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ABSTRACT

Fluidic lenses have been developed for ophthalmic applications.

The lenses use a

pressure differential to deform a membrane, which separates two fluids with different
indexes of refraction. The change in membrane shape creates changes in the optical
wavefront. By utilizing different boundary conditions on the membrane, the progression
of the membrane shape can be controlled. Specifically, a circular restraint is used to
produce optical power, whereas a rectangular restraint is used to produce a combination
of power and astigmatism.

These lenses are analyzed for dominant properties and

wavefront quality.

By combining 2 rectangular restraint lenses at 45° and a circular restraint lens, both
orthogonal second order Zernike astigmatisms as well as second order power can be
independently controlled. This combination can also be described as independent control
of ophthalmic cylinder, cylinder axis, and power, which is required to create a basic
phoropter. A fluidic phoropter is demonstrated and analyzed in this manuscript.

9
1. INTRODUCTION

1.1 Introduction to Fluidic Lenses
A fluidic lens can be defined as any lens, which variably alters a wavefront by passing it
through a fluidic medium or series of fluidic media. The two basic modes of wavefront
control are by the fluid’s interface with another fluid, or by locally controlling the index
of refraction of the fluid. An example of the former method is to place water in a
transparent balloon. When water is injected into or removed from the balloon, the shape
of the balloon and its optical properties changes, and it can be considered a fluidic lens.
An example of a controlled index would a tunable acoustic gradient lens, wherein
acoustic standing waves are used to produce a refractive index distribution in a fluid
medium1. In the case of this manuscript, the discussion will be concerned with the
interface-controlled type of fluidic lens.

Within this research, all fluidic lenses discussed fall into the same basic design: a
polydimethylsiloxane (PDMS) membrane separates a fluid (deionized water) from air.
The water is contained within a rigid structure excepting the membrane interface. As
water is injected or removed from the lens, the PDMS membrane must deform to
compensate for the pressure differential between the two fluids.

The membrane

progression is controlled by the volume of water exchanged as well as the edge restraints
of the membrane. For example, with a circular restraint, the progression has been shown
to be approximately parabolic for low curvatures2,3. With a parabolic curvature and an
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index difference between the fluid contained by the lens and the fluid external to the lens,
optical power is produced. By changing the fluid volume within the lens, and therefore
the pressure, the optical power of the lens can be varied. By altering the edge restraint
from circular, the circular symmetry is broken, and other wavefronts can be variably
produced by the lens. For an example, see Appendix B.

1.2 Fluidic Lenses in Ophthalmic Applications
There are several situations in which variable refractive correction is desirable in
ophthalmic applications. For patients with presbyopia, it is desirable to have a variable
optical power to be capable of focusing both close and far. In a clinical setting within an
ophthalmic exam, a device with variable refractive correction could be used to assess
patient refractive error by varying the level of correction until the patient is satisfied with
the result.

Within an ophthalmic exam, patient optical prescription is commonly assessed via a
conventional phoropter.

The optometrist is able to assess the patient by using the

phoropter to discretely place lenses in front of the patient’s eyes while the patient
observes an ophthalmic chart, or Snellen chart. Through the patient’s feedback, the
doctor is able to find the best configuration of lenses for the patient’s correction, and
convert this into a prescription. Conventionally, these phoropters have the capacity to
analyze both power and astigmatism.

11
In the research involved in this manuscript, it is shown that fluidic lenses are capable of
performing all of these facets of the conventional phoropter while improving on some of
its features and capabilities. The fluidic lenses are small, and relatively light, which
makes them head-mountable to allow the patient to walk around with their prescription
and look at other objects, allowing them a better understanding of what the specific
refractive correction could be. These fluidic lenses can also be computer controlled,
allowing them to be integrated with a wavefront sensor for automated correction with
minor adjustment by the patient or optometrist. They provide a continuously variable
correction, allowing for more precise measurement of refractive error.

With the

wavefront sensor, the procedure could be performed with much less time for the
optometrist.

