 

peripheral data resolution, much larger angular subtended angles than the 

one arc minute resolution found at the fovea’s center.  The fovea’s high 

concentration of cones closer to the center of gaze produces a region of high 

resolution known as the area of interest (AOI).  A natural exponential drop-

off in spatial foveal acuity arises when progressing away from the AOI. 
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Figure 2-4 Visual Acuity: The eye’s acuity over a visual field in logarithmic and real scales 

[16]. 

 

 Aberrations Measurements and Corrections 2.3

The ability to use the fluidic lenses to correct aberrations is strongly 

dependent on the capability to measure and predict accurately such 

aberrations and their effect on a given optical system.  In this section, a brief 

description of aberration theory is presented to provide a basic understanding 

of aberrations and to familiarize the reader with the vernacular that will be 

used throughout the remaining chapters of this dissertation. For simplicity, 

the aberrations will first be described for rotationally symmetric systems 

with the Seidel sum then, for non-rotationally symmetric system via the use 

of Zernike polynomials. Since the human eye is the system of interest, 

understanding aberrations in non-rotationally symmetric is crucial in 

characterizing and reconstructing its wavefront deformations. 
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 Aberration Theory 2.3.1

The word aberration is derived from the Latin “aberrare” meaning to 

deviate from the standard or the norm [17]. In optics, it refers to the 

deviation of light rays from refracting or reflecting surfaces that lead to a 

blurry image. In geometrical optics, light is described as a ray.  The Gaussian 

imaging equation predict the location and size of a perfect unaberrated 

image, where a point in object space maps to a point in image and line maps 

to lines and so forth. This description of optical systems commonly referred to 

as first order optics provides a “partially” accurate depiction of refraction and 

image formation. “Partially” because it does not take into account the 

presence of aberrations that occur outside of the paraxial region. In addition, 

diffraction theory, where light is described as a wave, one can fully 

characterize an optical system by defining all the first order optical 

properties and allows for the calculation of aberrations. 

 

 

Figure 2-5. Wavefront of optical system [18]. 
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A wavefront is a surface of constant phase as shown in Figure 2-5 

above. The wavefront can be spherical, planar or any surface that can be 

mathematically defined.  In a perfect rotationally symmetric optical system 

free of aberration, an incident spherical wavefront is focused into a diffraction 

limited point in image space. In the presence of aberration, the unaberrated 

wavefront serves as the reference wavefront of the optical system. The new 

wavefront is now defined as the summation of the perfect wavefront and the 

localized departure from the perfect wavefront over the entire field. The 

wavefront deformations lead to a spot that is no longer diffraction limited at 

the image plane as shown in Figure 2-6. They can be characterized and 

described mathematically by the pupil function H and the aperture vector ρ 

as show in Figure 2-7.  The dot product to these two vectors can be used to 

describe the wave function where θ is the angle formed between the two 

normalized vectors [17] [18] [19].  

 

Equation 2-1 

 

Since the system is rotationally symmetric the wavefront is given by the 

following expression and Seidel coefficients are calculated using the Seidel 

sums;  

𝑊 𝐻, 𝜌 =   𝑊𝑘 ,𝑙𝑚

𝐽 ,𝑚 ,𝑛

𝐻𝐾𝜌𝑙 cos𝑚 𝜃  
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Equation 2-2 

 

  The system described is independent of rotation and reflection with 

respect to the optical axis. The system is considered fully corrected when it 

results to sharp and undistorted image plane along the perpendicular of the 

optical axis assuming that the object plane is also orthogonal to the optical 

axis. The first three terms W200 W111 W020 describe the properties relating to 

first order optics: piston, magnification and focus respectively. In order for an 

optical system to be considered aberration-free, the next five must be equal to 

zero or very minimal.  

 

Figure 2-6 effects of an aberrated wavefront on Gaussian image point [17]. 
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Figure 2-7. Basic elements of a rotationally symmetric optical system [17]. 

 

 Defocus 2.3.2

W020 describes a defocus term. Defocus is considered to be pseudo-

aberration because in theory the an ideal image is still formed, just not in the 

plane determined by the Gaussian imaging equations. Defocus therefore is 

the result of the shift along the optical axis from the predicted image location 

that is dependent only on the aperture vector. The observation plane can be 

shifted for various reasons including the reduction of other axial aberration. 

In the human eye however, defocus is a result of biological variation in the 

shape of the cornea and the length of the eye shown in Figure 2-8 . An eye 

that is unaffected by defocus aberration is said to be emmetropic, where light 

entering the eye forms a sharp or focused image on the retina. Defocus is the 

most common error in the human. Humans are affected by a wide range of 

defocus deemed myopia and hyperopia. In myopic eyes, the light focuses 
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before the retina resulting in a blurry spot that cannot be resolve by the rods 

and cones the photoreceptors of the eye. In hyperopic eyes, the light focuses 

after the retina which forms a blurry image that is again not resolvable by 

the photoreceptors. In the human eye, defocus is usually correct with, 

spectacles, contact lenses or  refractive surgery [20].  

ey

dz

R Image / 

Retinal 

Plane  

Figure 2-8 Defocus in the eye 

 

 Astigmatism 2.3.3

Astigmatism W222 is a result of different curvatures between the 

sagittal and the tangential plane in rotationally symmetric optical systems. 

An incident spherical wavefront does not focus to a diffraction-limited spot. 

Instead, light passing through the tangential meridian focuses to a line, 

while light passing through the sagittal meridian also focuses to a line, but at 

a different axial location in image space. It is the difference in location of 

these foci that creates the astigmatism effect, the magnitude of the power in 

each direction determines the shape of the spot being imaged by the optical 

system.  For a rotationally-symmetric system, astigmatism is dependent on 
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both the field and the aperture vector the power and shape of the lens 

determines define the astigmatism as shown in Figure 2-9. The human eye is 

particularly susceptible to the effect of astigmatism because it is not 

rotationally symmetric, therefore the shape power contributing surfaces in 

the eye can result in curvature difference along orthogonal axis. In fact 

astigmatism is the second most prominent aberration is the human eye. 

Similar to defocus aberration, astigmatism in the human eye is usually 

corrected with toric spectacles and contact lenses or refractive surgery [16] 

[21]. 

 

Figure 2-9 Astigmatism in rotationally symmetric system [18]. 

 

 Spherical aberration  2.3.4

The term W040 is spherical aberration. It is a monochromatic 

aberration that describes a change in focus with respect to the size of the 



 

 

 

43 

aperture to the power of four as shown in Figure 2-10. Paraxial rays close to 

the optical axis focus close the expected focal plane called the paraxial image 

plane. However, as the ray height increases, the marginal rays focus farther 

away from the paraxial image plane blurring the image spot. The deviation 

from the paraxial image point to the marginal image point along the optical 

axis is referred to a longitudinal spherical aberration. The deviation in image 

height at the paraxial plane is called transverse spherical aberration.  

 

Figure 2-10 Spherical aberration along the optical axis and spot diagram for varying focal 

planes [ [18]  

 

The remainder of the terms in the equation 2.1 above describes coma 

in x and y, trefoil in x, y, distortion and field curvature for the fourth order 

aberrations are show in Table 2-1. In addition, chromatic aberrations are also 

prominent in many optical systems. However, they will not be discussed at 
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length in this dissertation. For the purpose of this work, we will concentrate 

on the effect of defocus and astigmatism because they are the most prominent 

aberrations in the human eye and result to the highest effect on the quality of 

the image presented to retina.   

 

Table 2-1 List of wavefront aberration up to 6th order. [17]  
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 Aberration of asymmetrical optical systems 2.4

The previously defined aberrations take advantage of the symmetry that 

exist in the majority of optical systems where the optical axis coincides with 

the center of the entrance pupil of the system. However, in biological systems 

like the human eye, the symmetry that allows us to describe aberrations in 

that manner no longer applies. Therefore polynomials are recruited to fit a 

given surface in order to characterize the type of aberration and the 

magnitude of the deformation present [22] [23].  

Zernike polynomials are a common set of polynomials that are used in 

visual optics research to describe a given wavefront. Zernike polynomials are 

unique because they provide a complete orthonormal set over a normalized 

continuous unit circle for two separate variables: a radial polynomial ρ and 

an azimuthal frequency θ, where the wavefront can be represented by 

equation 2-3.  

 

Equation 2-3 

 

Equation 2-4 

Where the radial component R(ρ) is given by 
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Equation 2-5 

and the azimuthal component 𝑀 𝑚𝜃  is  

 

Equation 2-6 

 

The wavefront W (ρ,θ) is described by the Zernike coefficients 𝑎𝑛𝑚 and 

the corresponding Zernike functions 𝑍𝑛
𝑚 𝜌, 𝜃 . The coefficients determine the 

weight of each orthonormal term in the expansion and the functions 

determine the shape associated to the wavefront which can be classified in 

terms common forms of aberrations. The standard approaches to reporting 

Zernike modes vary depending on the field. In vision science research, a 

double index system where n represents the radial order and m corresponds 

to the angular frequency is customary. Additionally, a single index is 

commonly used in calculation in order to arrange the Zernike modes in a 

matrix. In this research, a double index ordering will be used. The second 

order terms (n = 2) which refer to defocus and astigmatism are considered 

lower order terms.  They represent refractive errors in the eye responsible for 

refractive error. The higher order terms include coma, spherical aberration, 

trefoil and higher order astigmatism as shown in table  
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Table 2-2 and Figure 2-11.  

 

Figure 2-11: Surface profiles of Zernike polynomials up to 4th order. 
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Table 2-2 Describes the various Zernike terms and groups them relative to defined vision 

terms. 

 

  
Aberrations Zernike Coefficients 

Lower 

Order 
  

Defocus and 

Astigmatism 
𝑍2

−2   𝑍2
0    𝑍2

2 

Higher 

Order 

  
Higher Order 

Aberrations 
𝑍3

−3 𝑡𝑜 𝑍6
6 

Individual 

Aberrations 

Spherical  𝑍4
0    𝑍6

0 

Coma  𝑍3
−1  𝑍3

1 

Trefoil 𝑍3
−3  𝑍3

3  

Fourth Order 

Astigmatism 
𝑍4

−2  𝑍4
2 

Quadrafoil 𝑍4
−4   𝑍4

4  

Grouped by 

Radial 

Zernike 

Order 

Third Order 𝑍3
±𝑚,𝑜𝑑𝑑

 

Fourth Order 

Astigmatism 
𝑍4

±𝑚,𝑒𝑣𝑒𝑛
 

Fifth Order 𝑍5
±𝑚,𝑜𝑑𝑑

 

Sixth Order 𝑍6
±𝑚,𝑒𝑣𝑒𝑛

 

.  

 Adaptive Optics 2.5

Wavefront correction can be found in a broad array of fields from 

astronomy to vision science.  Wavefront sensing technology has made vision 

correction and diffraction-limited retinal imaging realizable in real time 

correction of ocular aberrations through the application of Shack-Hartmann 

wavefront sensing. Wavefront compensation has been previously applied to 

identify aberrations that exist in an eye and corrected for the measured 

wavefront by applying adaptive mirror technology.  The concept of applying a 

Shack-Hartmann wavefront sensor for ocular measurements of the wavefront 
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has been well documented in vision science and physiological optics research 

[24] .   

Adaptive correction of the eye progressed further through automation 

and the advancement of adaptive optic technology [25]. The first closed-

looped adaptive optic technology that coupled the Shack-Hartmann 

wavefront sensing technology with adaptive optic technology was that of the 

reflective deformable mirror.  This technology has found application in 

multiple areas of vision science such as ocular correction, retinal imaging, 

refraction correction, eye tracking and disease identification [26] [27]. 

Alternatively, reflective liquid crystal and MEMs configurations have been 

used [28] [29] [30] [31]. Reflective systems suffer from larger configurations 

as the line of sight is reimaged through the reflective system. These reflective 

systems produce unnatural scenes with multiple planes such as the mirror 

for the patient to fixate upon. 

  Transmissive adaptive devices offer the capability of observing natural 

scenes without reimaging optics in the viewer’s line of sight.  Optofluidic [32] 

[33] [34] and transmissive liquid crystal spatial light modulators [35] are two 

transmissive adaptive optics approaches that can correct for wavefront 

errors. Transmissive liquid crystal spatial light modulators suffer from the 

shortfalls of pixelation caused by phase discontinuity at the pixels edge, are 

strongly wavelength dependent, and produce a limited dynamic range. 

Pressure controlled fluidic lenses were selected as the optimal transmissive 
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technology for the tunable ophthalmic wavefront correction for the automated 

eye exam because it can easily correct for sphere and cylinder powers 

covering the ranges expected in the human eye [36] [37] [38]. 

The fluidic auto-phoropter presented here combines a Shack-Hartmann 

wavefront sensor with a compact and inexpensive refractive fluidic lensbased 

phoropter.  The system has an open-view design, where the user observes 

real objects at various image distances. Additionally, the elements are 

transmissive, allowing for a more compact design when compared to 

reflective systems.  The goal is to develop an adaptive binocular see-through 

auto-phoropter that automatically measures a patient’s spherical and 

cylindrical refractive error at a natural viewing distance, then nulls this error 

with a stack of sphero-cylindrical fluidic lenses.   

 Shack-Hartmann Wavefront Sensors 2.6

Many wavefront sensing methods are available to measure aberrations 

in vision research. They are usually categorized as direct and indirect 

wavefront sensing. Direct wavefront sensing samples and measures the 

wavefront directly; on the other hand, indirect wavefront sensing measures 

one or more characteristics of the wavefront then the data is processed and 

interpreted into useful wavefront information. A Shack-Hartmann wavefront 

Sensor is a direct measurement technique. It is an alteration of the 

Hartmann screen where the apertures of the screen are replaced with a 

matrix of micro-lenses commonly referred to as a lenslet array as shown in 
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Figure 2-12. The lenslet array consists of evenly spaced micro-lenses of the 

same focal length. A detector is placed at the focal plane of the lenslet array 

where a spot pattern can be observed. When the incident wavefront is 

unaberrated, the spot pattern is composed of equidistant spots of uniform 

brightness. In the presence of an aberrated wavefront, the spots lose their 

uniformity in a manner consistent with the incident wavefront deformation 

as illustrated in Figure 2-12. The local slope of the shifted spots with respect 

to the unaberrated spots can be used to reconstruct the incident wavefront.  

   

 

      

Figure 2-12: Shack-Hartmann Wavefront Sensing:  Focus spot patterns created in the focal 

plane of the lenslet array illustrate how the plane wave focuses light on axis (left); while the 

aberrated wavefront (right) shows displacement related to the local slopes of the incident 

wavefront. 
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Figure 2-13: Shack-Hartmann Spot Displacement:  Identification of the displacement of the 

centroid relative to the on-axis collimated wavefront in the y dimension for lens ip,jp of the 

lenslet array.  This analysis is also performed in the x-dimension. 

 

 Figure 2-13 is a representation of the shifting that occurs in the y-

direction from one lenslet when the incident wavefront is aberrated. The shift 

from the reference spot can be measured to calculate the local slope of the 

wavefront relative to the corresponding reference spot. Where f is the focal 

length of the lenslet array, and Δy is the shift.  Assuming, that center of each 

lenslet is located at a point (ip,jp) on the CCD array, the parallel line that 

forms between the center of the lenslet to the point (ip,jp) can be considered at 

the optical axis of that particular lenslet. Unaberrated collimated light will 

enter each lenslet and focus at the corresponding focal spot at the image 

plane, which corresponds to a sampled portion of the incident wavefront.  

