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(57) Abstract: A phoropter having aline of sight for aviewer to see through comprises alens system in the line of sight, wherein a
shape or focal length of at least one lens in the lens system is controllable by means of an electrical signal, electrical field or current.
Wavefront sensors of the phoropter detect local tilts of light wavefronts emerging from the eye and generate output signals that are
used for controlling the shape or focal length of the at least one lens. Holographic or diffractive elements are used to collect light
scattered from an eye of the viewer and image the scattered light to the wavefront sensors. Preferably one or more of the holographic
or diffractive elements are away from the line of sight of the viewer. To use the phoropter, light is passed to the lens system, and
light scattered by the eye is collected by the holographic or diffractive elements and imaged onto the wavefront sensors.
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HOLOGRAPHIC ADAPTIVE SEE-THROUGH PHOROPTER

BACKGROUND OF THE INVENTION

[0001] A see-through adaptive phoropter provides the ability to automatically
measure a patient's refractive prescription while alowing the patient to view targets at
both near and far distances. The system automatically measures the patient's
refractive error and compensates for it to bring a distant eye chart into focus. Current
adaptive phoropter systems use reflective deformable mirrors to compensate for
aberrations in the eye. The concept of the Shack Hartmann sensor coupled with
adaptive optics originated in the 1990's through research performed at the University
of Rochester. These systems were rather large and applied reflective rather than
refractive optics. When reflective deformable optics are used, it is difficult to
configure the phoropter so that it is compact and mobile. It is therefore desirable to
provide phoropters with better characteristics.

SUMMARY OF THE INVENTION

[0002] A phoropter having aline of sight for aviewer to see through comprises a lens
system in the line of sight, wherein a shape or focal length of a least one lens in the
lens system is controllable by means of an electrical signal, electrical field or current.
Wavefront sensors of the phoropter detect local tilts of light wavefronts emerging
from the eye and generate output signals that are used for controlling the shape or
focal length of the a least one lens. Holographic or diffractive elements are used to
collect light scattered from an eye of the viewer and image the scattered light to the
wavefront sensors. Preferably one or more of the holographic or diffractive elements
are away from the line of sight of the viewer.

[0003] Refractive error of an eye may be detected by the following process. Light
scattered from an eye is passed to a lens system comprising a least one lens in the
lens system controllable by means of an electrical signal, field or current. Light
scattered from the eye that passed through the lens system is conveyed to wavefront
sensors by one or more holographic or diffractive elements. The elements image the

scattered light to the wavefront sensors, and cause the sensors to provide output
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signals containing information on local tilts of light wavefronts emerging from the
eye. The output signals are compared to reference signals of an eye model to provide
correction signals. A shape or foca length of the at least one lens is adjusted in
response to the correction signals to reduce the local tilts of light wavefronts emerging
from the eye. Preferably one or more of the holographic or diffractive elements are

away from the line of sight of the eye.

[0004] All patents, patent applications, articles, books, specifications, standards, other
publications, documents and things referenced herein are hereby incorporated herein
by this reference in their entirety for al purposes. To the extent of any inconsistency
or conflict in the definition or use of a term between any of the incorporated
publications, documents or things and the text of the present document, the definition
or use of the term in the present document shall prevail.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] Fig. lisaflow chart of aprocess illustrating an embodiment of the invention.

[0006] Fig. 2 is a schematic diagram illustrating a first implementation of the
embodiment of the invention in Fig. 1, using a holographic telescope in the line of

sight.

[0007] Fig. 3 is a schematic diagram illustrating a second implementation of the
embodiment of the invention in Fig. 1, using a holographic telescope away from the

line of sight.

[0008] Fig. 4 is a schematic diagram illustrating a third implementation of the
embodiment of the invention in Fig. 1, using a holographic telescope where one of the

holographic lenses of the telescope is away from the line of sight.

[0009] Fig. 5 shows the holographic telescope in aignment with the model eye. This
optical path is arepresentation that the testing light follows through the tel escope.

[0010] Fig. 6 is a pattern of spots representing output signals from the Shack-
Hartmann wavefront sensors in the third implementation of Fig. 4, representing local
slopes of awavefront of the light scattered by amodel eye with perfect vision, when
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the lens system of such implementations applies zero power.