1.3 Literature Review
The very first fluidic lenses were invented by Robert Blair effectively trapped a fluid
between two pieces of glass in the interest of aberration correction in the late 18th and
early 19th century4. These were static lenses, but they utilized fluids of non-unitary index
of refraction to correct aberrations.

He controlled the index by changing the

concentration of the liquid, and was able to achieve superior performance.

Variable fluidic lenses have been under development for over 120 years. The oldest
patent the author has been able to find on fluidic lenses was first filed in 18905. This
patent involves a refracting or reflecting surface with curvature controlled by pressure.
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The first fluidic lens patented for astigmatism is likely a patent filed in 19386. This lens
creates cylinder by bending the “transparent wall” in one direction.

This method

implies a fairly stiff membrane, but indicates that pressure was not considered as a means
of controlling the shape. On the other hand, a patent filed in 1941 is very similar to
current fluidic lenses in that it uses fluidic pressure to control the curvature, and is
attempting to produce variable spherical curvature with a very flexible membrane7.
These lenses, however, did not come to wide use.

Since the late 1980’s, a number of patents appear which show innovative advancement in
improving the method of membrane retention and fluid delivery to improve the quality of
the lenses. Joshua Silver’s group worked on utilizing opposing O-rings as both the seal
and a method of adding pretension to flatten the membrane at rest8. Silver’s group later
patented a membrane clamping method, which utilizes an angled contact between two
beveled surfaces to generate radial tension and seal the membrane to the fluid chamber9.
Another group patented a method which uses a rigid internal ring and an outer clamp
along with a possible shaped O-ring or elastomer to retain the membrane in such a way as
to improve optical quality by shaping the forces during clamping10. Both of these groups
included within their respective patents the use of these lenses as eyewear as well as
several fluid delivery methods such as a syringe, a plunger with gears, or electronic
pumps with pressure control. A fluidic lens was also patented with focus on a hand
controlled plunger rigidly connected to the fluid chamber for manual control of the lens
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shape11. However, there is relatively little research evaluating the quality of these and
other similar fluidic lenses with respect to use as eyewear.

In the recent past, several groups have been working on fluidic lens applications. They
analyze such factors as optical power vs. pressure or volume2,12,13,14,15,16, utilizing fluidic
lenses for variable zoom14,15 , Modulation Transfer Function3, resolution16,17, and Root
Mean Squared (RMS) wavefront error18 of the lenses. Some also develop fluidic lenses
for intraocular crystalline lens replacement because they can be mechanically
manipulated into variable power19. However, the research involved in this dissertation is
the first to quantitatively measure the aberrations of the fluidic lenses in an attempt to
improve the fabrication process. Furthermore, this dissertation demonstrates the first
functioning astigmatic fluidic lenses, which are necessary for a fluidic phoropter.

1.4 Dissertation Format
The three papers presented in the appendices (A, B, and C) represent the culmination of
the fluidic phoropter research. Appendix A includes a paper entitled “Adjustable Fluidic
Lenses for Ophthalmic Corrections”, which is published in Optics Letters. Appendix B
includes a paper entitled “Astigmatism and Defocus Wavefront Correction Via Zernike
Modes Produced with Fluidic Lenses”, which is published in Applied Optics. Appendix
C includes a paper entitled “Adjustable Adaptive Compact Fluidic Phoropter with no
Mechanical Translation of Lenses”, which is published in Optics Letters.

The

dissertation author performed the system design analysis, theoretical design analysis,
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opto-mechanical

design,

fabrication,

optical

performance

testing,

and

optical

performance analysis for all lenses described. Therefore, the published papers format has
been used for this dissertation.

15
2. PRESENT STUDY

The methods, results, and conclusions of this research are presented in the papers
appended to this dissertation in appendices A, B, and C. The following is a summary of
the most important findings of this research as well as some additional comments, which
come from experience working with the lenses.