When aberrations are present, the slope at various locations of the wavefront 

may be altered causing a shift in the focal spots that corresponds to a given 

portion of the wavefront given by (ip,jp

displacement of one spot with respect to a reference spot. . Similarly, the shift 
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can also be calculated in the x-direction and label Δx.   The shift Δx and Δy 

associated to each lenslet is the partial derivative of the wavefront at that 

location given by  

 

 

Equation 2-7 

 

Equation 2-8 

 The lenslet array are not diffraction-limited, therefore the observed reference 

spot pattern is not collection of perfect point, but rather a collection of 

diffraction pattern derived from individual lenslets. Therefore, in practice, 

the slopes are calculated by locating the centroids of each spot with respect to 

each reference spot. Once all the slope data have been collected, they can be 

integrated to reconstruct the incident wavefront.  In vision research, the 

slopes are fitted over a set of complete polynomials that is continuous over 

the entire pupil of the eye which is assumed to be circular.  Typically least 

square methods are used to fit the slope data to Zernike polynomials 

previously discussed. 

Since the wavefront is reconstructed with respect to a reference spot 

pattern, the presence of aberrations and inconsistencies in alignment does 
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not affect the accuracy of the measurements. However, it can limit the 

dynamic range of the Shack-Hartmann wavefront sensing instruments. 

Assuming that alignment is correct and the reference wavefront is a plane 

wave, the range of measurements and the sensitivity of the sensor are only 

limited by the focal length and the pitch of the lenslet array.  

 

 Fluidic Lens Fabrication 2.7

The fluidic lens is a plano-convex lens that consists of a planar glass plate, a 

flexible membrane, and a retainer ring that controls the shape of the wavefront. 

The membrane is made of molded polydimethylsiloxane (PDMS). The molding 

process yields an optical surface variation of less than 5λ at 785nm with thickness 

ranging from 200 to 400µm. A detailed description on the fabrication of the 

membrane and the lens assembly can be found in Appendix A. This unique 

configuration creates a chamber between the flexible membrane and the glass 

plate. Once assembled, plastic tubing is attached to a valve in the assembly and an 

automated pump-controlled syringe is used to inject or withdraw the appropriate 

amount of fluid into or from the chamber. Changing the amount of fluid allows 

adjustment of the lens’ optical power, thus creating a variable focal length lens 

capable of inducing both positive and negative powers. A design with a circular 

retainer ring results in a spherical fluidic lens that operates as a variable focal 

length Plano-convex or concave singlet.  The change in fluid pressure induces only a 

change in defocus while the remaining Zernike terms remain nearly unchanged. 

Therefore, the spherical fluidic lens can generate and correct large amount of 
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defocus in a given optical system with minimal induced aberration.  For the 

purpose of this work, two fluids were selected as the refracting media, deionized 

water and optical-grade oil with a refraction index of 1.5570. The plots in Figure 

2-14 show the variation in optical powers as the fluid volume changes for a 

spherical lens being used for two separate trials. These values were used to develop 

a pump-controlled program in LABVIEW (National Instruments, Austin, Texas, 

U.S.) to monitor and control the fluid volume in the optical chambers, thus 

controlling the optical power of the fluidic lens. This automated process provided 

the ability to alter the optical power of the fluidic lens in increments as small as 0.1 

D. The cylindrical lenses are designed and assembled in a similar fashion, but with 

a rectangular retainer ring. The combination of the cylindrical lenses oriented at 

450 with respect to each other allow for the capability to generate a wide range of 

cylindrical powers, oriented along any axis.  In chapter 3, a complete analysis of the 

fluidic technology for ophthalmic applications will be presented.  
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Figure 2-14: Calibrated fluidic lenses upon assembly with deionized water, Lens 1, and Lens 

2. This shows a linear response between the volume injected and the optical power achieved.  
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3 AUTOMATIC OBJECTIVE EYE EXAM WITH THE 

USE OF REFRATIVE OPTICAL ELEMENTS 

 Introduction 3.1

In this chapter, the feasibility of the automated adaptive phoropter is 

evaluated. The system is comprised of three modules: first, a sequence of 

fluidic lenses: spherical, cylindrical and axis combinations driven by an 

electronic pump-controlled system; second, a pair of off-axis relay telescopes, 

and finally a Shack-Hartmann sensor. The ability of the fluidic lens 

technology to induce and correct the most prominent refractive errors, which 

are defocus and astigmatism, is demonstrated through a detailed wavefront 

analysis of the fluidic lenses. Next, the dynamic range of the fluidic lenses is 

calculated and measured to determine their ability to accommodate the wide 

range of ophthalmic prescriptions.  In addition, the optical design for a see-

through Shack-Hartmann refractometer is modeled, built and tested for both 

a monocular and a binocular adaptive auto-phoropter device.  The goal is to 

transform the subjective eye exam to a fast, accurate and automated objective 

process.   

 Wavefront Analysis of Fluidic Auto-Phoropter 3.2

There are two primary sources of wavefront variability in designing the 

fludic auto-phoropter system. The first source, wavefront variability, derives 

from a measurement of the eye’s aberrations. The fluidic lenses are the 

second source of wavefront variation. They are used to compensate errors 
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induced by the eye in order to achieve a close-looped system.  The 

combination of sphero-cylindrical fluidic lenses serves as the dynamic 

component in the adaptive optics technology to compensate for the users 

wavefront error to null out the wavefront error measured by the auto-

phoropter, thus producing a fully corrected view for the patient. The sum of 

the wavefront error of the eye and the wavefront generated by the fluidic lens 

of the auto-phoropter must equal zero to null out the wavefront error and 

produce a clear image as shown in Equation 3-1. 

 

Equation 3-1 

 

The closed-loop system allows for real-time corrections of the 

wavefront.  The eye’s wavefront measurement is calculated from the Shack-

Hartmann wavefront sensor. The Shack-Hartmann wavefront sensor can 

measure both lower-order and higher-order Zernike modes to represent the 

wavefront error present in the eye as show in Equation 3-2 below.  

 

Equation 3-2 

 

Equation 3-2 includes defocus, astigmatism, trefoil in x and y, coma in 

x and y, tetrafoil in x and y, secondary astigmatism in x and y, and primary 

𝑊𝑒𝑦𝑒 = 𝑊𝑆𝐻 =  𝑎(𝜈𝑒𝑦𝑒 ) 𝑍   2
−2 + 𝑏(𝜈𝑒𝑦𝑒 ) 𝑍2

0 + 𝑐(𝜈𝑒𝑦𝑒 ) 𝑍2
2 + 𝑑(𝜈𝑒𝑦𝑒 ) 𝑍   3

−3 + 𝑒(𝜈𝑒𝑦𝑒 ) 𝑍   3
−1

+ 𝑓(𝜈𝑒𝑦𝑒 ) 𝑍3
1 + 𝑔(𝜈𝑒𝑦𝑒 ) 𝑍3

3 + ℎ(𝜈𝑒𝑦𝑒 ) 𝑍   4
−4 + 𝑖(𝜈𝑒𝑦𝑒 ) 𝑍   4

−2 + 𝑗(𝜈𝑒𝑦𝑒 ) 𝑍4
0

+ 𝑘(𝜈𝑒𝑦𝑒 ) 𝑍4
2 + 𝑙(𝜈𝑒𝑦𝑒 ) 𝑍4

4 
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spherical aberrations or 𝑍   2
−2 through  𝑍   4

−4 Zernike modes. Each Zernike term 

has a coefficient that describes its weight as previously discussed in chapter 

2.  For the purpose of this work we will focused on the second order radial 

Zernike terms as they represent astigmatism and defocus values for basic 

prescriptions outputted during typical eye examinations.  Additionally, the 

current fluidic lens technology was designed to correct for these two terms. 

Therefore the eye’s error terms from the wavefront sensor are limited to the 

second order radial Zernike terms where 

 

Equation 3-3 

   

The stack of fluidic lenses is designed to correct the second order radial 

Zernike terms. The fluidic auto-phoropter corrects for 𝑍   2
−2 through 𝑍2

2. On 

average, the second order terms of defocus and astigmatism account for 

approximately 90% of error in the human eye population. The coefficients 

𝑎 𝜈𝑒𝑦𝑒  , 𝑏 𝜈𝑒𝑦𝑒 , 𝑐 𝜈𝑒𝑦𝑒   represent the amount of error for each second order 

Zernike term.   

 Correction can be achieved for a given amount of astigmatism and 

defocus in the eye by compensating for the aberrations with a combination of 

two cylindrical lenses and a defocus lens, where the stack of three lenses is 

the fluidic phoropter [38].  It has been previously shown that the cylinder and 

defocus lenses produce negligible aberrations for all higher-order terms 
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except for the second order Zernike polynomial astigmatism and defocus 

terms.    

 

Figure 3-1 Mechanical model of phoropter with a defocus lens and two astigmatic lenses that 

are oriented 450 relative to each other [38]. 

 

 

The fluidic phoropter produces power and cylinder correction at any 

angle. The designed system is a compilation of two astigmatism lenses 

oriented 45o relative to each other and a defocus lens. The defocus lens 

produces only power variations, while each cylindrical lens produces 

astigmatism terms and a residual power error [37]. By orientating the two 

astigmatism lenses 45o relative to each other, correction for any axis 

orientation of astigmatism is achieved.  The additional to defocus error 

introduced by the cylindrical lenses can be compensated for by adjusting the 

spherical lens.  Additionally, the spherical lens may produce residual 

astigmatism errors, although these errors have been minute, derived from 

uneven distribution of pressure due to inconsistencies during assembly or 

alignment. The defocus lenses and two cylindrical lenses set at 0o and 45o are 

 Double Astigmatic 

Lens 

Defocus 
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represented with Zernike expansions. The residual terms are represented 

with an R subscript in the Equation 3-4Equation 3-6.  

 

Equation 3-4 

 

Equation 3-5 

 

Equation 3-6 

 This observed residual aberration has been found only in the second 

order Zernike terms.  This is advantageous in that compensation for the 

residual aberration with the other lenses in the stack can be achieved 

without inducing higher order error.  A second advantage is that these 

residual terms have a much smaller magnitude relative to the corrected 

Zernike terms of each respective fluidic lens.  As these residual aberrations 

are slight, they provide the ability to compensate for these terms to optimize 

the compensation process. After several iterations of compensation between 

fluidic lenses in adjusting the fluid volume per lens to increase the accuracy 

of the phoropter system relative to the wavefront measurement until the 

desired null correction has been reach.   



 

 

 

62 

 

Equation 3-7 

 

Once the amount of compensation required for the fluidic lenses to 

correct each of the Zernike terms is identified, correction is achieved by 

canceling each Zernike eye coefficient with the summed phoropter coefficients 

of that particular aberration. The wavefront measurements for astigmatism 

and defocus can be extracted and converted to readable prescriptions by 

combining Equation 3-1,Equation 3-3Equation 3-7.  The auto-phoropter 

adjusts the weight of each coefficient until an optimized null position is 

reached.  

 

Equation 3-8 

 

Equation 3-9 

 

Equation 3-10 

 The ultimate goal is to output ophthalmic prescriptions from these 

Zernike values. The Zernike coefficients that are typically reported in 

microns or waves combined with the radius of the pupil can be converted to 
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refraction prescription terms familiar to eye care professionals using the 

following definitions [13]: 

 

Equation 3-11 

 

Equation 3-12 

 

 

Equation 3-13 

 The Zernike coefficients can be converted into the sphere, cylinder, and 

axis prescriptions through the above definitions to either the plus cylinder 

form or the minus cylinder form [13].  The refraction formulas can be written 

in two distinct formulations: 

𝑆𝑝ℎ =  𝜑1 

𝐶𝑦𝑙 =  𝜑2 − 𝜑1 

𝐴𝑥𝑖𝑠 =  𝜃1 

Equation 3-14 

 

𝑆𝑝ℎ =  𝜑2 

𝐶𝑦𝑙 =  𝜑1 − 𝜑2 

𝐴𝑥𝑖𝑠 =  𝜃1 + 90𝑜 

Equation 3-15 

In the world of prescriptions, ophthalmologists traditionally prescribe 

plus cylinder and optometrists minus cylinder.  The determination of which 

set is minus cylinder and which set is plus cylinder is formulated on the 
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magnitude of our defined terms 𝜑1 and 𝜑2. Under the condition that   𝜑2 −

𝜑1 > 0 , then the form of equation 3-14 is plus cylinder and the form of 

equation 3-15 is minus cylinder.  If the condition is inverted in that 𝜑1 − 𝜑2 >

0, then the form of equation 3-15 is plus cylinder and the form equation 3-14 

is minus cylinder.  The axis term has one additional stipulation in that the 

axis may not be lower than 0o or higher than 180o. If the Axis term is at or 

below 0o, then 180o is added to that value to correct for the term.  If the axis 

term is above 180o, then the axis term is subtracted by 180o for correction of 

the value.  Through this approach, the Zernike polynomial terms are 

converted to prescriptions relevant to both optometrists and 

ophthalmologists.   

 

 Modeling and Simulation of a Fluidic Auto-Phoropter  3.3

Two models were developed prior to building a functional device to prove 

the power measurement range of both the Shack Hartmann refractometer 

and also the fluidic phoropter coupled with the refractometer.  The Shack 

Hartmann refractometer modeling was an optical outlay of the device in 

ZEMAX (Radiant Zemax, Redmond, Washington, U.S.). The ZEMAX 

modeling was applied to theoretically define the range that the optical design 

allowed for the measurement of eye powers.  It developed the concept of 

measuring spherical power compensation for a model eye, where the fluidic 

power was set at zero. Secondly, FRED (Photon Engineering, Tucson, 
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Arizona, U.S.) illumination software was applied to measure power variation 

from the stack of fluidic lenses placed within the auto-phoropter instrument 

to model the variability observed at the sensor location.    

As mentioned, there are three primary components of the fluidic auto-

phoropter device.  The designed systems three main modules are a fluidic 

lens, a relay telescope and a Shack-Hartmann sensor. Following the fluidic 

lens stack there is a relay telescope to reimage the wavefront at the entrance 

pupil of the eye to the lenslet array of the Shack-Hartmann sensor. 

Additionally, there are two beamsplitters at two various locations, depending 

on the two discussed designs.  The beamsplitters reflect the infrared beam 

used in the Shack-Hartmann wavefront sensor.  The beamsplitters also pass 

the visible light, allowing for the subject to view external targets such as an 

eye chart.  The system works as follows. (1) Infrared light is shone into the 

eye and scatters from the retina. (2) The scattered light exits the eye as an 

emerging wavefront that is relayed through the fluidic lens to the Shack-

Hartmann sensor.  The sensor reconstructs the wavefront and extracts the 

sphero-cylindrical refractive error.  This value is then applied to adjust the 

volume of liquid in the fluidic lenses in an attempt to null out the refractive 

error.  Feedback of the wavefront from the eye and fluidic lens combination is 

then used to monitor the fluid volume and keep the net refractive error at a 

minimum. A prescription is calculated as described above by converting the 

second order Zernike terms to sphere, cylinder, and axis values.  The ZEMAX 
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ray tracing model was developed to determine the properties and ranges of 

the automated phoropter. 
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Figure 3-2 The layout of the first design is a 4f imaging system that is composed of a stack of 

fluidic lenses, a relay telescope, and Shack-Hartmann wavefront sensor.  The user looks 

through the system from where the model eye is located. 
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Figure 3-3 The layout of the second design is an equivalent 4f imaging system to the first 

design .  The system is still composed of a stack of fluidic lenses, a relay telescope, and 

Shack-Hartmann wavefront sensor.  The user’s field of view has increased and a more 

natural scene is produced as the only powered optics in the line of sight of the user is the 

fluidic phoropter.  
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Prior to describing the results from the ZEMAX software, a drawing of 

the system layout was generated in Visio.  Figure 3-2 and Figure 3-3 are both 

systems that represent the described optical design. Relative to the Shack-

Hartmann Sensor, both systems are equivalent.  The optical path lengths for 

the wavefront reimaged from the eye model are optically equivalent. In 

Figure 3-2, the relay telescope produces 4-f imaging system.  4-f imaging 

systems eliminate angular magnification relative to the transverse field 

position. Thus, the wavefront exiting the model eye is replicated to the lenslet 

array of the Shack-Hartmann with 1:1 angular magnification.  The measured 

wavefront at the lenslet position is then a representative value of the user's 

prescription.  