[0011] Figs. 7A, 7B are patterns of spots representing output signals from the Shack-
Hartmann wavefront sensors in the third implementation of Fig. 4, where the patterns
show 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.

[0012] Fig. 8 is a schematic diagram illustrating a fourth implementation of the
embodiment of the invention in Fig. 1, using polarized light in a holographic
telescope where one of the holographic lenses of the telescope isin the line of sight to

replace abeam splitter.

[0013] Fig. 9 is a schematic diagram of a binocular phoropter comprising two
phoropters located adjacent to each other, for simultaneous viewing by both eyes of a

viewer illustrating another embodiment of the invention.

[0014] Figs. 10A, 10B and 10C are views of a helmet from different perspectives,

where the helmet houses and holds the binocular phoropter of Fig. 9

[0015] Identical components in this application are labeled by the same numerals.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0016] Fig. 1 is a flow chart of a process 10 illustrating an embodiment of the
invention. Light from alight source 12, such as an infrared (IR) or near infrared light
source supplies light to an eye 14. The IR light that scatters from the retina of the eye
isrefracted by the eye and focused by lenses in alens system 16, where a least one of
the lenses has adjustable shape or focal length, or both. One or more lenses in the
lens system 16 may be afluidic lens whose convexity or concaveness can be changed
by pumping fluid into or withdrawing fluid from the lens. For a detailed description
of fluidic lens construction and operation, please see Marks et a., "Astigmatism and
Defocus Wavefront Correction Via Zernike Modes Produced with Fluidic Lenses,”
Applied Optics, Vol. 48, No. 19, July 1, 2009, pp. 3580-3587. Types of lenses whose
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shape and/or focal length are adjustable other than fluidic lenses may aso be used for
lens system 16, such as those described in U.S. Patent 7,993,399, where the shape
and/or focal length of lenses are adjustable in response to electrical fields or currents.
Still other types of lenses whose shape and/or focal length are adjustable may be used.
Please see Valley et a, "Tunable-Focus Flat Liquid-Crystal Diffractive Lens," Optics
Letters, Vol. 35, No. 3, February 1, 2010, pp. 336-338 for details of such lenses.

[0017] The light scattered by eye 14 and focused by lens system 16 is imaged by
optics 18 onto wavefront sensors 20. Preferably, optics 18 includes holographic or
diffractive optical elements so that the optical path can be much reduced for
constructing a compact phoropter. The holographic or diffractive optical elements are
flat glass plates with diffractive structures encoded on their surfaces. These structures
can selectively act like alens and/or beamsplitter leading to splitting of the light and
imaging. In the implementations described below, Shack-Hartmann wavefront
sensors are used for wavefront sensors 20, although other types of wavefront sensors
may be used instead. For examples and details of other types of wavefront sensors,
please see Molebny, et a., "Principles of Ray Tracing Aberrometry,” Journal of
Refractive Surgery, Volume 16, September/October 2000, pp. S572-S575; and Liu et
a., "Z-View™ Diffractive Wavefront Sensor - Principle and Applications,” Proc. Of
SPIE, Vol. 6018, 2005, pp. 601809-1 to 601809-9.

[0018] The outputs of the wavefront sensors are sent to a computer 22 which
compares the outputs to reference signals obtained from a model eye with perfect
vision, and provides correction signals for correcting the sphero-cylindrical error of
the eye 14. The correction signals are applied to a correction mechanism 24, which
causes the shape and/or focal length of the at least one lens in the lens system 16 to be
adjusted to null out the local tilts of the wavefront of the light scattered by the eyein a
feedback loop 26. The correction signals then indicate the sphero-cylindrical error of
the eye for optical prescriptions of the eye.