2.1 Fluidic Lens Design Principles
One of the key design aspects of fluidic lenses for ophthalmic applications is to have high
optical quality at low power. Most patients require less than 5D of optical power, and the
lens must function well at low power. If this is true, then it can also function both
positively and negatively by utilizing pressure and vacuum in the lens cell. The key to
high optical quality at low power is to be capable of obtaining a flat surface over the clear
aperture during the progression of the lens. To acquire an approximately flat surface,
there must be enough pre-tension to keep ripples from occurring around zero power. For
example, if the membrane is allowed to sag while it is being mounted, at near zero power
the membrane will buckle because it will be under compression, and, as a thin membrane,
it cannot maintain enough moment. This buckling can create catastrophic aberrations at
low power. By using pre-tension, the membrane is never in compression. For these
lenses, the pre-tension is achieved by stretching it over a flange, which creates both pretension and the membrane seal. See Figure 1 for an example of this stretching method.
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Membrane

Clamp

Flange

Figure 2-1: Membrane stretching in circular lens shown in cross section view

The fluidic lens performance with respect to pressure changes is generally controlled by
the boundary conditions of the lens. These boundary conditions include the clamping
method, amount of pre-tension on the lens, the shape of the clamp, the shape of the pretension flange, and the membrane structure. By controlling these factors, different shapes
emerge as the pressure in the chamber changes. Furthermore, by combining several
lenses together, some useful results can be obtained. This research delves into one
example of this process by using a combination of three fluidic lenses to freely control
power, cylinder, and cylinder angle.

2.2 Circular Lens
In the first paper, Appendix A, a circular fluidic lens capable of low positive and negative
power was demonstrated. For convenience, the fluidic medium was deionized water. Its
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dynamic range was shown to be ±20D, and the power followed an approximately linear
relationship with fluid volume.

The circular lens utilized a circular restraint with pretension applied to the membrane.
This is very similar to a classic uniformly loaded circular plate with freely supported
edges, since the pretension is applied inside the clamping restraint via a ring shaped force
load. This problem is very well known2,20 at small deflections, and the solution is
acquired from Mechanics of Materials 2 by E. J. Hearn. The fundamental equation for
this problem is
d
dr

pr
⎡ 1 d ⎛ dz ⎞⎤
⎢ r dr ⎜ r dr ⎟⎥ = − 2 D .
⎝
⎠⎦
⎣

(2-1)

Where r is the radial distance from the center, z is the membrane deflection defined at
zero in the center, p is the pressure, and D is flexural stiffness, which is a constant for a
uniform thickness and material membrane. The goal is to find z as it depends on r to
define the membrane shape. Therefore, Eq. 2-1 is integrated twice with respect to r, and
the equation becomes
dz
pr 3
r C
=−
+ C1 + 2 .
dr
16 D
2 r

(2-2)

Integrating again, the problem becomes
z=−

pr 4
r2
+ C1
+ C 2 log e r + C 3 .
64 D
4

(2-3)
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Since the deflection is defined as zero at r = 0 , C 2 = 0 and C3 = 0 . Since the membrane
has freely supported edges, the moment in the radial direction is zero at R , which is radial
location of the edge of the lens. Therefore,

dz
d 2z
+ν
= 0,
2
rdr
dr

(2-4)

d 2z
dz
= −ν
,
2
dr
rdr

(2-5)

and

where ν is the Poisson ratio of the PDMS. At r = R and substituting Eq. 2-2 into Eq. 2-5,
−

⎡ pR 2 C1 ⎤
3 pR 2 C1
+
=ν ⎢
− ⎥,
16 D
2
⎣ 16 D 2 ⎦

(2-6)

and

pR 2
C1 =
8D

⎡ (3 + ν ) ⎤
⎢ (1 + ν ) ⎥ .
⎣
⎦

(2-7)