Figure 3-3 is an equivalent optical system relative to the Shack-

Hartmann sensor but not with respect to the patients view.  The optical 

components with power were shifted from the user’s line of sight.  This 

reduces undesired field effects for the user and enhances a natural scene.  

Additionally, the field of view is increased since the relay system is now 

positioned off axis. With this alteration, the 2-f separation between the 

optical doublets in the relay telescope is still achieved. The path length 

separation between the first doublet and the eye is still f. The separation 

between the lenslet array and the second doublet of the relay system is f.  

Another advantage of the system in Figure 3-3 is that additional optics such 

as signal amplifiers and filters can be inserted off axis to enhance or 
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attenuate the signal reaching the sensor.  These elements can be inserted in 

front of the telescopic system without interfering with the field of view of the 

user’s line of sight.   

As both Figure 3-2 and Figure 3-3 are optically equivalent relative to 

the Shack-Hartmann sensor, they both can be represented by a single 

ZEMAX model for optical analysis. The optical design for the auto-refractor 

can be replicated non-sequentially within ZEMAX in sections and recombined 

to develop a fully functional system.  A non-sequential model was developed 

to achieve the design of the auto-phoropter device.  The model of the auto-

phoropter was developed with the dimensions equivalent to Figure 3-2.   

 

 

 

Figure 3-4:  NIR light imaged onto the Shack Hartmann sensor through the auto-phoropter 

system.  The fluidic lens powers were set to zero.  As the system is properly aligned the point 

sources are evenly separated in 250 micron separations. 

 

The spot diagram shows a continuous separation away from the optical 

axis, illustrating that the optical model possessed proper optical separations.  

Figure 3-4 displays the collimated light entering the imaging plane of the 
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Shack-Hartmann refractometer.  The power from the fluidic lenses is set to 

zero as to properly test the system.  In this design, all of the points in the 

horizontal and vertical direction were for an eye with a corneal radius of -7.8 

mm and Δx, Δy separations of 250µm microns.  The flat mirror beyond the 

corneal radius was set at the focal planeThis exhibited continuity in 

separation that matched the separation of the lenslet in the array of the 

Shack-Hartmann sensor.   

 An analysis of the optical power was performed after validating the 

refractometer as a viable component of the auto-phoropter. Singularly 

symmetric square points at the image plane were achieved by replicating a 

model eye.  The model eye was replicated by applying a model lens with a 

known focal length and a flat mirror placed at the back focal distance. When 

any additional power is induced at the eye position, then the power at the 

detector plane is identified through a change in slope (Δx, Δy).  This change in 

slope creates a change in the wavefront and thus converts to a wavefront 

error measurement (δφ): 
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Equation 3-16 

 

 The amount of spherical error that is corrected within the eye is 

usually between -25D to 25D.  To see if this optical design is physically 

capable of replicating the required diopter range it is necessary to see the 

required power range that would be needed for the fluidic lenses to match 

power correction of the eye.  The power variation was modeled solely on the 

eye location.   The amount of power correction was modeled at the cornea by 

creating compensating power by adjusting the radius of the cornea.  For each 

corneal radius the positions were mapped relative to the amount of shift.  A 

second approach was to introduce a paraxial focal length in front of the 

cornea and identify the point variation at various focal lengths.  With either 

approach the shift was identified and then the previous equations were 

applied to determine the amount of power change observed for each corneal 

radius as shown in  
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Table 3-1.   
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Table 3-1:  As one adjusts the radius of the cornea, the marginal ray height varies relative to 

a fixed position. The modeled back distance from the lenslet array is adjusted to the image 

plane as to match the marginal ray height, identifying the change in power. 

Corneal 

Radius 

(R) mm 

(x,0) 

in mm 

(0,y) 

in mm 

Δx in 

mm 

Δy in 

mm 

r 

(mm) 

f 

(mm) 

δφ 

(Diopters) 

-7.3 214.34 213.92 
-

38.16 

-

38.58 
54.26 18.53 38.09 

-7.4 224.18 224.22 
-

28.32 

-

28.28 
40.02 19.17 36.88 

-7.5 232.58 231.96 
-

19.92 

-

20.54 
28.61 19.73 35.95 

-7.6 240.16 240.01 
-

12.34 

-

12.49 
17.56 20.23 34.92 

-7.7 246.72 246.56 -5.78 -5.94 8.29 20.66 34.70 

-7.8 252.5 252.5 -- -- -- -- -- 

-7.9 257.5 257.43 5 4.93 7.02 21.41 -33.26 

-8.0 262.5 262.53 10 10.03 14.16 21.73 -32.49 

-8.1 266.66 266.61 14.16 14.11 19.99 22.02 -32.08 

-8.2 270.83 270.86 18.33 18.36 25.94 22.29 -31.75 

-8.3 274.16 274.14 21.66 21.64 30.62 22.54 -31.36 

-8.4 277.9 277.8 25.4 25.3 35.85 22.76 -30.94 

-8.5 
Diffraction 

Limit      

 

 This compensated power has matching resolvable points that were 

outputted in zemax as a spot diagram.  The image plane was scaled to the 

size of the CCD array to properly model the system.  The higher limit of the 

auto-phoropter on the CCD array was 500D as is shown in Figure 3-5.  This 

suggests that for the higher diopter powers, the limiting factor for the fluidic 

auto-phoropter is defined by the fluidic lenses power range instead of the 

Shack-Hartmann refractometers measurement capabilities. Figure 3-5 shows 
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the lower limit of the Shack-Hartmann refractometer as defined by approach 

1 and approach 2 with the current optical positioning. The anticipated 

singular points form coma shapes and lose resolvability beyond -30D.  If for 

example the fluidic lens can achieve a physical range of-35D to 35D of power, 

then the upper limit of 35D will be defined by the fluidic lens and a lower 

limit of -30D will be defined by the Shack-Hartmann refractometer.  The 

model shows that the optimum range would be for the fluidic lens to operate 

from -30D to 30D.  This will allow the sensor to be the limiting factor for 

negative powers and the fluidic lens to be the limiting factor for positive 

powers, thus optimizing the design.   

 

Figure 3-5: The top two images identify the limit of the camera’s resolving power relative to 

the amount of the eye’s optical power that is trackable.  The bottom left shows how many 

distinguishable points are observed at 500 D. 

  

The power variation produced by the stack of fluidic lenses is modeled 

in addition to the refractometer model to replicate the operational state of the 

fluidic auto-phoropter device.  Stray light scatter for the entire system were 
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analyzed in addition to modeling the effects of the adaptive fluidic lenses on 

the fluidic auto-phoropter.  FRED illumination software was selected to fully 

model the functional fluidic auto-phoropter design.  The model below was 

imported from the system previously demonstrated in ZEMAX. The 

illumination software identifies the blurring of points and the system’s 

capabilities of correcting cylinder and sphere power.   

 

 The designed auto-phoropter model in ZEMAX identified the system 

capability of measuring -30 D to + 500 D of error for the refractomer aspect of 

the auto-phoropter without power from the fluidic lenses.  The fluidic 

phoropter does not have this physical range and thus the limiting factor is 

the fluidic phoropter [29].  The approach in simulating the change in power of 

the stacked fluidic lenses was applied to define the fluidic lenses radius of 

curvature in FRED. The radius of curvature and focal length ranges are now 

predefined by the actual fluidic lens range, where the power range was 

calculated empirically [32].  It was shown that the defocus lens has the 

capability of measuring to a focal length of -50 mm with De-ionized (DI) 

water as the fluid in the optical chamber, equating to -20 Diopters.  The 

upper limit showed accuracy to approximately 1200 mm focal length or less 

than 1 Diopter of power.  The empirical results defined by the defocus lens 

power range were applied in the FRED software to simulate the point 

measurements observed at the detector plane of the auto-phoropter system.  

When adjusting the radius of curvature of the lens, the model replicated the 
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physical adjustment in power of the full auto-phoropter device and not the 

power equivalence of the lens.   

 Figure 3-6 is an illustration of how the propagating rays alter in 

direction once the power of the fluidic lens is changed.  On the left collimated 

light entered the Shack-Hartmann detector plane.  With no power from the 

fluidic lens, the light is also exiting the eye model and the relay telescope 

collimated.  Once power is induced to the fluidic lens the light entering the 

model eye diverged or converged depending on the lens power.  In this model, 

the retina is perfectly collimated but the fluidic defocus lens induces power.  

The defocus power variation continued through the entire optical system.  

The refractometer limits were verified by adjusting the power at the model 

eye.  There was a power limit observe as a focusing location along the optical 

axis.  If the focal location is at the lenslet array we find that the wavefront 

slopes are not measurable with our wavefront technology, where the observed 

limit was approximately at -30 D.  The physical limitation for positive power 

was again well beyond the 500 Diopter upper limit that was arbitrarily set. 
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Figure 3-6: The traced rays have shifted from a neatly collimated beam entering the sensor 

in the left to an optical system with high amounts of power when defocus is induced by the 

fluidic lens, showing the power variation of the defocus fluidic lens. 

 

 

The defocus is detectable when the radius of curvature is varied and 

the radius of curvature is controlled from the near focal point to optical 

infinity. Figure 3-7 shows the induction of negative power into the 

phoropter’s defocus lens.  The points collapse inwards, indicating that the 

negative power is causing the slopes of the wavefront to shift inward. By 

assessing the slope, the actual power of the entire auto-phoropter device is 

observed at this image plane.  The fluidic lenses radii of curvature matched 

that of the empirical data.  The fluidic lens coupled with the auto-phoropter is 

physically capable of measuring down to about -20 D of power.  The defocus 

fluidic lens is therefore capable of changing power from -20 D to + 20 D. 

Power changes that are well within the range of the auto-phoropter system.   
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Figure 3-7: The radius of curvature is altered matching the physical range of the defocus 

lenses. The point separation observed on the Shack-Hartmann wavefront sensor identifies 

changed power observed in the system caused by the defocus lens.  The defocus lens power 

variation within the auto-phoropter device is able to compensate between -20 D to + 20 D of 

power. 

 

FRED was also applied to model the coupled astigmatism fluidic 

lenses.  As stated earlier, the two fluidic astigmatism lenses were modeled in 

an orientation 45o relative to each other. Extreme amounts of astigmatism 

correction were chosen to magnify the variation that the optical system can 

measure. A traditional phoropter system would require less than -5 to +5 

Diopters of astigmatism correction to cover a majority of cases.  In one case, - 

20 diopters of astigmatism was applied in the x plane, in a second case - 10 

diopters of astigmatism in the y plane were modeled from the two separate 

astigmatism lenses. Figure 3-8 and Figure 3-9 are two examples that 

illustrate the power detection for astigmatism.   
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Figure 3-8: The radius of curvature is altered on the first astigmatism lens. The point 

separation observed on the Shack-Hartmann wavefront sensor outputs astigmatic variation 

of - 20 Diopters in the x dimension. 

 

 

 

Figure 3-9: The radius of curvature is altered on the second of the astigmatism lenses. The 

point separation observed on the Shack-Hartmann wavefront sensor outputs astigmatic 

variation of 10 Diopters in the y dimension. 

 

The modeling illustrates that the auto-phoropter is capable of 

measuring astigmatism error in multiple orientations. The 20 Diopters of 

astigmatism measurement reaches the limitation of the Shack-Hartmann 

detector, as the lenslet focal points approach each other.  The astigmatism 

values are well beyond the ± 5 Diopters of astigmatism that is currently 

observed in phoropter devices.  It was shown with the FRED and ZEMAX 
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software that astigmatism and defocus correction is quantifiable for 

correction of the fluidic lenses for the eye. Theoretically, the fluidic auto-

phoropter can measure power variation due to the eye with the fluidic lenses 

set at zero.  The fluidic lens can then be applied to null out the wavefront 

error.  This enables for a prescription to be outputted with an automatic 

result for the user.   

 

 Fluidic Auto-Phoropter Device  3.4

The majority of the fluidic auto-phoropter device has been explained in 

previous sections.  Here the focus is on the device functionality and the 

approach the null out the wavefront error from the eye. This section is 

explained in three subsections: 1) calibrating the auto-phoropter to an eye 

model, 2) Calibrating the phoropter for the auto-phoropter device, and 3) 

nulling out the error.   

The explanation of the device functionality begins from the light source. 

The light propagates from the light source through the device to the retinal 

plane before reflecting through the device to the Shack-Hartmann sensor.  

The light source is a fiber coupled super luminescent diode (SLD) with a 

collimator link that operates at 785 nm.  The 785 nm was selected because 

the eye does not absorb the near infrared light while concurrently the user 

perceives only a dim spot from the source.  The light intensity at the retinal 

plane varied between 10 – 30 µW, well below the American Standards 

National Insitute’s maximum permissible exposure [33].  The source output 
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was controlled from a circuit designed in PCB software to drive the light 

source. The low coherence light reduced interference between multiple 

interfaces and also reduced speckle.  A fiber coupled source enabled for the 

super luminescent diode to produce a circular point source that was then 

collimated by the collimator link. This light source was applied to two similar 

designs: 1) the reimaging optics in the line of sight of the user and 2) the 

reimaging optics designed off-axis relative to the line of sight of the user.  The 

light propagates to a coated pellicle beamsplitter or two pellicle beamsplitters 

depending on the design.  The light source intensity is varied to ensure that 

the same amount of light reaches the pupil plane.  Additionally, the fluidic 

lenses are placed between the eye’s pupil plane and the source.  The light 

scatters off the eye back through the fluidic lens and the coated pellicle 

beamsplitters.  The fluidic lens is a stack of three adjustable lenses composed 

of a spherical lens and two astigmatic lenses oriented 45 degrees to one 

another. Any sphere, cylinder and axis combination can be achieved by 

adjusting the fluid volume within the fluidic lenses. Following the fluidic lens 

and beamsplitters there is a relay telescope and an additional coated pellicle 

beamsplitter for design 1. The relay telescope is used to image the eye pupil 

to the lenslet array and to preserve the shape of the wavefront.  The lenslet 

array samples the incident wavefront and provides the wavefront shape 

information as feedback to the fluidic lens stack. The fluidic lenses are 

adjusted to null out the sphero-cylinder error of the eye and flatten the 
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wavefront incident on the lenslet array. Similarly, if a measurement of 

another wave front plane is necessary, i.e., the spectacle plane, then the 

spectacle plane would be imaged to the lenslet array. The measurement from 

the Shack Hartmann wavefront sensor directly identifies an individual’s 

wavefront slope. The wavefront slope directly offers information for 

astigmatism and defocus aberrations, in addition to higher order ocular 

aberrations. This slope information in turn drives the pump mechanisms for 

the fluidic lenses. 

 

 

 

Figure 3-10: A binocular setup for fluidic auto-phoropter design one.  The binocular setup is a 

combination of two monocular auto-phoropters.  One monocular auto-phoropter arm slides, 

taking into account users intraocular separation.  
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Figure 3-11:  Binocular fluidic auto-phoropter with off-axis relay telescope.  

 

Power targeting was accomplished by identifying the power of a model 

eye and then measuring the outputted defocus measurement on the Shack-

Hartmann sensor with a known power from the model eye.  The fluidic stack 

was removed to accurately measure the eye model relative to the device.  The 

variable power model eye was created by placing a flat mirror behind a 

doublet.  The doublet used for the eye model was Edmund Optics 49-314 

which has a focal length of 18 mm and a back focal length of 14.91 mm.  