[0019] Fig. 2 is a schematic diagram illustrating a first implementation 50 of the
embodiment of the invention in Fig. 1, using arelay holographic telescope 18ain the
line of sight 19 which aso includes folding mirrors 52. The relay telescope isused to

image the eye pupil 14 onto awavefront measuring device such as an autorefractor or
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a wavefront sensor. In this implementation, we use a Shack-Hartmann wavefront
sensor 20a. This system uses the relay system to image the wavefront emerging from
the patient's eye 14 onto a lendet array 54 of the sensor 20a after reflection from a
dichroic mirror 58. The pattern formed by the lendet array is then anayzed to
recover the shape of the wavefront. The lendet array 54 samples the incident
wavefront and provides the wavefront shape information as feedback to the fluidic
lens stack 16a as illustrated in Fig. 1. The fluidic lenses are adjusted to null the
wavefront error of the eye 14 as best possible. In the current configuration, the
sphero-cylindrical error of the eye 14 is corrected. Adding additional fluidic lens
modules that correct higher order aberrations would further improve the visua

performance of the eye 14.

[0020] Similarly, if a measurement of another wavefront plane is necessary, i.e. the
spectacle plane, then the spectacle plane would be imaged to the lenslet array 54. The
second purpose of the relay telescope isto preserve the shape of the wavefront. If the
wavefront exiting the eye 14 is a plane wave, then the wavefront hitting the lendlet
array isaplane wave. If the wavefront exiting the eye is a converging spherical wave,
then the wavefront hitting the lendet array is a converging spherical wave. At the far
end of the relay telescope is a beamsplitter 56. The beamsplitter 56 directs infrared
light from IR source 12 towards the Shack-Hartmann wavefront sensor. The
beamsplitter also passes visible light, allowing for the subject to view external targets
such as an eye chart 60. The system works as follows. (1) Infrared light is shone into
the eye 14 and scatters from the retina. (2) The scattered light exits the eye 14 as an
emerging wavefront that is relayed through the fluidic lens module to the Shack-
Hartmann sensor. The sensor reconstructs the wavefront and extracts the sphero-
cylindrical refractive error and higher aberrations. This information is used to drive
pumps as the correction mechanism 24 to adjust the volume of the fluidic lenses 16a
in an attempt to null out the wavefront error. Feedback 26 of the wavefront from the
eye/fluidic lens combination isthen used to monitor the fluid volume and keep the net
refractive error at aminimum. The outcome from the sphero-cylinder portion of the
wavefront measurement isthe individual's prescription. The eye 14 also sees an eye
chart 60 through dichroic mirror 58. Phoropter 10 also includes doublets 62, 64 and
66. Where the shapes and/or focal lengths of lenses are adjustable in response to
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electrical fields or currents, correction mechanism 24 may include a power source

providing such electrical fields or currents in the feedback loop 26.

[0021] Fig. 3 is aschematic diagram illustrating a second implementation 100 of the
embodiment of the invention in Fig. 1, using a holographic telescope away from the
line of sight 19. With Fig. 3, the eye 14 only observes through abeamsplitter 102 and
fluidic lenses 16a. This enables for a wide field of view for both eyes. The
holographic or diffractive telescopic system 104 is now off axis enabling us to limit
the optics to observe through. There are two advantages of using holographic optical
lenses for imaging: 1) Compactness, and 2) Alignment. These optics are flat, alowing
for one to dlide the lenses in and out without misaligning the system. We were aso
able to eliminate the folding mirror system 52 in Fig. 2, reducing the complexity of

the system. At the same time we are able to compact the system.

[0022] The fluidic lens 16ais coupled to beamsplitter 102. The beamsplitter connects
the fluidic lens stack to an off axis holographic relay telescope and Shack-Hartman
Sensor. The users field of view is drastically enhanced with only the stack of fluidic
lenses and beamsplitter on axis in the user's line of sight 19. The beamsplitter also
passes visible light, allowing for the subject to view external targets such as an eye
chart 60. The additional modality of the beamsplitter isto direct infrared light from
source 12 toward the eye and reflect light back through the off-axis holographic
telescopic system to the fina module: a Shack-Hartmann wavefront sensor 20a. The
holographic telescope 104 applies volume holograms operating in the Bragg Regime
to drastically reduce the system size. The holographic optical elements achieve
greater than 90% diffraction efficiency with less than a 1 % background noise. Our
holographic optical elements operate in the infrared and are built a mutually offset
angles to produce direct geometry optical lens replication. The system works as
follows to measure refractive error of the eye 14. (1) Infrared light from source 12 is
reflected by beam splitter 102 and shone into the eye and scatters from the retina. (2)
The scattered light exits the eye as an emerging wavefront that isrelayed through the
fluidic lens and IR beam splitter 106 to the Shack-Hartmann sensor 20a. The sensor

reconstructs the wavefront and extracts the sphero-cylindrical refractive error.