Therefore,
z=

pR 4 ⎡ r 4
r 2 ⎡ (3 + ν ) ⎤ ⎤
−
+
2
⎢
⎥.
R 2 ⎢⎣ (1 + ν ) ⎥⎦ ⎦
64 D ⎣ R 4

If the membrane is clamped at the edge instead of freely supported,

z=

pR 4 ⎡ r 4
r2 ⎤
2
−
+
⎢
⎥
64 D ⎣ R 4
R2 ⎦

(2-8)

dz
= 0 ; and
dr
(2-9)

Since the PDMS has a Poisson ratio of approximately 0.5, this is a factor of
approximately 2.33 difference in the ratio between the r 2 term and the r 4 term.
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Therefore, freely supporting the edges can improve the lens quality and this was utilized
in the design. Furthermore, because these membranes are fairly thin (200-300 µm) and
have a low Young’s modulus, they tend not to carry moments very well, which makes a
freely supported edge constraint model is more accurate.

Eq’s. 2-8 and 2-9 only function for small deflections.

It turns out that a similar

relationship exists under larger deflections, but the constant in front changes2,21. This is
important because, for the optical quality of these lenses, the factor is relatively
unimportant as long as the pressures involved do not approach atmospheric. Effectively,
the optical quality is not affected by how much pressure is required to deflect the lens,
and only the radial profile under deflection matters.

The theoretical radial profile of these lenses shows a large potential for 4th order spherical
aberration to become a factor. A solution to this problem is to make the fluidic lens much
larger than the pupil of the system it is to be used in. To analyze this further, we will
consider the Zernike expansion of the lens curvature. Relative merits can be considered
based on the ratio of the Zernike power coefficient, c20 in

(

)

c20 Z 20 (r ) = c20 3 2r 2 − 1 ,

(2-10)

to the Zernike spherical aberration coefficient, c40 in

(

)

c40 Z 40 (r ) = c40 5 6r 4 − 6r 2 + 1 .

(2-11)
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Since piston is irrelevant to optical quality in this instance, it will be neglected, and the
terms shortened to improve readability. Neglecting the term in front and with R = 1 , the
Zernike expansion of Eq. 2-9 is
z (r ) = −

1
6 5

Z 40 (r ) +

1
2 3

Z 20 (r ) .

(2-12)

By scaling the pupil size of the aperture to 50% of its original diameter22, this equation
becomes
z (r ' ) = −

1

1 0
1
7
* Z 20 (r ' ) .
Z 4 (r ' ) +
6 5 16
2 3 16
*

(2-13)

Because the spherical aberration is in the opposite direction than with spherical
components, Eq. 2-13 shows that the power increases in the lens when the pupil size is
reduced, further increasing the ratio between the c20 and the c40 terms and improving the
lens. See Figure 2 for a plot of these displacement profiles. This ratio is 7 times what it
is at full diameter.

With freely supported restraints, the lens is further improved.

Because of this effect, the circular lens was designed to be evaluated with a 6mm
diameter aperture, while the lens is 23mm, which equates to a factor of approximately
14.76 in the ratio between the c20 and the c 40 terms.

The above analysis assumes plate dynamics of the membrane. Once enough tension is
added to the membrane via deflection and preload, the in plane stress dominates, and it
achieves membrane dynamics23. This requires a deflection of approximately 3 times the
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membrane thickness21.

Within membrane dynamics, the curvature is effectively

parabolic.

Figure 2-2: Equivalent curvature membrane displacement profiles. The plot shows the
difference between the curvatures of several different shapes including spherical,
parabolic, freely supported edge membrane model, and the clamped edge membrane
model, while all have the same parabolic term. These plots show that the membrane
models produce a spherical error in the opposite direction to that produced by a spherical
optic.

In the second paper, Appendix B, the wavefront of this lens was further analyzed using
Zernike coefficients. The primary aberration observed in the lens was astigmatism.
Since the membrane retention is approximately rotationally symmetric, this aberration
must be caused by a non-symmetric pretension. This is likely due to asymmetry in the
method of imparting the pre-tension. There is a strong link between the aberrations at
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zero power and at the maximum power tested using the Shack-Hartmann wavefront
sensor. As shown in Figure 2, the error shape stays close to the same, but progresses
throughout the test.