Adjusting the separation between the lens and the mirror created variable 

optical power of the eye model.  A collimated and corrected emmetropic eye 

was replicated by having the separation of the mirror to the doublet equal to 

the back focal length of 14.91 mm.  As this system is a double-pass design the 
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separation of this telescope system is twice the 14.91 mm in the unfolded 

system.  The power of the physical unfolded system is measured through  

𝜑𝑠𝑦𝑠 = 𝜑1 + 𝜑2 − 𝜑1𝜑2𝜏 =  𝜑𝐸𝑀 2 − 𝜑𝐸𝑀𝜏  , where 𝜑𝐸𝑀 is the optical power of 

the doublet eye model lens and 𝜏 is the separation between the two lenses in 

the unfolded system or twice the mirror shift distance.  The power that is 

outputted from the model eye can be measured by controlling the lens 

separation. By slightly adjusting the physical separation of the lens with the 

mirror at a rate of 50µm, we were able to replicate power variations of our 

eye model in approximately .25 Diopter increments.  By decreasing the shift 

of the mirror to less than 50 microns, we can measure defocus power of the 

model eye in less than .25 D increments, but this is unnecessary as current 

eye exams only apply .25 D power shifts.   

The model eye is inputted into each monocular arm to map the defocus 

power relative to a power shift.  The aberrated wavefront exiting the optical 

device was measured when the eye model was varied by 50 microns.  The eye 

model was properly aligned to the auto-phoropter instrument, thus additional 

odd aberrations were negligible.  The only term that was observed to 

drastically vary was that of the defocus term.  This defocus term of the full 

optical system was then correlated to the power variation in the model eye.  

The described approach was modeled for both 3 mm and 6 mm stop sizes.  

The doublet was chosen with a 9 mm active area as to ensure stop control of 

the system. Additionally the aperture of the optical system was limited from 
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3 mm to 6 mm range for wavefront analysis by the Shack-Hartmann 

software.  This range was selected because it is within the dynamic range of 

the size of the iris.   

Table 3-2: The amount of power measured within the eye is correlated through the 

separation of the mirror and lens to the defocus power of the full optical system.  This 

defocus power will be nulled by the fluidic phoropter to correct for user visual error. 

 
   

 
   

 

Auto-Phoropter 3 mm Stop 

 

Auto-Phoropter 6 mm Stop 

 

Model 

Eye 

Power 

Actual 

Separation 

(mm) 

𝑍2
0 Defocus 

Wavefront 

 

Model 

Eye 

Power 

Actual 

Separation 

(mm) 

𝑍2
0 

Defocus 

Wavefront 

 
+5 D 

15.75 2.47 

 
+5 D 

15.75 8.63 

 

15.7 2.36 

 

15.7 8.29 

 
  

15.65 2.24 

 
  

15.65 7.8 

 

15.6 2.12 

 

15.6 7.36 

 

+4 D 15.55 2 

 

+4 D 15.55 6.96 

   

15.5 1.86 

   

15.5 6.53 

 

15.45 1.7 

 

15.45 5.98 

 

15.4 1.55 

 

15.4 5.42 

 

+3 D 15.35 1.47 

 

+3 D 15.35 5.13 

 

  15.3 1.38 

 

  15.3 4.8 

 
+2 D 

15.25 1.24 

 
+2 D 

15.25 4.36 

 

15.2 1.03 

 

15.2 3.63 

 

  15.15 0.88 

 

  15.15 3.02 

 
+1 D 

15.1 0.7 

 
+1 D 

15.1 2.44 

 

15.05 0.6 

 

15.05 2.01 

 
  

15 0.49 

 
  

15 1.61 

 

14.95 0.17 

 

14.95 0.48 

 

0 D 14.9 0 

 

0 D 14.9 0 

 
  

14.85 -0.1 

 
  

14.85 -0.29 

 

14.8 -0.32 

 

14.8 -1 

 

-1 D 14.75 -0.43 

 

-1 D 14.75 -1.47 

 
  

14.7 -0.69 

 
  

14.7 -2.4 

 

14.65 -0.88 

 

14.65 -3.07 

 

- 2 D 14.6 -1.09 

 

- 2 D 14.6 -3.81 

 
  

14.55 -1.31 

 
  

14.55 -4.61 

 

14.5 -1.58 

 

14.5 -5.58 

 
-3 D 

14.45 -1.81 

 
-3 D 

14.45 -6.41 

 

14.4 -2.03 

 

14.4 -7.16 
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  14.35 -2.25 

 

  14.35 -7.94 

 

  14.3 -2.47 

 

  14.3 -8.67 

 

-4 D 14.25 -2.64 

 

-4 D 14.25 -9.28 

 
  

14.2 -2.84 

 
  

14.2 -9.95 

 

14.15 -3.04 

 

14.15 -10.82 

 

-5 D 14.1 -3.22 

 

-5 D 14.1 -11.38 

  

Table 4-2 shows the system capabilities of measuring power separation 

for the model eye.  The defocus wavefront of the optical system was measured 

relative to the power of the model eye.  There are two trend lines that are 

observed when the model eye power is graphed relative to the defocus 

wavefront. It is seen that the slope of the wavefront is linear as we adjust the 

power of the model eye.  This is necessary to be able to provide a controlled 

correlation between fluid-volume, wavefront readings of the system, and 

equivalent ocular error measurements. As shown in Figure 3-12 the slope of 

the 6 mm pupil is approximately 4 times the slope of the 3 mm pupil.  The 

slope radius of the larger pupil is twice that of the smaller pupil and this 

radius term squared equals 4.  Radius squared can be correlated to f-number 

squared which matches the anticipated change in defocus relative to a shift 

in the image plane, showing these results match theory.  An important factor 

identified from these results is that the shift in defocus slope shows the 

significance of stop size at the iris when determining the wavefront correction 

needed for the error term.  The pupil size is an important factor in 

determining the correction required for a given optical system. From here on 
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3 mm pupil size is selected to use in show a proof of concept under highly 

lighted conditions. 

 

Figure 3-12: This is a comparison of the model eye power and the defocus wavefront 

measured on the detector relative to pupil size.  It is observed that our auto-phoropter 

produces linear measurements with varying slopes as we adjust the pupil size.   

 

 Calibrating the Phoropter for the Auto-Phoropter Instrument 3.5

Prescriptions are produced by identifying the change in astigmatism 

and defocus required for the stack of fluidic lenses.  The third step in 

calibrating the optical device after alignment and identifying the correlation 

between ocular error and wavefront measurements was to produce a 

correlation between measurements of the auto-phoropter coupled with the 

fluidic phoropter stack.  The focusing lens of the model eye was removed but 

the mirror was left in place.  The mirror in the model eye represents the 

retinal plane and thus the mirror is left in the location of where the model 

eye was calibrated. The fluidic phoropter is placed into its designated location 

after removing the model eye lens.  To test the fluidic lens surfaces the 

results were measured one surface at a time.  When testing the defocus lens 
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the instrument was tested with the single fluidic defocus lens and the 

astigmatism lenses removed.  After measuring the defocus, the stack of 

astigmatism lenses was locked to the defocus lens.  The defocus lens was then 

zeroed out so that no astigmatism is induced by the defocus lens. Then the 

output wavefront was measured for the fluidic auto-phoropter instrument. 

The sphere, cylinder and axis prescription was correlated to these wavefront 

results for the defocus lens and the coupled astigmatism lenses. The results 

then identify the prescription of the full auto-phoropter device that includes 

the telescope system, the stack of fluidic lenses, and the relative position of 

the retina represented by the mirror.  The relative positions of the optics 

define the sphere and cylinder power variation that is observed in the optical 

device.  The auto-phoropter was set to a 3 mm stop to represent the pupil size 

in bright lighting conditions.   

The first measured lens was the defocus lens.  The defocus lens was 

measured at 5 µl increments for a range of 80 µl.  The contribution of the 

higher order  Zernike polynomials were negligible and so only the coefficients 

of the second order Zernike polynomials were graphed.  Figure 3-13 shows 

that the values of the measurements for both defocus and astigmatism were 

linear.  Linear variations enables for correlations between fluid volume and 

change in sphere power.  The defocus lens shows a much larger variation in 

defocus then in astigmatism values.  The slight amount of astigmatism was 

predicted by our analysis of the fluidic phoropter wavefront and can be 
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compensated with the additional cylindrical fluidic lenses.  Furthermore, the 

effects of the astigmatism terms were determined in cylinder and axis terms, 

as seen in Figure 3-14.  The variation of the sphere, cylinder, and axis was 

controlled relative to fluid volume extraction.  The defocus fluidic lens has a 

relatively stable axis value of 18o, as the error varies within a degree of the 

relative average.  A constant axis value is required from the defocus lens in 

order to achieve axis control from the coupled astigmatism lenses.  The DI 

water, with a viscosity of 1 cSt, enters the chamber quickly and alters the 

pressure / curvature in the fluid chamber.  The tensioner is locked 

symmetrically about the center, but there appears to be a slight tension 

variation in the periphery.  The peripheral flanges of the defocus lens cause 

slight variations to the circularly symmetric pressure, which is observed in 

the cylinder and astigmatism terms of the wavefront.   There also is 

evaporation of the fluid volume which causes pressure variation in the fluid 

chamber over time, where results vary over 4 hour increments. 
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Figure 3-13:  Empirical data of the linear effects on astigmatism and defocus when altering 

the fluid volume inserted into the defocus lens filled with DI water for a 3 mm stop size. 

 

 

 

Figure 3-14: Refractive terms produced for the defocus lens relative to the amount of fluid 

volume inserted or withdrawn into the fluid chamber.  These terms are inclusive of the 

fluidic defocus lens coupled with the auto- phoropter system where the stop is set at 3 mm.  

 

The astigmatism fluidic lenses were then measured after measuring 

the defocus fluidic lens.  Each of the fluidic astigmatic lenses of the fluidic 

auto-phoropter was measured individually while the opposite fluidic lens was 

set at zero astigmatism.  Figure 3-15 and Figure 3-16 identify the wavefront 
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measurements observed from the two fluidic lenses.  The slope for 

astigmatism lens one offers less of a power variation then astigmatism lens 

two.  The two astigmatism lenses are coupled onto each other with a glass 

plate separating the two fluidic chambers.  The physical position of the 

membrane surface is therefore displaced by about 30 mm.  This displacement 

within the fluidic auto-phoropter design induces a shift along the optical axis, 

causing a defocus shift along the image plane.  The physical position of 

astigmatism lens 1 is external to the stack of fluidic lenses. The physical 

position of astigmatism lens 2 is within .5 to 5 mm relative to fluidic defocus 

lens, but approximately a 20 mm separation with astigmatism lens 1.   

 The orientations of the astigmatism chambers cause the astigmatism 

lenses to have a 45o rotation relative to each other. This 45o relative position 

is observed in the slopes of our Zernike terms 𝑍   2
−2 and 𝑍2

2 when comparing the 

terms between the two astigmatism lenses as seen in Figure 3-15 and Figure 

3-16.  The slopes of astigmatism lens one are in the matching negative 

direction while the slopes of astigmatism lens 2 are in opposite directions.  

This is a clear indication that these lenses are producing inverse axis values.    

The combination of these axis values will allow for the replication of all axes.   
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Figure 3-15: The slope of the defocus term 𝒁𝟐
𝟎 shows a higher amount of power variation then 

the astigmatism terms.  The astigmatism terms have slopes that are in the same direction 

with each other. 

 

 

 

Figure 3-16: The slope of the defocus term Z2,0 shows a higher amount of power variation 

then the astigmatism terms and also the slope of astigmatism lens one.  The physical 

position of the astigmatism lenses in the auto-phoropter system causes this steeper slope in 

variation of defocus to be observed. 

 

The axis values produced by each of these astigmatism lenses 

individually, in addition to their combinations, shows the capabilities of 

replicating astigmatism values with any orientation and cylinder power.  

When the axis values are analyzed for the refractive measurements from 

Figure 3-17 and Figure 3-18, it is observed that each lens produces two axis 
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values.  As fluid is inserted into astigmatism lens one, the deflection flexes in 

a positive power direction away from the user’s eye.  Inversely, the 

withdrawal of fluid causes the cylinder to have a concave shape relative to 

the user’s eye.  This allows for fluidic lens one to have two defined axis 

orientations.  Astigmatism lens one produces axis values of 107o when we 

withdraw fluid and 17o when fluid is injected relative to the zero axis point.  

The axis values are exactly 90o apart as is anticipated with the inversion of 

the surface.  The zero axis point is observed to be near a fluid volume of 

approximately -5 µl on the syringe, where the sampling was 5 µl increments.   

Similarly, fluidic astigmatism lens two produces two orientations, but 

the orientations are inverted relative to fluid insertion and withdrawal of 

astigmatism lens one.  The physical position of fluidic lens two is in that the 

fluid chamber faces the user.  As fluid is inserted into the lens, a concave 

deflective surface is produced relative to the perspective of the users.  If fluid 

is withdrawn from the chamber, the fluid curves move closer toward the 

astigmatism chamber.  The astigmatism chamber is further from the user 

then the membrane surface of astigmatism lens two.  This creates a positive 

cylinder lens relative to the user.  Astigmatism lens two produces two axis 

orientations as was observed with astigmatism lens one.  Astigmatism lens 

two has fluid orientations of 62o and 152o with again the zero axis point is 

observed to be near a fluid volume of approximately -5 µl on the syringe.   
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It is observed that with the design of the astigmatism lens the axis are highly 

stable.  Axis stability is necessary to control astigmatic power.  There are a 

total of four orientations that are produced from the combination of the two 

astigmatic lenses: 17o, 62o, 107o, and 152o.  Each of these orientations are 45o 

relative to each other and subtracting 17o from all 4 axis values results in the 

following four orientations: 0o, 45o, 90o, and 135o.   The constant 17o axis 

rotation of the four terms is caused by the relative orientation of the coupled 

astigmatic lenses relative to the Shack-Hartmann wavefront sensor.  

Additionally the constant 18o rotation of the defocus lens coupled with the 17o 

axis rotation of the astigmatism lenses relative to the Shack-Hartmann can 

be applied to set the zero axis orientation.   This identifies a constant rotation 

within the optical device that is applied into the orientation calculation.  The 

two astigmatism lenses have produced the four primary axis orientations 

within the fluidic auto-phoropter device that are required to replicate 

astigmatism power in any axis.  This allows for the correction of cylinder 

errors in real time of any cylindrical power at any axis.     
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Figure 3-17: These are the axis terms for astigmatism lens one with DI water and a 3 mm 

stop for the fluidic auto-phoropter.  The two axis orientations of fluidic lens one are 107o and 

17o, which are 90o apart.  High axis stability is observed and the zero point is measured at -5 

µl. 

 

 

 

Figure 3-18: These are the axis terms for astigmatism lens two with DI water and a 3 mm 

stop for the fluidic auto-phoropter.  The two axis orientations of fluidic lens two are 62o and 

152o, which are 90o apart.  High axis stability is observed and the zero point is measured at -

5 µl. 
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The combination of two axis orientations produces any axis correction 

of astigmatism, but the magnitude of the astigmatism is determined by the 

magnitude of our cylinder values relative to the fluid volume from both 

astigmatic lenses.  Figure 3-19 and Figure 3-20 show each fluidic lens and the 

magnitude of their cylinder power.  The cylinder values measured between -

30 to + 30 µl was found to have a range of -3 to +3 D for both lenses.  Again 

the cylinder slopes are inverted as is expected by the orientation of the 

astigmatic lenses relative to each other.  The magnitude of the spherical 

terms of the fluidic astigmatism lenses possesses variation in physical 

position in the fluidic auto-phoropter. 