[0023] This prescription is then applied in feedback loop 26 of Fig. 1to adjust the
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volume of the fluidic lenses in an attempt to null out the refractive error. Feedback of
the wavefront from the eye/fluidic lens combination is then used to monitor the fluid
volume and keep the net refractive error a a minimum. The users field of view is
drasticaly enhanced with the HOE in the line of sight 19 of the user as we can
produce large substrates. This allows for the system field of view to be limited by the
fluidic phoropter and no longer by the auto-phoropter design. We have built a
binocular system to concurrently measure refractive error of both eyes. The prototype
adjusts for the patient's intraocular separation and fits in approximately a 60 mm long

by 240 mm wide area.

[0024] Our prototype will have the capability of measuring a spherical refractive error
from -25 to 25 D, and also the capability of measuring cylindrical refractive error
from -8 to 8 D, as well as higher order aberrations. The Shack Hartmann sensor is
capable of measuring spherical refractive error from -25 D to 40 D. Even in cases of
extreme myopia or hyperopia, a limited number of spots are needed to drive the
fluidic lens power in an appropriate direction, forcing the Shack-Hartmann pattern
into amore useable range. The range of the prototype may be increased to beyond the
limits of the Shack-Hartmann sensor through further experimentation with system
controls. Fluidic lenses coupled with a Shack-Hartmann sensor applied in an eye
examination have the potential of creating an automated means of measuring and
nulling a subject's refractive error. A reliable binocular device is thus produced that
allows for quick and inexpensive objective measurement of a subject's refractive

error.

[0025] The telescopic system and the lenslet array of the Shack-Hartmann wavefront
sensor are composed of standard optical lenses. There are many advantages to
shifting from traditional optics to holographic optical elements (HOE's). HOE's are
lighter, quickly repeatable, and cost much less than traditional optics. Adding HOE
technology to our existing fluidic auto-phoropter design will aso assist in
miniaturizing our optical design as single HOE elements can become transparent in

certain wavelengths, act as alens in other wavelengths, and also act as beamsplitters.

[0026] The HOE's can be designed to be transparent in the visible wavelengths,
allowing for the eye 14 of the subject to view external targets such as an eye chart 60

7
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with ease. The HOE's additional desired capabilities are to direct infrared light toward
the eye and to act as a lens a the 785 nm wavelength. When the HOE acts as a lens,
it is & 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 fina module: a Shack-
Hartmann wavefront sensor 20a. The desired wavelength of the holographic optical

elements operates in the infrared and produce direct geometry optical lens replication.

[0027] Our desired wavelength was at 785 nm for reading and writing. There were
no HOE's available that operating at this wavelength.  For testing purposes, the
standard wavelength of 633 nm was applied into our fluidic auto-phoropter.
However, the design with this wavelength will also function essentially the same way
when IR a 785 nm isused. Thus, if the system operates at 633 nm for reading and
writing then it should operate a 785 nm once the technology for this wavelength
becomes available.

[0028] Gabor zone plates, Fresnel lenses and volume hologram lenses were 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 our
holographic lenses under designed conditions. In the past couple of years there has
been a progression of polymer based volume holograms. Our volume holograms
apply the Bayer photopolymer, which is a new holographic recording materia
developed in the past half decade, in the creation of our volume holograms. For
details on the Bayer photopolymer, please see Jurbergs e al, "New Recording
Materials for the Holographic Industry,” Proc. of SPIE, Vol. 7322, 2009, pp. 72330K-
1to 72330K-10.

[0029] There are several advantages in applying Bayer photopolymer based volume
holograms as our lenses. From a design stand point, the Bayer material does not
require chemical or thermal treatment, which makes them cheap and easily replicable.
From an optical standpoint, under certain conditions these HOE's exhibit high optical

qualities. The main restrictions of the HOE's for our fluidic holographic auto-
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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 isroughly proportiona
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

dependant.