If this error were eliminated, the lens would be significantly

improved. Furthermore, without the astigmatism in the lens, which can be corrected by
the astigmatic fluidic lens discussed later, the errors are insubstantial.

With the

astigmatism, the lens still maintains a visual Strehl ratio above 0.8, which is adequate for
human eye applications assuming the other lenses have adequate quality.

150 µL
3D Defocus

50 µL
1D Defocus

-50 µL
-1D Defocus

-150 µL
-3D Defocus

Figure 2-3: Circular lens error progression. On top is the lens wavefront as measured by
a Shack-Hartmann wavefront sensor from Approx. 3D to -4D. The progression
underneath is the wavefront with defocus and tilt subtracted. This shows similar features
throughout the measurement, which is adapted by the change in curvature.

2.3 Astigmatic Lens
The astigmatic lens is constructed similarly to the circular lens. However, instead of
having circular symmetry, it has reflective symmetry: instead of a circular restraint, it has
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a rectangular one. The purpose of the rectangular restraint is to separate the two axes of
power as much as possible to produce astigmatism.

The theory for the membrane shape for the astigmatic fluidic lens is much more
complicated than the circular example, and it depends heavily on the shape of the edge
restraint as well as the restraint mechanics. In general, this requires finite element
analysis to simulate the lens performance characteristics; however a close analogue can
be achieved by looking at freely constrained beam deflection.

The astigmatic lens utilizes a rectangular restraint to control its shape. If the long side is
much longer than the short side, the performance at the mid plane of the long side is
similar to that of a freely constrained beam: its profile is similar to the situation where the
short side is unconstrained. According to Timoshenko24, the freely constrained beam
deflection occurs according to the following equation:
q ⎡l 2 x 2 x 4 1 2 2 ⎛ 1 ⎞ 2 2 ⎤
−
− c x + ⎜1 + ν ⎟c x ⎥ .
d ( x) = δ −
⎢
2 EI ⎣ 2
12 5
⎝ 2 ⎠
⎦

(2-14)

Where δ is the displacement at the center of the beam, q is the pressure, E is the
Young’s Modulus, I is the shape factor, which depends on the cross sectional profile of
the beam, l is the length, c is the thickness, and ν is the Poisson ratio. This produces a
cross sectional profile that is effectively an x 2 term and an x 4 term, which is very similar
to the circular lens cross sectional profile. Again, under large deflections, this curvature
becomes more parabolic.
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Because the rectangular restraint has mirror symmetry and is a convex shape, the point on
the membrane with the highest magnitude of deflection is in the center. The magnitude
of deflection must reduce radially outward to the edge, where the deflection is zero. The
shortest line to the edge will therefore have a higher slope because the magnitude of
deflection monotonically decreases from the center.

Assuming this slope is mostly

curvature, it will then have the highest power. This is across the center of the rectangle in
the short dimension. The longest path is to the corners of the rectangle, which will
provide the lowest curvature. However, due to the symmetry, and by limiting the usable
area to the central portion of the membrane, this acts as a single low curvature in a single
direction, which is across the center of the rectangle in the long dimension. The corners
create an edge effect, which, experimentally, has not shown itself to be relevant to the
lens performance: this dynamic would produce a large increase in higher order
astigmatisms, which is not present. See Appendix B for this experimental data.