 

Figure 3-19: Cylinder and sphere terms for astigmatism lens one was measured for DI water 

with a 3 mm stop.  The cylinder value exhibits -3 

range.  The orientation of the slope is defined by the physical position of the membrane being 

further then the separation relative to the user’s eye. 
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Figure 3-20: Cylinder and sphere terms for astigmatism lens two were measured for DI 

water with a 3 mm stop. The cylinder value exhibits -3 to 3 D of power between our 60 µl 

selected range.  The orientation of the slope is inverted relative to astigmatism lens One as 

the position of the astigmatism glass separator is further than the position of the membrane 

relative to the eye.   

   

From the experimental results of each astigmatism lens a mapping of 

the combined cylinder powers and axis values can be produced.  The previous 

charts show that the sphere, cylinder, and axis values of each of our sphero-

cylinder astigmatic lenses individually.  This identifies that for every given 

amount of inserted or withdrawn fluid volume, in 5 µl increments, sphere, 

cylinder, and axis values of each lens. Through power vector analysis or 

astigmatic decomposition, a summed sphere, cylinder, and axis value is 

produced by adding the measured fluid volumes of the previous section.    

Astigmatic decomposition combines the sphere, cylinder, and axis orientation 

through equations 3-11 through 3-15.  From the sum of these equations, the 

amount of fluid was identified from each astigmatic lens and the amount of 
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cylinder power that is outputted from that lens. Figure 3-21 shows the 

combination of the two fluidic lenses and their cylinder power for the fluidic 

auto-phoropter.  Similar results were formed in the description of the fluidic 

phoropter in mapping the cylinder power and axis power [37]. The graph 

shows a mapping of the cylinder power from 0 to + 3 Diopters.  The powers 

with any axis direction were reproduced, resulting in the cylinder power 

nearly circular.  The wavefront measurements for astigmatism lens one and 

astigmatism lens two were also measured at 5 µl increments.   
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Figure 3-21: Cylinder mapping of cylinder power and axis relative to the fluidic volume of the 

two astigmatism lenses.  
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An empirical correlation is required to perform a correction of a user’s 

wavefront errornt.  The wavefront error in the optical system was equated to 

defocus error within a model eye.  Similarly, variation in fluid volume was 

shown for sphere and cylinder power correction of any orientation.  The last 

step was to show that the defocus lens can compensate for the error in the 

model eye which is shown in Figure 3-22.  The error is compensated so that 

once the wavefront measurement observes zero defocus error for a fully 

corrected system. The model eye was set to have an error of 1 D and the 

fluidic lens compensated -1 D to null the error out. 

 

Figure 3-22: Nulled defocus error with eye model at 1 D defocus and -1 D defocus of fluidic 

phoropter.  Within the system, this is the corrected output viewed on the Shack- Hartmann 

Sensor when viewing the correction of the eye model.  

  

 Chapter Summary 3.6

The nulling out of the eye model error with the calibrated phoropter 

device shows a proof of concept of the auto-phoropter instrument capabilities.  

The functionality of the device has been explained through wavefront theory 
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for an understanding of the nulling out process. Models were created to 

identify the anticipated optical layout results.  A further discussion of our 

fluidic phoropter with two astigmatism lenses orientated at 45o relative to 

each other coupled to a defocus lens had been experimentally measured 

within the auto-phoropter system.  A closed loop measurement demonstrated 

the correction for cylinder powers for cylinder error within 3 D and Defocus 

Error within 3 D.  This demonstration of theory, modeling, fabrication and 

testing are the foundation for an automated eye exam with a transmissive 

optical path. 

The feasibility of the fluidic auto-phoropter was presented in this 

chapter.  Analyses of the wavefronts were performed to determine the ability 

of the lenses to generate spherical and cylindrical powers and all axes for 

ophthalmic prescription. Using a ZEMAX model, an off-axis system was 

design and model to determine the range of operation of the fluidic auto-

phoropter and predict the dynamic ranges of the system. The system was 

then built and tested to verify the functionality of the phoropter device, 

validate the prediction of the design and calibrate the fluidic lenses for 

integration with the Shack-Hartmann wavefront sensor and the automated 

correction software. In the next chapter, a new optical design that achieves 

the goal of minimizing the overall size of the fluidic auto-phoropter will be 

discussed. In addition, the approach to fully automate the correction 

sequence will be presented and tested.    
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4 HOLOGRAPHIC OPTICAL ELEMENT FLUIDIC AUTO-

PHOROPTER 

 

 Introduction 4.1

The fluidic auto-phoropter was designed with the motivation of 

producing an inexpensive, accurate, compact, and quick device that achieves 

the goal of identifying and automatically correcting an ocular prescription.  In 

this chapter an updated design that accomplishes these goals is represented. 

This new design employs the use of holographic optical elements (HOE’s) to 

replace the beam splitters, the relay lenses and the prisms from the Badal 

system as described in the previous chapter. There are many key advantages 

to retrofitting the design presented in the previous chapters with the HOEs. 

HOE’s are lighter, quickly repeatable, and cost much less to fabricate than 

traditional optics.   

Adding HOE technology to the existing fluidic auto-phoropter design 

assists in the miniaturizing of the optical design; a single HOE can proses 

multiple characteristics. It can be transparent at certain wavelengths or 

operate as a refracting or reflecting surface at other wavelengths. In addition, 

the focal length of the proposed HOE’s can be customized to further reduce 

the size of the device.  Two HOE systems are represented in the subsequent 

sections of this chapter. In the first system, the HOE’s are design and 

fabricated to operate at 632nm. This system serves as a proof of concept to 
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show that HOEs are indeed a viable option to enhance the functionality and 

practicality of the fluidic auto-phoroter with little to no effect to its predicted 

performance. The second system is a fully integrated device; the HOE’s are 

designed and fabricated to match the read and write wavelength of 785nm, 

which is the operating wavelength of the wavefront sensor in the fluidic auto-

phoroter. Furthermore, a correction scheme and software were developed in 

LABVIEW for real time measurements and corrections of aberrations 

generated via a test lens or shifting the model eye. Finally, the holographic 

fluidic phoropter is demonstrated as a fully automate closed-loop system 

capable of correcting defocus and astigmatism at all axes in a model eye.  

 Background 4.2

Holography has evolved over the years in a progression that has shifted 

holograms from static 3D imaging to mobile 3D image replication [39].  In 

1947, Gabor proposed a holographic theory which recorded the light field’s 

amplitude and phase [40]. Stationary 3D replicas of written objects are 

observed when the recorded information is properly illuminated in traditional 

holograms at a designed writing and reading wavelength.  In-line 

transmission holography produced lenses that are on axis such as "Gabor" 

zone plates.  This type of HOE operates on-axis for large holograms with 

wide-band illumination. Unfortunately, Gabor geometry based holograms 

produced large amounts of background noise as the 0,-1, and higher order 

diffraction orders were reimaged onto the writing material.  There had been a 
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large focus in holography in the late 1960’s and 1970’s in the expansion of 

holographic technology [41]. 

Beyond Gabor zone plates, Fresnel lenses and volume hologram lenses 

were two options for the creation of HOE optical lenses.  Fresnel lenses work 

efficiently with profiled grooves when refraction and diffraction angles of 

these grooves are matched. However, groove profiling drops lens resolution 

and there is a degradation of image quality.   The best viable option was the 

use of volume holograms in the design of the holographic lenses for the 

reproduction of a holographic relay telescope. In the past couple of years 

there has been a progression of polymer based volume holograms.  The 

selected volume holograms apply the Bayer photopolymer, which is a new 

holographic recording material developed in the past half-decade [42]. There 

are several advantages in applying Bayer photopolymer based volume 

holograms as the optical elements.  From a design standpoint, the Bayer 

material does not require chemical or thermal treatment, which makes them 

cheap and easily replicable.  Additionally, under certain conditions these 

HOE’s exhibit high optical qualities.   

 Modeling and Simulation of a Holographic Fluidic Auto-Phoropter  4.3

Functionally, the produced holographic fludic auto-phoropter is similar 

to the previous design with the exception of the modification of the telescopic 

relay as coupled HOE’s.  The compact systems are comprised of three 

modules: our fluidic phoropter with any sphere, cylinder, and axis 
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combination, a holographic relay telescope and a Shack-Hartmann sensor. 

This fluidic auto-phoropter system will concurrently measure refractive error 

by: (1) shining infrared light that scatters off the retina; (2) the scattered 

light exits the eyes as an emerging wavefront that is relayed to the Shack-

Hartmann wavefront sensor by the HOE lenses; (3) the sensor reconstructs 

the wavefront and extracts the sphero-cylindrical refractive error; (4) this 

prescription is applied to adjust the fluid volume, nulling out each eye's 

refractive error while the user views an eye chart. The user’s field of view is 

drastically enhanced with the HOE in the line of sight of the user as large 

substrates are producible.  This allows for the system field of view to be 

limited by the fluidic phoropter and no longer by the auto-phoropter design.  

The HOE’s can be designed to be transparent in the visible wavelengths, 

allowing for the subject to view external targets such as an eye chart with 

ease. The HOE’s additional desired capabilities are to direct infrared light 

toward the eye and to act as a lens at the 785 nm wavelength.  When the 

HOE acts as a lens, it is at a designed wavelength and that wavelength range 

is towards an off axis location where a second HOE is placed for the telescopic 

system.  The exiting light of the off-axis holographic telescopic system 

reaches the final module: a Shack-Hartmann wavefront sensor. The 

holographic telescope applies volume holograms operating at Bragg's Regime 

to reduce the system size. The desired wavelength of the holographic optical 

elements operates in the infrared and produce direct geometry optical lens 
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replication. The system was drastically compressed and efficiency improved 

by removing the beamsplitters in the optical setup.  The length in front of the 

user is still 3.5” in the z-axis for the line of sight.  The width of the optical 

system was compressed to 100 mm or roughly 4”.  The Shack-Hartmann 

wavefront sensor in this design is described with a position vertically above 

the second HOE lens in the telescopic system.  The adaptive phoropter 

prototype fits in a 60 mm long by 240 mm wide area.  

 

Figure 4-1:  The fluidic holographic phoropter is designed in VISIO with the HOE lenses 

replacing the telescope lenses and a beamsplitter from the previously designed fluidic auto-

phoropter. 

 

The power range of the holographic fluidic phoropter was determined 

through the application of a model eye in lens design software.  The 

holographic auto-phoropter was modeled in ZEMAX prior to instrument 

construction relative to the dimensions shown in Figure 4-1.  The holographic 

auto-phoropter was modeled so that the two holographic elements were set in 
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a collimated position relative to each other to produce a relay telescope with 

perpendicular HOE path lengths.  This was designed with the HOE optics 

aligned as it is an equivalent optical system relative to the Shack-Hartmann 

sensor.  The equivalency is developed as the HOE lenses were designed using 

the binary 2 function, where the outputted focal power is directly behind the 

first binary based HOE lens.  The coupled HOE lenses were produced by 

coupling the user defined binary lenses. The collimated light from the 

telescopic system was then coupled to a model eye that was designed as an 

emmetropic eye.  The emmetropic eye model was produced by placing a 

mirror at the back focal length of the lens replicating the focus of the lens.   

The power of the model eye was adjusted from the emmetropic eye 

until the lenslet points were no longer separable.  The power limits of the 

model eye were defined by the resolvability of the wavefront slopes per point 

of the Shack-Hartmann design.  Prior to testing the variation of the eye 

model the holographic relay telescope was aligned with the model eye as seen 

in Figure 4-2.  The spot diagram produced a continuous separation away from 

the optical axis, illustrating that the optical model possessed proper optical 

separations.  The optical path began from an off axis source and reached the 

Shack-Hartmann detector after propagating through the fluidic lens, eye 

model and relay holographic telescope.  The fluidic lenses were set at zero 

power as to not affect the power mapping of the model eye and to only test 

the refractometer aspect of the holographic fluidic auto-phoropter. 



 

 

 

107 

 

Figure 4-2:  The fluidic holographic auto-phoropter was aligned in ZEMAX with the fluidic 

phoropter applied zero power.  The system is aligned for a corrected emmetropic eye model 

before power variation in the model testing.  

 

 An analysis of the optical power was performed after modeling the 

refractometer aspect of the auto-phoropter. When any additional power is 

induced at the eye position, then the power at the detector plane is identified 

through a change in slope (Δx, Δy).  This change in slope creates a change in 

the wavefront and thus converts to a wavefront error measurement (δφ): 
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Equation 4-1 

Once the model was fully aligned, the power range of the model eye was 

tested by shifting the mirror position.  Adjusting the separation between the 

lens and mirror created variable optical power of the eye model.  The doublet 

used for the eye model was Edmund Optics 49-314 which has a focal length of 

18 mm and a back focal length of 14.91 mm.  A collimated and corrected 

emmetropic eye was replicated by having the separation of the mirror to the 

doublet equal to the back focal length of 14.91 mm.  As this system is a 

double pass design the separation of this telescope system is twice the 14.91 

mm in the unfolded system.  The power of the physical unfolded system is 

measured through  𝜑𝑠𝑦𝑠 = 𝜑1 + 𝜑2 − 𝜑1𝜑2𝜏 =  𝜑𝐸𝑀 2 − 𝜑𝐸𝑀𝜏  , where 𝜑𝐸𝑀 is 

the optical power of the doublet eye model lens and 𝜏 is the separation 

between the two lenses in the unfolded system or twice the mirror shift 

distance.  The power that is outputted from the model eye can be measured 

by controlling the lens separation.   

The lens separation was adjusted until the wavefront slope had 

reached a relative limit in the refractometer design of the holographic fluidic 
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auto-phoropter.  This compensated power has matching resolvable points 

that were outputted in ZEMAX as a spot diagram.  The image plane was 

scaled to the size of the CCD array to properly model the system.  The lower 

limit, as seen in Figure 4-3, was observed as the lenslet points began focusing 

on a single point location.  The dynamic range that was observed in the 

physical model was approximately -16 D of power observed from the eye 

model.  With the specified optical separations modeled in ZEMAX, the power 

range that this optical configuration can measure was between -15 D to + 15 

D. The fluidic lenses have exhibited the capability of compensating for 

compensating power greater than this range [1].  Thus, the limiting factor of 

this design is the refractometer where the power range that will be tested for 

the holographic phoropter are from -15 D to + 15 D of eye model error. 

 

Figure 4-3: These are the modeled separations from the spot diagram of the point separation 

and shifts relative to mirror position in the model eye.  As the points focused closer to the 

detector plane, the resolution between points diminished. The limit of -15 D to + 15 D have 

been defined by the lower limit modeled in ZEMAX. 
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 Design of a Holographic Fluidic Auto-Phoropter  4.4

The first motivation was to prove the functionality of the HOE’s as a 

relay telescope to enhance the fluidic auto-phoropter. The HOE based auto-

phoropter applied two positive powered lenses.  The lenses replicated 35 mm 

focal length doublets that were applied in a relay telescope. The combination 

of the two HOE lenses at a 2F separation produced a Keplerian holographic 

telescope with an afocal design. After the HOE’s produced a holographic relay 

telescopic components were added to align the holographic auto-phoropter 

device.  The light source entered from an off axis position into a beamsplitter 

and half the light reflected toward the eye model.   

The desired wavelength for reading and writing of the HOE’s was at 

785 nm, but there were no HOE’s currently available that operated at this 

wavelength.  As a proof of concept, a 5 mW HeNe laser at a wavelength of 633 

nm as was used in prototype two. The choice of wavelength was restricted by 

the available HOE lenses and film available.  The testing with these HOE 

lenses provided the opportunity to verify if the systems produced meaningful 

results experimentally.  These results were then compared to prototype two 

as both systems used the same focal length lenses and telescope setups.   