[0030] In our approach we are using volume holograms as our holographic lenses
operating in the Bragg regime, which requires off axis geometry when operable.
Standard HOE's are designed in the visible wavelength where our HOE's was
designed a 633 nm for testing purposes. The HOE's appear on 2.3 mm thick glass
substrates with arectangular shape and have a 2 inch diameter size. HOEs recorded
in such a regime can achieve more than 90% diffraction efficiency, less than 1%
background noise, atransparency in wavelength ranges from 350 nm to 1500 nm, and

high angular selectivity.

[0031] The high angular sensitivity of the holographic lens allows for amost no
diffraction outside of the controlled angular range. This allows for the rest of the
range between 350 nm to 1500 nm to betransparent. Thus when the HOE is designed
a 785 nm, the HOE will act as a clear window in the visible where the viewer looks
through while a the same time acts as a lens a the wavelength of 785 nm off axis. As
one of these HOE's functions as a lens off axis, and as shown in the implementation
150 of Fig. 4, we have now replaced the need for a beamsplitter as the HOE lens 152
in the line of sight 19 functions as a lens a our operating wavelength 633 nm, but
simultaneously acts as a beamsplitter with a clear window in the rest of the visible
spectrum. At our operating wavelength, we have high diffraction efficiency of over
90% with negligible amounts of background noise. Instead of losing approximately
half the operating light every interaction with the beamsplitters, we now lose less than

10 % of the light from each of the holographic lenses.

[0032] Fig. 4 is a schematic diagram illustrating a third implementation of the
embodiment of the invention in Fig. 1, using a holographic telescope where one lens
154 of the holographic lenses of the telescope is away from the line of sight 19. Two
positive powered HOE lenses 152, 154 are used. The combination of the two HOE
lenses a a 2F separation produced a Keplerian holographic telescope with an afocal

9
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design. The operating wavelength for the HOE prototype was a& a HeNe wavelength
of 633 nm. The system was drastically compressed and efficiency improved by
removing the beamsplitters in the optical setup. The length in front of the user is till
3.5" in the z-axis for the line of sight 19. 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.
Modeling Fluidic Holographic Auto-Phoropter Prototype One

[0033] We modeled the holographic auto-phoropter in ZEMAX prior to building the
system as shown in the above described embodiments and implementations. The
holographic auto-phoropter was modeled so that the two holographic elements were
set in a position relative to each other to produce atelescope. After the HOE's were
set to produce a holographic telescopic system we began adding components of the
holographic auto-phoropter. The light source enters from off axis onto a beamsplitter
and half the light reflects toward the eye model. The fluidic phoropter was set a zero
power as again we were testing to verify if there was a power variation due to the

shifting of the mirror position in the eye model and what range is achievable.

[0034] Fig. 5 shows the holographic telescope in aignment with the model eye. This
optical path is arepresentation that the testing light follows through the system and
not the path that the user observes through the system. Fig. 6 is a pattern of spots
representing output signals from the Shack-Hartmann wavefront sensors in the third
implementation of Fig. 4, representing local slopes of a wavefront of the light
scattered by a model eye with perfect vison, when the lens system of such

implementations applies zero power.

[0035] Once our model was fully aligned we tested power variation of the model eye
caused by shifting the mirror position. The ZEMAX model identified the physical
range in which our holographic auto-phoropter functions. The lower limit, as seen in
Fig. 7A, 7B, was observed as the lendet points began focusing on a single point
location. The dynamic range that was observed in the physica model was down to
about -16 D of power. With the specified optical separations that we modeled in

ZEMAX, we were able to model powers that ranged between -15 D to + 15 D. Figs.
10
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7A, 7B are patterns of spots representing output signals from the Shack-Hartmann
wavefront sensors in the third implementation of Fig. 4, where the patterns show the
point separation and shifts relative to mirror position in the model eye. Asthe points

focused closer to the detector plane, the resolution between points diminished.

[0036] In the implementation of Fig. 4, the alignment of the optical system is no
longer constructed around the beamsplitters like those of Figs. 2 and 3 but rather
centered around the two HOE lenses. 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 is a the exact same
location. The direction of the optical axis for both HOE lenses is preferably exact.
Once the HOE's are aligned with the two lasers entering the system from both sides,

the telescopic HOE system isready for use.