The combination of a long curvature direction and a short curvature direction produces
sphero-cylindrical power. For example, if the rectangle were infinite in one direction,
this would produce a lens with power in only one direction, or pure cylinder. If the
rectangle were to have a 1:1 ratio, there would be no cylinder term, but it would instead
have only spherical power. Since all other rectangular restraints fall somewhere in
between, they are a combination of cylinder and sphere. The astigmatic lenses discussed
in these manuscripts all have a rectangular ratio of approximately 2:1. Within the useable
area of the lens, the Zernike decomposition of the wavefront through the Shack-
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Hartmann wavefront sensor shows that the lens produces approximately equal
coefficients of second order power and astigmatism. Furthermore, after subtracting the
second order terms, the visual Strehl ratio of the astigmatic lens does not drop below 0.98
for the range of the test. The astigmatic lenses have a very high quality because they are
immune to the primary aberration involved in fabrication: astigmatism. The fabricationinduced astigmatism simply becomes a part of the performance calibration for these
lenses.

2.4 Fluidic Phoropter
Appendix C demonstrates a fluidic phoropter, which is capable of variable power
correction as well as variable cylinder correction at any angle. It combines a circular
aperture lens with two rectangular aperture lenses oriented at 45° from each other. See
Figure 3 for the mechanical model explode view of this phoropter.

Double
Astigmatic
Lens

Spherical
Lens

Figure 2-4: Mechanical model explode view of phoropter.
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The performance of the two astigmatic lenses can best be evaluated using the Zernike
expansion of the wavefront. The primary terms expressed are defocus (Z(2,0)) and
astigmatism (Z(2,2) and Z(2,-2). If the expansion is oriented to one of the lenses, then
that lens produces Z(2,2) astigmatism, while the 45° lens produces Z(2,-2).

By

combining the two lenses, the two Zernike astigmatism terms can be produced
independently, with a defocus term left over. Therefore, these two lenses are capable of
producing astigmatism at any angle when coupled together. The circular aperture fluidic
lens then completes the system by adding independent control of the power of the
phoropter. Figure 4 shows the astigmatic fluidic lens performance experimental values.
The lens performs very closely to what was expected, with some small deviation caused
by the discrete steps of the fluidic control as well as the resolution limits of the ShackHartmann wavefront sensor. The cylinder power is also somewhat elliptical because the
lenses have differing pretensions and trapped air pockets. Figure 5 gives the circular
fluidic lens profile to be used with the astigmatic lenses.
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Figure 2-5: Double astigmatic fluidic lens experimental values. The circular plots are
cylindrical power, the radial lines are cylinder angle, and the dashed lines are residual
power. This shows that the lens is capable of 3D of cylinder at any angle. This figure
was originally posted in “Adjustable adaptive compact fluidic phoropter with no
mechanical translation of lenses” in Appendix C.
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Figure 2-6: Circular lens power profile. This figure was originally posted in “Adjustable
adaptive compact fluidic phoropter with no mechanical translation of lenses” in
Appendix C.

For overall performance demonstration, a model eye was coupled with the fluidic
phoropter. The system was focused on the picture of a cat. It was then aberrated by
placing a spherical thin lens and astigmatic thin lens in front of the model eye, simulating
refractive error. The aberrated images were then taken, and corrected with the phoropter,
producing a corrected image that looks virtually identical to the original. These images
are shown in Figure 6. This is the first demonstration of a fluidic phoropter with full
control of astigmatism and power without rotating or translating the lenses.
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Figure 2-7: Imaging results for the model eye through the phoropter. The cat is pictured
(a) with no power to the phoropter, (b) no power to the phoropter and an induced
refraction error of 1D cylinder and 2D sphere at 120°, and (c) the refractive error is
corrected by the phoropter. Other refractions demonstrated similar image quality. This
figure was originally posted in “Adjustable adaptive compact fluidic phoropter with no
mechanical translation of lenses” in Appendix C.

2.5 Conclusion
This research has focused on adapting fluidic lenses for ophthalmic applications. It has
furthered the adaptive eyewear technology by developing lenses, which are capable of
producing significant amounts of astigmatism, and coupling them with each other and a
traditional circular fluidic lens. This combination has produced the world’s first fluidic
phoropter, which is capable of producing variable cylinder, angle, and defocus. The
quality of these lenses was shown to be exceptional, and the next step is engineering them
for ophthalmic trials.
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