In this approach volume holograms operated in the Bragg regime, 

which required off axis geometry when operable. Standard HOE’s are 

designed in the visible wavelength where the HOE’s of interest were designed 

at 633 nm for testing purposes.  After proof of concept, the next generation of 
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HOE’s was designed for a band at 785 nm. In addition, they were transparent 

in the visible. The HOE’s appeared on 2.3 mm thick glass substrates with a 

rectangular shape and had a 2 inch diameter size.  HOEs recorded in such a 

regime can achieve more than 90% diffraction efficiency, less than 1% 

background noise, a transparency in wavelength ranges from 350 nm to 1500 

nm, and high angular selectivity.  The main restrictions of the HOE’s for the 

fluidic holographic auto-phoropter is that the HOEs geometry can be 

designed as a lens for only a particular wavelength because (1) focal length of 

the holographic lenses is roughly proportional to the operating wavelength 

and (2) HOEs work efficiently in only off-axis geometries known as Bragg’s 

angle and this diffraction angle is also wavelength dependent.   

High optical quality holographic lens are desirable in the final HOE 

fluidic auto-phoropter prototype.  The high angular sensitivity allows for 

almost no diffraction outside of the controlled angular range. This allows for 

the rest of the range between 350 nm to 1500 nm to be transparent.  Thus, 

when designed at 785 nm, the HOE will act as a clear window in the visible 

where the viewer looks through; while at the same time acting as a lens at 

the testing wavelength of 785 nm off axis. Since these HOE’s function as 

lenses off axis at the operating wavelength of the fluidic auto-phoropter, they 

can successfully replace the need for a beamsplitter. Simultaneously, the on 

axis path acts as a clear window in the rest of the visible spectrum.  At the 

operating wavelength, high diffraction efficiency of over 90% with negligible 
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amounts of background noise is expected.  Instead of losing approximately 

half the operating light every interaction with the beamsplitters, loss is 

minimized to approximately 10 % for each of the holographic lenses.   

The alignment of the optical system is constructed around the HOE 

lenses for the holographic fluidic auto-phoropter.  The alignment of the two 

HOE lenses relative to each other is achieved by taking advantage of two 

lasers, both operating at the HeNe 633 nm wavelength.  Each HOE is aligned 

individually so that the maximum intensity reaches the focal location of that 

HOE lens.  The HOE’s are aligned relative to each other so that the focal 

location of the two HOE lenses coincides.  The direction of the optical axis for 

both HOE lenses must be exact.  Once the HOE’s are aligned with the two 

lasers entering the system from both sides, the telescopic HOE system is 

ready for use.   

The lasers are then removed and the rest of the system is aligned.  One 

of the HeNe lasers is placed off axis and light enters the system through a 

beamsplitter.  Half of the light is reflected toward the fluidic auto-phoropter 

and the eye model.  The fluidic phoropter is then removed to test the accuracy 

of the auto-phoropter system with the eye model.  The light reflects off of the 

eye model and propagates back through the optical system.  The relay 

holographic telescope reimages the wavefront from the eye model to the 

Shack-Hartmann wavefront sensor.  The Shack-Hartmann wavefront sensor 
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was placed at the proper position off axis relative to HOE lens 2 in order to 

focus light at the center of the detector plane as shown in Figure 4-4. 

 

Figure 4-4: The fluidic phoropter is removed as to not induce undesired wave distortion.  By 

adjusting the mirror of the model eye we are replicating defocus power aberration of an eye.  

 

 

  

 Design of a Holographic Fluidic Auto-Phoropter Prototype 1 4.5

The functionality of the fluidic holographic auto-phoropter was proven 

by testing the slope variation of the model eye.  Power targeting was 

accomplished by identifying the power of a model eye and then measuring the 

outputted defocus measurement on the Shack-Hartmann wavefront sensor 

with a known power from the model eye.  The fluidic stack was removed to 

accurately measure the eye model relative to the device.  The variable power 

model eye was created by placing a flat mirror behind the doublet as 

previously described in chapter 3.  To verify that the volume holograms can 

be coupled into a relay telescope that functions actively with the fluidic auto-
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phoropter a correlation is required.  The correlation is applied to a linear 

slope as the model eye is adjusted to produce equivalent prescriptions.  The 

correlation is produced relative to the -15 D to +15 D described by the 

ZEMAX models.  The power that is outputted from the model eye can be 

measured by controlling the lens separation as was described in the theory. 

By slightly adjusting the physical separation of the lens with the mirror at a 

rate of 50 microns the measurements replicated power variations of the eye 

model in approximately 2D increments.   

 

Figure 4-5: The slope variation of the model eye’s defocus measurements proves that the 

holographic fluidic auto-phoropter can functionally measure power variation induced by a 

model eye.   

 

Figure 4-5 shows the correlation of the wavefront measurement 

relative to the defocus power of the model eye with the holographic relay 

telescope.  The slope was measurable as the defocus power was adjusted on 

the model eye.  The linear change in power was measured with shifts of the 

mirror position at the eye model location, verifying that the holographic 
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fluidic auto-phoropter can in fact measure a shift in power.  The wavefront 

measurements are within ± .06 waves for measurements of ± 15D of defocus 

of the model eye. The identification of a linear change in wavefront error 

relative to the amount of error identified by the model eye allows for the 

fluidic phoropter compensating for that error for a functional system.  The 

capability of nulling out the eye errors enables for a close-looped system 

between the fluidic phoropter, the holographic relay, the Shack-Hartmann 

refractometer, and the patient. 

The holographic fluidic auto-phoropter was setup to verify that the 

fluidic defocus lens was able to compensate for the measured error in the eye 

model. The mirror was shifted relative to the lens of the eye model to induce -

15D of defocus power error; which was then measured by the sensing 

component within -.057 waves of aberration. The power of the defocus fluidic 

lens was adjusted to null this measured error until the wavefront sensor 

identified zero defocus error. Figure 4-6 shows the setup with both the fluidic 

defocus lens and the model eye represented in the setup.  Figure 4-7 shows 

the nulled wavefront that was recorded by the Shack-Hartmann wavefront 

sensor. The results from Figure 4-6 and Figure 4-7 show that the fluidic lens 

is capable of compensating for +15 to -15 D of defocus power that is 

measurable by the current holographic fluidic auto-phoropter design. 
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Figure 4-6: The defocus component of the fluidic phoropter was inserted into the system.  

The eye model is adjusted to -15 D of defocus and nulled out with the fluidic defocus lens in 

the holographic fluidic auto-phoropter setup. 

 

 
Figure 4-7: The Shack-Hartmann image plane of the holographic fluidic auto-phoropter when 

-15 D of eye model error is nulled out by the fluidic phoropter’s defocus lens.  
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 Integration of the HOE’S into a Fully Functional the Fluidic Auto-4.6

Phoropter 

The previous system was designed for proof of concept to show that the 

HOE’s can function properly as lenses and they can be operable with a fluidic 

auto-phoropter at the appropriate wavelength. However, the HOE’s were not 

optimized for reimaging the proper wavefront measurements at the right 

wavelength. A Cropping of the wavefront and magnification effects of the 

measured slope occurred as the holographic system was not optimized to a 4F 

imaging design. The HOE’S were not optimized to correct for cylinder power. 

Furthermore, the HOE’s reading and writing wavelength were not shifted to 

an operating wavelength of 785 nm therefore large amount of astigmatism 

was anticipated and later observed as shown in Table 4-1 and Figure 4-8.    

Table 4-1: Induces astigmatism by the first generation of HOE’s after wavelength shift 

Optometric  Zernike Modes Waves 

Sphere 10.444 𝑧2
−2 4.924 

Cyl. -11.029 𝑍 2
0 -8.157 

Axis 96.145 𝑍 2
2 11.930 
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Figure 4-8: Spot pattern and wavefront reconstruction of the HOEs before wavelength 

adjustment in the design.  

 

The nulling out of the eye model error with the calibrated phoropter 

device showed a proof of concept in the capabilities of incorporating the 

HOE’s to develop a holographic auto-phoropter instrument.  The functionality 

of the device has been explained through theory in the previous chapter for 

an understanding of the nulling out process. The Models were created and 

verified. A further investigation was performed to determine if power 

measurements were achievable with the holographic fluidic auto-phoropter. 

The field of view of the holographic design increased relative to the other 

auto-phoropter designs.  
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Figure 4-9: Holographic fluidic auto-phoropter layout. 

 

In the next phase of the development of the fluidic holographic auto-

phoropter, the emphasis was on the developing and optimizing the HOE’s to 

function at the operating wavelength of 785nm. The initial approach was to 

use the HOE’s written at 632nm and compensate for the induced 

astigmatism with the cylindrical lenses for fluidic phoropter. However, as 

shown in Table 4-1 the cylinder power required to compensate the magnitude 

of the astigmatism present was large enough to decrease the dynamic range 

of the adaptive system, therefore reducing its performance altogether. 

Instead, a new set of HOEs was designed to be fabricated at a write 

wavelength of 785nm to be read at the same wavelength; which is the 

working wavelength of the fluidic auto-phoropter. The goal is to eliminate the 

astigmatism induced by the previous design, minimize the focal spot and 

increase the diffractive efficiency of the holographic optical elements. As 
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expected, writing the new set of HOE’s at the same read wavelength 

eliminated all the previously induced astigmatism. In addition, the HOE’s 

were tested for accuracy, reliability and dynamic range. The HOEs were then 

integrated in the new generation of the holographic fluidic auto-phoropter as 

shown in Figure 4-9. The ability to successfully implement the HOE’s in the 

system resulted to a 50 percent reduction in the overall size of the size while 

maintaining the performance parameters of the refractive system. 

 

Figure 4-10: Spot pattern from the previous HOEs (left), new design (center) and a list of the 

1st 15 Zernike coefficients(right). 

 

Figure 4-10 compares the spot pattern generated by the Shack-

Hartmann wavefront sensor when the old and the new HOE telescopic 

system image a collimated wavefront. The spot are evenly spaced in both 

directions x and y. In addition, no significant amount of astigmatism was 

induced for both  𝑍2
−2 and 𝑍2

2. The small amount of 𝑍2
2 and 𝑍2

0  present are a 

result of residual tilt and minor shift in focus during alignment. These small 

deviations can be easily compensated by the fluidic lenses during the 

calibration process.  
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Table 4-2 compares the amount of astigmatism induced by the 

previously described HOEs. 𝑍2
−2 and 𝑍2

2 were -0.25 wave and 0.103 wave 

respectively; where λ is equal to 785nm. In addition, there was approximately 

0.50 wave of defocus. This residual defocus for 𝑍2
0 was small enough to be 

corrected by the spherical fluidic lenses without affecting the dynamic range. 

By eliminating the induced cylindrical power the HOEs were utilized in the 

fluidic phoropter to reduce its size, bringing the system a step closer to a 

portable prototype.  

 

Table 4-2: Comparison between the error induced by the first and second set of HOEs 

Zernike Modes 

Induced Error in 

Previous HOE (in 

waves) 

Induced Error in New 

HOE (in waves) 

Astigmatism Z 4(2/-2) 4.924 -0.25 

Defocus  Z 5(2/0) -8.157 0.499 

Astigmatism Z 6(2/2) 11.930 0.103 

 

The HOE systems was then tested and calibrated in order to validate 

its functionality as an equivalent fluidic auto-phoropter and to determine the 

appropriate approach to automatically correct for defocus and astigmatism 

for a given prescriptions. First, a wide range of cylindrical and spherical 

powers were generated by injecting optical oil into the active chambers of the 

fluidic lenses. The amount of fluid was changed in 5µl increments to 

demonstrate the ability of the lenses to generate the wavefronts and the 

limitations of the fluidic HOE auto-phoropter. Figure 4-11and Figure 4-12 

show the change in the wavefront measured by the sensor as the as fluid is 
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injected and withdrawn for astigmatism at 450 and defocus respectively over 

a range of -60 to +60µl.  

 

Figure 4-11: Wavefront generated injecting and withdrawing fluid from cylindrical lenses 

𝒁𝟐
−𝟐. Where a negative volume refers to withdrawal and the positive volume change is 

injection. 

 

 

Figure 4-12: Wavefront generated injecting and withdrawing fluid spherical lenses where a 

negative volume refers to withdrawal and the positive volume change is injection. 

 

As demonstrated in chapter 3, the cylindrical lenses only generate 

astigmatism or cylindrical power with a residual amount of defocus, which 

makes them suitable for correcting second order astigmatism. Similarly, the 
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spherical lenses only generate spherical power or defocus with minimal to no 

residual astigmatism. In addition, only generating and correcting their 

respective errors, the stack of sphero-cylindrical lenses does not induce any 

residual higher order aberrations. This ability to independently control the 

three Zernike modes of interest can be explored to implement a fast, accurate 

reliable correction scheme in the automation process.  

 

 Calibration and Automated Correction  4.7

Using our knowledge of Zernike polynomials and the ability to predict 

the manner in which a fluidic lens of a given geometry will affect the 

wavefront. A correction sequence was developed and tested by applying 

various amounts of power error at .50D increments to the eye model for first 

astigmatism then for defocus. This correction sequence takes advantage of 

the fact that when one of the cylindrical lenses is aligned in the vertical or 

horizontal direction with respect to the Shack-Hartmann wavefront sensor, 

the two cylindrical lenses can operate independently of each other. The lens 

in the horizontal or vertical direction only controls the 𝑍2
2  astigmatism term, 

while the other cylindrical lens only controls the 𝑍2
−2 astigmatism term as 

shown in Figure 4-13 and Figure 4-14. As previous described, each lens will 

induced a certain amount of residual defocus which can then be compensated 

by the spherical fluid lens.  
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Figure 4-13: Change in the coefficient of 45o astigmatism denoted by the 4th Zernike mode. 

Note that a change in this lens induces a change in the 5th Zernike mode, which corresponds 

to defocus, while the 6th index remains unchanged.  

 

 

Figure 4-14: two-correction trial for both astigmatism terms. The 4th and 6th modes are 

nulled out while the 5th mode is the residual defocus. 

 

 

This ability to independently control the Zernike modes that are of 

interest allow for a major simplification of the correction scheme presented in 

chapter 3. The correction sequence goes as follow: first, the coefficients for the 

Zernike modes 𝑍2
−2, 𝑍2

0, 𝑍2
2 are measured. In the presence of aberrations, the 
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appropriate fluid volume is applied to obtain a correction for astigmatism to 

each cylindrical. Then, another measurement is made to calculate and apply 

the required volume of fluid to compensate for all the defocus present both 

induced and inherent.  

Over the course of this research, it was determined that the most 

accurate correction sequence was achieved by first correcting 𝑍2
−2, then 𝑍2

2, 

and lastly 𝑍2
0. The appropriate volume is determined using the calibration 

curves shown in  

Figure 4-15. Corrections can be applied iteratively until a minimum 

threshold volume calculation is achieved. In its current configuration, the 

threshold is set at 1µl, which the resolution of the pump system. Therefore, 

when the calculated volume is less than or equal to 1µl the wavefront is 

considered corrected and the software will cease to calculate and apply new 

corrections. Figure 4-16 shows the spot pattern for a corrected wavefront for 

both defocus and astigmatism. The system is able to provide ophthalmic 

prescription within +/- 0.029D for sphere and +/-0.173D of cylinder where 

values for the Zernike modes of interest are 0.017µm, 0.067 µm, 0.069 µm for  

𝑍2
−2, 𝑍2

0, 𝑍2
2 respectively.  

 

Optimized Correction Sequence: 

 Measure the wavefront.  

 Null out astigmatism +/- 45 degrees. The 𝑍2
−2   Zernike coefficient 

 Apply calculated volume to the cylindrical fluidic lens for 𝑍2
−2 
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 Measure 𝑍2
−2 to verify null 

 Null out the astigmatism 90 degrees. The 𝑍2
2 Zernike coefficient 

 Apply calculated volume to the cylindrical fluidic lens for 𝑍2
2 

 Measure 𝑍2
2 to verify null 

 Null out the defocus (total). The  𝑍2
0 Zernike Value coefficient. 