[0037] The lasers are then removed and the rest of the system is aigned. One of the
HeNe lasers isplaced off axis and lighter enters the system through beamsplitter 102.
Half the light reflects toward the fluidic phoropter and the eye model. We have
removed the fluidic phoropter as to test the accuracy of the auto-phoropter system
with the eye model. The Shack-Hartmann wavefront sensor was placed at the proper

position off axisto HOE lens 2 in order to focus light & the center of the sensor plane.

[0038] Promising results were achieved through the testing of the HOE auto-
phoropter. It was found that in fact a ope was measurable as we adjusted the
defocus power a the model eye location. The linear change in power was measured
with shifts of the mirror position a the eye model location, verifying that our
holographic fluidic auto-phoropter can in fact measure a shift in power and can
compensate for that power. The HOE telescope in some fashion has diminished the

slope variation as measured by the wavefront sensor.

[0039] The field of view of the holographic design of Fig. 4 increased relative to the
other auto-phoropter designs. The size of the substrate that the HOE was embedded
inwas a2' or 50.8 mm glass plate. The HOE was set at a90° angle, giving the lateral

width of 36 mm's perpendicular to the optical axis. The furthest distance of the HOE
11
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is 115 mm along the optical axis, giving afield of view of 17.3° and hence no longer
the limiting object in the line of sight. Again, we calculate the field of view with zero
power of the fluidic phoropter. The limiting factor of the optical system now becomes
the first beamsplitter that brings the system field of view to 11.8°. We calculate the
maximum field passing through the fluidic lens was 14° relative to the 25 mm eye
relief distance between the eye and the flat of the fluidic phoropter. In order to
maximize the field of view we eliminate the second beamsplitter in Fig. 4 and bring
the HOE to a closer distance of the fluidic phoropter. This will cause the fluidic
phoropter to become the limitations on the field of view and not the auto-phoropter

design.

[0040] It is possible to redesign the holographic system so that all beamsplitters are
eliminated as shown in the design 200 of Fig. 8. Fig. 8 is a schematic diagram
illustrating a fourth implementation of the embodiment of the invention in Fig. 1,
using polarized light in a holographic telescope where one of the holographic lenses

of the telescope isin the line of sight to replace abeam splitter.

[0041] This second holographic design 200 takes advantage of polarization in order to
eliminate the last remaining beamsplitter 152 of Fig. 4. The near IR (NIR) source 12a
will be polarized in the p direction by placing a polarizer 202 in front of the source.
The first HOE element 204 will have one or more embedded layers (not shown) that
function as a mirror for p-pol light a& 785 nm, causing the p-pol light a 785 nm to
reflect or diffract. As an aside, there may be stray p-pol light near 785 nm passing
through the first HOE to the second HOE 206 . The second HOE is designed so that
p-pol light a 785 nm passes the light through the element in order to eliminate the
stray light from the system. Regressing, the 785 nm light that reflects off of the first
HOE isin the line of sight 19 of the user. This p-pol light propagates through the
fluidic lens to the human eye or the model eye with the scattering screen. The
majority of the light exiting the retina upon reflection is no longer polarized. The
unpolarized NIR light propagates back to HOE Lens 204. HOE Lens 204 is now a
lens to the unpolarized light and becomes part of our telescopic system. HOE Lens
206 is placed a a proper distance from HOE Lens 204 to produce our telescopic
system. The light exiting the second HOE 206 then propagates to the Shack-Hartman
wavefront sensor 20a, thus eliminating all beamsplitters from the optical system. The
12
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comparison of the output signals from the Shack-Hartman wavefront sensor 20a to the
reference pattern obtained from the model can be done in a manner similar to that for

other implementations described above.