 Measure 𝑍2
0 to account for induced defocus from astigmatism 

correction. 

 Apply calculated volume to the cylindrical fluidic lens for 𝑍2
0. 

 Measure 𝑍2
0 to verify null. 

 Measure the corrected wavefront to verify that 𝑍2
−2, 𝑍2

0, 𝑍2
2 are equal to 

zero.  

 

 

Figure 4-15: Calibration curve for wavefront correction of defocus and astigmatism. fluidic 

lens is filled with optical grade oil. 
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Figure 4-16: Correct wavefront for defocus and astigmatism. 

 

 

In Addition to determining the amount a fluidic needed to generate the 

refractive powers.  An imaging system was placed off axis to assess the fluidic 

lenses’ ability to correct various amounts of refractive powers applied to the 

eye model with the use of test lenses.  An eyechart was imaged through the 

fluidic auto-phorpter. The images were recorded for various level of negative 

and positive error before and after corrections.   

Figure 4-17 shows the uncorrected and the corrected image after +4D 

of refraction error corrections.  Figure 4-18 and Figure 4-19 show the ability 

of the fluidic lenses to apply the appropriate amount of power to correct a 

given amount of defocus. The uncorrected image in Figure 4-19 is an image of 

the eye chart with -10D applied to the model eye via a test lens. The 

subsequent four images are the corrected images after -12D, 16D and -20D 
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was applied to eye model and corrected with the fluidic lenses. This does not 

only verify that the fluidic lenses can generate specific amount of power for 

correction; but also it can operate as the dynamic component in an adaptive 

optics system for the fluidic auto-phoropter. In addition, a range of correction 

of -20D to 20D was achieved, which is comparable to the values predicted by 

the ZEMAX model in chapter 3.  

 
Figure 4-17: Before (left) and after (right) correction of +4D 
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Figure 4-18: Corrected of the Eye model through the fluidic lenses. 

 

 

Figure 4-19 User’s view after correction was applied by the fluidic auto-phoropter for 

negative powers.  
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 Chapter Summary 4.8

Replacing the majority of the glass optics with holographic optical 

elements resulted in a fifty percent reduction in the overall size of the fluidic 

auto-phoropter. This allowed for a simpler design, which is more compact, 

accurate and easily reproducible. In addition to improving on the optical 

design, an automated software was developed to operate the holographic 

fluidic auto-phoropter in a close-looped configuration. The device can 

accurately measure the aberrations present in the eye model and correct 

them by applying the appropriate volume of fluid to each of the variable focal 

length fluidic lenses. 

Now that an automated compact system has been demonstrated and 

tested, next the functionality of the fluidic lens technology will be evaluated 

for potential use in a portable system. In the next chapter, a set of 

experiments designed to confirm the viability of integrating the variable focal 

length fluidic lens into a portable device will be presented.  

  



 

 

 

131 

5 DEMONSTRATION OF FLUIDIC LENSES IN 

MICROGRAVITY 

 

 Introduction 5.1

This chapter presents the optical setup and the testing of the variable 

power fluidic lenses in microgravity through the National Aeronautics and 

Space Administration’s (NASA) parabolic flight opportunity program. The 

fluidic lens was tested under two indexes of refraction at seven different optical 

powers. Each configuration was compared with a traditional silica lens. The 

Zernike coefficients were recorded to reconstruct the wavefront; these values 

were used to determine the effect of the change in gravity on the fluidic lenses. 

In addition, the modulation transfer function and the point-spread function 

were calculated to quantify the image quality of the lenses during the flight.  

 Background 5.2

Adaptive Optics (AO) refers to the measurement of wavefronts and the 

compensation of wavefront distortions to eliminate or reduce wavefront errors in 

order to improve the performance of an optical system [43] [44]. There are many 

approaches capable of compensating for wavefront errors such as deformable 

mirrors and spatial light modulators. However, many of these techniques are 

challenging and costly. Fluidic lenses offer the ability to change the wavefront of an 
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optical system by injecting or withdrawing fluids from a chamber; changing the 

pressure affects the curvature of the flexible membrane, in turn providing the 

necessary deformation for the desired compensation [45] [46] [47]. Recently an 

influx in the availability of safe and stable optical quality fluids combined with 

lower costing flexible membrane fabrication method has enabled researchers to test 

and improve old designs of fluidic lenses; making it possible to develop cheaper, 

lighter, reproducible and adaptable fluidic optical elements. Fluidic lenses have 

been successfully incorporated in several systems including: non-mechanical zoom 

lenses, a variable focal length achromatic doublet, and an adaptive auto-phoropter 

system [48] [49] [50]. Our goal is to test an opto-fluidic lens that has been developed 

under different levels of gravity to determine its ability to perform in space-based 

devices and applications. 

Typically, the focal lengths of traditional lenses are determined by the 

manufacturing. Due to the expense of optical elements, optical engineers rely on 

glass catalogs to determine the combination of readily available lenses to meet the 

specifications of a given system; this often increases the size and weight of the 

system.  Fluid lenses are unique because they offer the freedom to design an optical 

system without the constraint of the glass catalog. Focal lengths that were 

previously unattainable with a simple compact combination of traditional lenses 

can easily be achieved with one fluidic lens compound. The ability to render any 

optical system tunable simply by injecting or retracting fluid from the liquid lenses 
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will reduce the cost and increase the flexibility in research based optical systems as 

well as commercial devices [49]. 

In order to include these lenses in space-based technologies, it is critical to 

determine the performance of the liquid lenses in different gravitational 

environments. Fluidic lenses can be used in adaptive optical systems as 

demonstrated by the adaptive phoropter [36]. Once the performance of the lens is 

determined under various gravity levels, it can be incorporated into imaging 

systems to correct lower order aberrations such as defocus and astigmatism [37]. 

While the fluidic lenses may not be able to replace the deformable mirrors in large 

diameter adaptive optics systems, they can be used to correct high levels of defocus, 

spherical aberration, and astigmatism [38] [51]. It has also been demonstrated that 

the fluidic lens technology can be assembled in a specific configuration to create an 

achromatic doublet [49]. These achromats can be combined to create a multitude of 

tunable optical powers that were once impossible to achieve with traditional lenses. 

Recently, the fluidic lens technology has been used to design and test a zoom lens 

with no mechanical moving parts. These developments have shown the versatility 

of the fluidic lenses enabling incorporation into a wide range of optical applications. 

The goal of this research is to test the fluidic lens technology is several different 

configurations to determine its performance and image quality.  
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 Optical System Design and Layout 5.3

The optical system was designed to measure the wavefronts from a fluidic 

lens and a traditional fused silica lens. The light source consisted of pigtailed 

785nm super luminescent diode combined with a collimator. The collimated light 

propagated to a 45/55 pellicle beam splitter.  As shown in Figure 5-1, the straight 

path - denoted by the blue optical rays, travels through a microscope objective then 

through the fluidic lens. The wavefront exiting the fluidic lens is then relayed by a 

4-f imaging system onto the lenslet array of the first Shack-Hartmann wavefront 

sensor.  Denoted by the red optical rays, the deviated path travels through a second 

beam splitter, a microscope objective and through a traditional fused silica lens 

used as a control. The wavefront is then imaged onto the second Shark-Hartmann 

wavefront sensor with a 4-f relay system. These optical layouts were chosen so the 

wavefront through the fluidic lens and the wavefront through the fused silica lens 

could be measured simultaneously for both micro-gravity and hyper-gravity during 

the parabolic flights. 

 

Figure 5-1: The optical layout of the optical system. Collimated light travels through two 

beam splitters. The blue path measures the wavefront through the fluidic lens. The red path 

measures the wavefront through traditional control lens. 
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Two different wavefront sensors were used to facilitate the data collection 

process: a Thorlabs WFS150-5C Shack-Hartmann wavefront sensor and a custom-

made Shark-Hartmann wavefront sensor equipped with a 250µm pitch-18mm focal 

length lenslet array and a Point Grey FL2G-50S5M-C CCD camera. The Thorlabs 

MLA 330M-14AR wavefront sensor was used with the fluidic lens because it is 

equipped with the necessary software to provide real-time spot pattern, wavefront 

analysis, and all the Zernike coefficients as shown in  

Figure 5-2. This allowed constant monitoring of the data acquisition process 

throughout the parabolic test flight.  A LABVIEW program was used to record the 

first 15 Zernike coefficients in text files for all fluidic lens configurations at one-

second intervals. The custom wavefront sensor used with the fused silica lens 

recorded the spot pattern at one-second intervals so the wavefront could be 

reconstructed for the same time intervals. Furthermore, gravity data from the 

flights were provided by NASA. This data was used to correlate the changes in 

Zernike coefficient to the changes in gravitational acceleration during the flight in 

order to predict the behavior of the fluidic lens under various levels of gravity.  
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Figure 5-2: Spot pattern and reconstructed wavefront from the Thorlabs MLA330M-14AR 

wavefront sensor. 

 

 Results and Discussions 5.4

We tested various lens configurations during seven parabolic test flights 

which took place over four days. The results are divided into seven sections, 

referred to as Lens 1 through Lens 7, where each lens refers to a specific 

configuration of the fluidic lens during a particular test flight. The focal lengths of 

these lens configurations range from approximately 50mm to 2200mm as shown in 

Table 5-1. The fluidic lens was filled with optical oil for lens configurations 1-6.  

Lens 1 refers to the first test flight where the spherical fluidic lens was used in a 

fixed low power configuration.  For lenses 2-5, we modified the power of the fluid 

lens every 10 parabolas. For lens 6, similarly to Lens 1, the power of the fluidic lens 

remained unchanged during the entire flight. Lens 7 corresponds to the water filled 

lens that was used on the final test flight. 
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Table 5-1 Focal length of the lenses tested. 

 Lens1 Lens2 Lens3 Lens4 Lens5 Lens6 Lens7 

Focal 

Length(mm) 

502.31 2210.17 122.79 62.25 50.23 306.97 85.81 

Optical fluid Oil Oil Oil Oil Oil Oil 

DI 

Water 

 

The Zernike coefficients were analyzed individually for astigmatism, 

defocus, coma and spherical aberration. First, the Zernike coefficients that 

corresponded to the reference wavefront were subtracted from all the Zernike 

coefficients that were measured during the flight. This method was used to extract 

the residual values that would have been induced by the effect of the change in 

gravity or the in-flight vibrations (shown in Figure 5-3-5-10). Then, the root mean 

square (RMS) and standard deviation were calculated for each of the aberration 

terms. In addition, the root mean square and standard deviation were calculated 

for defocus during the hyper-gravity and the microgravity segments.   
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Figure 5-3: The residual Zernike coefficient between the reference wavefront and the 

wavefront during the change in gravitational acceleration. 

 

 

Figure 5-4: Changes of Zernike coefficient of Len 2. 
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Figure 5-5: Residual Zernike coefficient values for Lens 3. 

 

 

Figure 5-6: Residual Zernike coefficient values for Lens 4. 
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Figure 5-7: Residual Zernike coefficient values for Lens 5. 
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Figure 5-8: Residual Zernike coefficient values for Lens 6 

 

 

Figure 5-9: Residual Zernike coefficient values for Lens 7. 

 

A summary of the data for each of the aberrations is reported in Table 5-2 

for the seven different lens configurations. The Root Mean Square (RMS) values for 

45o astigmatism, coma x and defocus ranges from .0396 µm to 0.300µm.  The RMS 

and standard deviation for 90o astigmatism, coma-y, and spherical aberration were 

consistently were on the order 0.01μm which corresponds to a value of 

approximately λ/100 therefore for the purpose of this research they were considered 

negligible. A graphical representation of the changes in Zernike coefficients is 

shown in Figure 5-10. The Zernike coefficients for the oil filled lenses appear to be 

consistent while the values for DI water filled lenses appear to be much higher.  

The Zernike coefficients corresponding to defocus were on the order of λ/3 in 

microgravity and λ/10 in the hyper-gravity segments of the parabola.  These values 
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reflect the average residual aberrations which correspond to how much the lens 

was affected by the change in gravitational acceleration.  

Table 5-2 The RMS error for a sample of Zernike coefficients for all 7 lenses. Note that 

spherical aberration was only measured for Lens 5 and Lens 6 

  Lens 1 Lens 2 Lens 3 Lens 4 Lens 5 Lens 6 Lens 7 

Astigmatism 45 (µm) 0.039694 0.074261 0.104381 0.0629 0.181874 0.108033 0.300312 

Defocus (µm) 0.159371 0.148013 0.228766 0.132865 0.196768 0.209118 0.226133 

Astigmatism 90 (µm) 0.016507 0.041043 0.021223 0.015014 0.038305 0.027393 0.705181 

Coma x (µm) 0.111395 0.118471 0.134343 0.075828 0.102807 0.091094 0.34311 

Coma y (µm) 0.011824 0.018356 0.008699 0.003936 0.013882 0.00528 0.149368 

Spherical 

aberration(µm) 

 NA NA  NA NA  0.008604 0.019049  NA 

 

 

Figure 5-10: shows a graphical summary of the 7 lenses which shows the change in Zernike 

coefficients during each parabolic flight.  

 

The largest changes in Zernike coefficients we observed in the values for 

defocus. This result validated two important operational claims for the fluidic lens 

technology: 1) The spherical lenses that were being tested only induced positive or 
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negative defocus over the entire wavefront and 2) since the change in coefficient 

appears to be consistent, one spherical fluidic lens can compensate for the errors 

induced by injecting or withdrawing fluids into the chambers of the fluidic lens as 

long as a reference wavefront is available. In the addition, the highest values of 

defocus were recorded for Lens 7 which was the deionized water filled lens. We 

believe the viscosity of the fluid appears to affect the performance of the lens in 

microgravity; however, more research would be needed to determine the optimum 

viscosity required for minimum variation in Zernike coefficients. 

In addition to calculating the RMS for the lenses and Zernike polynomials, 

the RMS Zernike coefficient value corresponding to defocus was calculated for the 

microgravity environment and the hyper-gravity segment for each lens. The RMS 

values for Lens 2 through Lens 6 were consistent during the microgravity and the 

hyper-gravity segments of the parabolas. However, the rms values for Lens 1 and 

Lens 7 during the hypergravity were much larger than the other five lenses as 

shown in Table 5-3. This can be attributed to mechanical vibrations that resulted 

from the turbulent flight environment of the first flight. As for Lens 7, the 

refracting medium was deionized water which is less viscous than oil and therefore 

more susceptible to turbulence or other flight vibrations.  

The residual Zernike values were also used to reconstruct the 

wavefront for all the Zernike terms for a 4mm pupil. The wavefront 

reconstruction showed a clear change in the Zernike coefficient values from 

positive values to negative values between microgravity and the hyper-
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gravity segments respectively to defocus as shown in Figure 5-11. The total 

deviation in the defocus range was from 0.2937μm to 0.3966μm with a 

standard deviation of 0.03615μm. These values fall within the RMS and 

standard deviation calculated from the overall data. A similar behavior was 

observed for all subsequent Zernike terms where Zernike coefficients 

alternate signs between the microgravity and 2g segment of the parabolas. 

This consistency in the reaction of the lens makes it a useful optic that can be 

used in space-based adaptive optics systems as a main optical component or 

as a supplemental component. The performance of the fluidic lens in 

microgravity was stable enough to be considered acceptable.  Additionally, 

valuable insight was acquired regarding the operation of the lenses and the 

stability of each coefficient under these conditions. 

 

Table 5-3: The residual RMS wavefront error generated during the microgravity and the 2G 

portion of the flight for all lens configurations. 

 

Lens 1 Lens 2 Lens 3 Lens 4 Lens 5 Lens 6 Lens 7 

RMS Microgravity (µm) 0.2588 0.2759 0.3511 0.2341 0.3521 0.2983 0.2222 

RMS Hypergravity (µm) 0.1207 0.046 0.0471 0.0596 0.0445 0.051 0.144 

RMS Total Deviation (µm) 0.3795 0.3219 0.3982 0.2937 0.3966 0.3493 0.3662 
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Figure 5-11: Reconstruction of defocus in-flight for one parabola over 60 second period at 6 

seconds interval for Lens 4. The negative wavefront shows the effect of hyper gravity on the 

fluidic lens. The positive wavefronts corresponds to the microgravity portion of the parabola.   

 

To further assess the performance of the fluidic lens and the effect of 

the change in gravitational force on the fluidic lenses, the modulation 

transfer function (MTF) and the point spread function (PSF) of the fluidic 

lens were calculated for each configuration. Using a threshold value that was 

determined from the RMS values previously calculated, the MTF was plotted 

for each lens configuration. The MTF plots in Figure 5-12  and  

Figure 5-13 shows the variation in image quality. The variation in Lenses 

1, 2, and 7 appear to be the largest. As expected, the cut-off frequency for those 

lenses would be the smallest since they had the largest focal length. In addition, 

since Lens 7 was filled with deionized water, the difference in viscosity appears to 

make the lens more susceptible to change in gravitational acceleration and to the 
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aircraft turbulence.  Calculation of the PSF shown in Figure 5-14 further 

demonstrates this change when compared to the change in Zernike coefficient over 

time during one parabolic sequence of Lens 4 shown in Figure 9. In addition, the 

wavefront was applied to a standard 20/50 letter “E” to simulate the amount of blur 

that would be induced by the change in gravity. The unaberrated, 2g, and 0g 

images are shown in Figure 5-15. As expected, the change in gravity doesn’t appear 

to have any significant changes on the performance of the lens.  

 

Figure 5-12: MTF of Lens 1   Lens 6.
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Figure 5-13: MTF of Lens 7. The lens filled with water. 

 

 

Figure 5-14: PSF of the wavefront error over a 60s. The PSF is calculated at 6s intervals. 

 



 

 

 

148 

  

Figure 5-15: Simulation of the effect on the image quality through the fluidic lens under the 

effect of microgravity and hyper-gravity for a standard 20/50 letter. 

 

 Chapter Summary 5.5

We have successfully demonstrated the operation of a variable focal length 

opto-fluidic lens in a microgravity environment. Analysis of the wavefront, the 

median, the PSF, and MTF has shown that the change in gravitational acceleration 

over a range from 2g to 0g did not have a significant effect on the performance of 

the lens. The Zernike coefficients corresponding to defocus were on the order of λ/3 

the microgravity segments and λ/10 in the hyper-gravity segments of the flight. 

While this experiment only tested the performance of a single lens, these results 

show that our fluidic is stable enough to integrate in other optical systems for 

space-based application and devices. 
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6 CONCLUSION AND FUTURE WORK 

 

 Summary 6.1

At the beginning of this dissertation, a plan was outlined with the goal 

of developing a device capable of measuring and correcting refractive errors 

and astigmatism in the human eye.  In chapter one, the motivation was 

established to show a clear need and advantages for a truly automated 

phoropter device. The criteria for developing a fully functional and market 

competitive fluidic auto-phoropter device were determined to be: accuracy, 

reliability, speed, size and the ability to provide a clinically relevant 

ophthalmic prescription for sphere, cylinder and axis. The necessary 

technical background information was presented in chapter two, which 

provided a detailed description of the human visual system, aberration theory 

and the processes of wavefront sensing and wavefront analysis for vision 

research.  

The proposed system is comprised of three main components: a Shack-

Hartmann wavefront sensor, a relay telescopic system and a sphero-

cylindrical stack of variable focal length fluidic lenses. In chapter three, the 

nulling of the eye model’s error with the calibrated phoropter device was 

presented as a proof of concept of the fluidic auto-phoropter instrument 

capabilities. The functionality of the device was demonstrated through a 

detailed wavefront theory of the major contributor of wavefront errors and 
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corrections. Further analysis, evaluated the ability of the fluidic lenses to 

generate spherical and cylindrical powers at all axis for ophthalmic 

prescriptions. Models in both FRED and ZEMAX predicted a correction range 

of -20D to 20D, which were verified in experiment. The system was then 

tested to verify the functionality of the phoropter device, validate the 

prediction of the design and calibrate the fluidic lenses for integration with 

the Shack-Hartmann wavefront sensor and the automated correction 

software for close-looped operation. 

In chapter four, a new optical design that achieves the goal of 

miniaturizing the fluidic auto-phoropter was presented.  The majority of the 

glass optics was replaced with holographic optical elements (HOES), 

resulting to a fifty percent reduction in the overall size of the fluidic auto-

phoropter. This allow for a simpler design, which was more compact, accurate 

and easily reproducible. Furthermore, automated software was developed to 

integrate the three main components of the system to facilitate the operation 

of the holographic fluidic auto-phoropter in a close-looped configuration. The 

device can accurately measure and correct the aberrations present in the eye 

model by applying the appropriate volume of fluid to each of the variable 

focal length fluidic lenses automatically. 

In chapter five, the operation of the auto-fluidic lenses in a microgravity 

environment was presented to determine the potential of using the fluidic lenses in 

a portable system. Analysis of the wavefront, the point spread function, and 



 

 

 

151 

modulation transfer function has shown that the change in gravitational 

acceleration over a range from 2g to 0g did not have a significant effect on the 

performance of the lens except for small variation in the defocus term as expected. 

The Zernike coefficients corresponding to defocus were on the order of λ/3 for the 

microgravity segments and λ/10 in the hyper-gravity segments of the flight. While 

this experiment only tested the performance of a single lens, these results 

demonstrated that the fluidic lens is stable enough to integrate in portable system 

with little effect to its performance. In addition, the fluidic lenses may also be a 

viable alternative to other adaptive optics systems for land and space-based 

applications and devices. 

The holographic fluidic auto-phoropter presented in this research 

demonstrated the ability of each of the main components to measure, generate and 

correct the relevant aberration for ophthalmic prescription both individually and in 

a fully integrated auto-phoropter device. While these results are very promising, 

further investigations are required to fully test and characterize the device to meet 

compliance.  

 

 Future work 6.2

Thus far, the analysis of the system confirmed its ability to function and 

operate as an alternative to current auto-phoropters. A range of operation 

comparable to those predicted by the models and simulations competitive 

with existing auto-phoropters was verified. Although these are very favorable 
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results, future studies are needed to improve some aspects of the system 

including clinical studies to determine its performance in vivo.  

Improvement to the lens technology can improve the overall 

performance of the fluidic auto phoropter in both speed and image quality. 

The current fluidic lenses suffer from multiple reflections deriving from the 

glass surfaces that form the fluid chambers. Adding a glass plate with an 

anti-reflection coating would eliminate the reflections and improve the 

quality of the images generated by the fluidic lenses.  In addition, the pump 

hardware system is bulky, slow and lacks robustness, which sometimes 

affects the accuracy of the corrections. The advancement of the fluidic auto-

phoropter would benefit greatly from a smaller and faster fluidic lens; which 

would decrease correction time and increase its sensitivity to provide 

consistently accurate corrections without frequent calibrations or/and 

maintenance.   

In addition to improving the fluidic lenses, a well-planned clinical study 

would be required to truly validate the holographic fluidic auto-phoropter as 

a viable candidate to replace current auto-refractors. Now that all the 

components have been successfully integrated into a fluidic auto-phoropter 

device, the next phase is the clinical testing on human subjects to examine 

how patients respond to the system. Within the clinical test a measurement 

of response time, accuracy and precision in vivo would be assessed. 

Additionally, the patients’ feedback for a given prescription would be 
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evaluated to determine how the human factor affects the measurement and 

correction. The target test population would range between the ages of 18 to 

74 and divided into three groups. The first group would include emmetropic 

patients, the second would require preexisting corrective eyewear, and the 

participants in the third group would be required to have preexisting 

corrective eye surgery. By completing these clinical tests the performance of 

the fluidic auto-phoropter device can be compared to that of existing systems 

and ensure that it is both competitive and accurate.  

A packaging approach that is suitable for both research and clinical 

setting is essential for the next phase in the development of a prototype of the 

holographic fluidic auto-phoropter. The packaging scheme will consist of a 

box made from 1/8 inch thick plastic.  The box will be approximately 10-inch 

wide, 3-inch in tall and 5-inch deep. The base of the packing will contain 

threaded-holes spaces 1-inch apart to facilitate the setup and mounting of 

current optical hardware. The cover of the housing will be removable in order 

to easily access the optical component for maintenance, alignment and 

calibration purposes. Ultimately, it would be desirable to design a packaging 

system that is injection molded to eliminate the need for traditional optical 

mounts in order to reduce the weight and size of the device. In addition, this 

packaging would allow for fast and easy assembly; which can often be very 

time consuming. The packaging and a layout of the system is shown in Figure 

6-1 below.  
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Figure 6-1: Assembled packaging for the HOEs holographic fluidic auto-phoropter top-view 

(right), front view (left).  

 

  Those improvements previously outlined will facilitate and ensure the 

development of a holographic optical element fluidic auto-phoroter that is a 

precise, accurate, compact, potentially mobile and affordable ophthalmic 

instrument.   
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APPENDIX A – FLUIDIC LENS FABRICATION AND 

ASSEMBLY 

This Section contains detailed instruction about the membrane synthesis and 

the assembly of the fluidic lens both spherical and cylindrical.  
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APPENDIX B - PARABOLIC FLIGHT WAVEFRONT 

RECONSTRUCTION AND ANALYSIS 

The experiment is divided into seven different parts that are referred 

to as Lens 1 to Lens 7. Each lens refers to a different configuration of the 

fluidic lens during a particular flight day, during a set of 10 parabolas or the 

fluidic that is being used. Lens 1 refers to the first day where the spherical 

fluid lens was used as a zero power optical element. Lens 2 to Lens 5 refers to 

the second day of flight the power of the fluidic lens was modified every 10 

parabolas. Lens 6 refers to flight 3 the power of the fluidic lens remained 

unchanged during the entire flight. Lens 7 corresponds to the water filled 

lens that was used on the 4th flight. The fluidic Lens was filled will the same 

optical oil for all previous lens configurations.   
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Lens 1 

 

Figure 6-2  Zernike Coefficient measured for lens1 in flight. The fluidic lens is used as 

window. 

 

 

Figure 6-3 shows the residual Zernike coefficient between the reference wavefront and the 

wavefront in microgravity 

 

 
 Astigmism45 Defocus Astigmatism90 Coma x Coma y 

Mean -0.01053 -0.05911 -0.0034326 0.005614 0.003236 

Standard Deviation 0.03831 0.148161 0.01616102 0.111356 0.011383 

RMS 0.039694 0.159371 0.01650698 0.111395 0.011824 
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Lens 2 

 

Figure 6-4 Zernike Coefficient measured for lens1 in flight. The fluidic lens is used as 

window for the first 10 parabolas 

 

 

Figure 6-5 Changes in Zernike Coefficient for Lens 2 
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Lens 3

 

Figure 6-6 Zernike coefficient after the power of the fluidic lens was increased during 

parabolas 11-20. 

 

Figure 6-7 Residual coefficient for lens 3. 
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Lens 4 

 

Figure 6-8 Zernike coefficient after the power of the fluidic lens was increased during 

parabolas 21-30 

 

Figure 6-9 Residual Zernike values for Lens 4 

 

 

 

 

 Astigmatism45 Defocus Astigmatism90 Coma x Coma y 

Mean 0.004448 0.049733 0.012929 -0.00104 0.000846 

Standard Deviation 0.06297 0.123719 0.007722 0.076095 0.003855 

RMS 0.0629 0.132865 0.015014 0.075828 0.003936 

 

0

1

2

3

4

5

6

7

8

1 61 121 181 241 301 361 421 481 541 601

Ze
rn

ik
e

 C
o

e
ff

ic
ie

n
t 

(µ
m

) 

Time (s) 

Zernike Coefficient Over Time 

Astigmatism 45

Defocus 3

Astigmatism90

Coma x

Coma y

-0.2

-0.1

0

0.1

0.2

0.3

1 61 121 181 241 301 361 421 481 541 601

Ze
n

ik
e

 C
o

e
ff

ic
ie

n
t 

(µ
m

) 

Time (s) 

Change in Zernike Coefficient 

Astigmatism 45

Defocus 3

Astigmatism90

Coma x

Coma y



 

 

 

178 

Lens 5 

 

Figure 6-10 Zernike coefficient after the power of the fluidic lens was increased during 

parabolas 31-40 

 

Figure 6-11 Residual Zernike Values For Lens 5 
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Lens 6 

 

Figure 6-12 Zernike coefficient after the power of the fluidic lens was increased. 

 

 

Figure 6-13 Residual Zernike Coefficient for Lens 6 
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Lens 7 

 

Figure 6-14 Zernike coefficient after the power of the water fluidic lens was increased. 

 

 

Figure 6-15 Residual Zernike coefficient for Lens 7 
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Figure 6-16 shows the rms error for all the Zernike coefficients for all 7 lenses. 

 

 Lens 

1 

Lens 2 Lens 3 Lens 4 Lens 5 Lens 6 Lens 7 

RMS Microgavity 0.2588 0.2759 0.3511 0.2341 0.3521 0.2983 0.2222 

RMS Pull up 0.1207 0.046 0.0471 0.0596 0.0445 0.051 0.144 

RMS Total Deviation 0.3795 0.3219 0.3982 0.2937 0.3966 0.3493 0.3662 

 

 

Figure 6-17 shows the rms values in micro gravity and 2G. Total deviation appears to be 

constant for the 7 lenses with standard deviation of 0.03615µm. 
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Wavefront Reconstruction. 

Defocus 

Lens 1 

 

Figure 6-18  shows a reconstruction of defocus in-flight for one parabola over 60 second at 6 

seconds interval (Lens 1) 

Lens 2 

 

Figure 6-19 shows a reconstruction of defocus in-flight for one parabola over 60 second at 6 

seconds interval (Lens 2) 
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Lens 3 

 

Figure 6-20 shows a reconstruction of defocus in-flight for one parabola over 60 second at 6 

seconds interval (Lens 3) 

 

Lens 4 

 

Figure 6-21 shows a reconstruction of defocus in-flight for one parabola over 60 second at 6 

seconds interval (Lens 4) 
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Lens 5 

 

Figure 6-22 shows a reconstruction of defocus in-flight for one parabola over 60 second at 6 

seconds interval (Lens 5) 

Lens 6 

 

Figure 6-23 shows a reconstruction of defocus in-flight for one parabola over 60 second at 6 

seconds interval (Lens 6) 
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Lens 7 

 

Figure 6-24 shows a reconstruction of defocus in-flight for one parabola over 60 second at 6 

seconds interval (Lens 7) 

 

Astigmatism 45o 

 

Figure 6-25 shows a reconstruction of astigmatism in flight for one parabola over 60 second 

at 6 seconds interval (Lens 4) 

Astigmatism 90o 
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Figure 6-26 shows a reconstruction of astigmatism in flight for one parabola over 60 second 

at 6 seconds interval (Lens 4) 

 

Coma x 

 

Figure 6-27 shows a reconstruction of the coma x in flight for one parabola over 60 second at 

6 seconds interval (Lens 4) 

 

Coma Y 
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Figure 6-28 shows a reconstruction of the coma y in flight for one parabola over 60 second at 

6 seconds interval (Lens 4) 

Spherical Aberration 

Lens 5 

 

Figure 6-29 shows a reconstruction of the spherical aberration in flight for one parabola over 

60 second at 6 seconds interval (Lens 5) 
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Lens 6 

 

Figure 6-30 shows a reconstruction of the spherical aberration in flight for one parabola over 

60 second at 6 seconds interval (Lens 6) 
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