[0042] We can expand further with our polarization controlled HOE design 200 of
Fig. 8in eliminating the shortfall of lacking 4F imaging. The reason we broke the 4f
design was to miniaturize the system. If we were to produce a 4F imaging system
with the polarization controlled design we would need space for two elements
between HOE lens 204 and the eye for the fluidic phoropter and eye relief. The
minimum distance of these two optical elements is approximately 60 mm when we
include tolerance. Therefore, the shortest focal length for 4f imaging with HOE's is
with the two HOE lenses exhibiting focal lengths of 60 mm and polarization control.
The length between the two HOE's would be 120 mm or approximately 4.7 inches.
This size would be small enough to fit on a helmet sized fluidic auto-phoropter if
desired. If we rotate the optical axis instead so we maximize Bragg efficiency the
height in the vertical direction will be less than 4.7 inches, hence making it more
suitable for a helmet sized holographic fluidic auto-phoropter design. Therefore, our
holographic designs is advanced by atable top setup with two HOE lenses designed
with 60 mm focal lengths a awavelength of 785 nm that have polarization control as
described in Fig. 9.

[0043] There are many disadvantaged regions in the world that do not have access to
phoropters and eye care. It would be highly advantageous for a phoropter system to
become mobile. Fig. 9 is a schematic diagram of a binocular phoropter comprising
two phoropters located adjacent to each other, for simultaneous viewing by both eyes
14a, 14b of aviewer illustrating another embodiment of the invention. Figs. 10A,
10B and 10C are views of a helmet from different perspectives, where the helmet

houses and holds the binocular phoropter of Fig. 9.

[0044] Asisseen in Figs. 9 and 10A-10C, the size of our 4F advanced holographic
fluidic auto-phoropter can fit within a helmet. This helmet can hold two of these
optical systems next to each other. The next step after testing and verifying that this
system functionally measures and corrects for prescriptions isto set the system into a
helmet and make it mobile. The helmet display was modeled in SolidWorks to

13
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identify the coupling of the two holographic auto-phoropters into a single system.
The actuators (not shown) for the fluid pump controls would be inside the periphery
of the casing. The inter-pupilary distance is taken into account by adjusting the
separation on the helmet with aknob (not shown) between the two monocular setups.

[0045] While the invention has been described above by reference to various
embodiments, it will be understood that changes and modifications may be made
without departing from the scope of the invention, which isto be defined only by the
appended claims and their equivalents.

14
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WHAT ISCLAIMED IS

1 A phoropter having aline of sight for aviewer to see through, comprising:

alens system in the line of sight, wherein a shape or focal length of at least one lens

in the lens system is controllable by means of an electrical signal, field or current;

wavefront sensors that detect local tilts of light wavefronts emerging from the eye and
generate output signals that are used for controlling the shape or focal length of said at

least one lens ; and

one or more holographic or diffractive elements away from the line of sight that
collect light scattered from an eye of the viewer and that image the scattered light to

said wavefront sensors.

2. The phoropter of claim 1, further comprising an infrared or near infrared light
source that illuminates the eye, wherein infrared or near infrared light scattered by the
eye and imaged onto the wavefront sensors by the holographic elements causes the

wavefront sensors to generate said output signals.

3. The phoropter of claim 2, wherein the holographic elements are substantially

transparent to and do not image visible light onto the wavefront sensors.

4. The phoropter of claim 2, further comprising a beam splitter in the line of
sight to direct the infrared or near infrared light and pass visible light to the eye in the
line of sight and to pass the scattered infrared or near infrared light to the holographic

el ements.

5. The phoropter of claim 2, wherein said infrared or near infrared light source

supplies polarized light to the eye, and one of the holographic elements is located in

15
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the line of sight, said one of the holographic elements having alayer that diffracts the
polarized infrared or near infrared light from the source.

6. The phoropter of clam 1, said phoropter capable of measuring a spherical
refractive error from-25t0 25D .

7. The phoropter of claim I,said phoropter capable of measuring cylindrical
refractive error from -8 to 8 D, said phoropter further capable of measuring higher

order aberrations.

8. The phoropter of clam 1, wherein the a least one lens in the lens system
changes shape in response to a flow of fluid into or out of the & least one lens , said
phoropter further comprising a pump that supplies fluid to and withdraws fluid from

the at least one lens to change its shape.

9. The phoropter of claim 8, further comprising a computer that compares the
output signals to signals generated for amodel eye and provides said electrical signal
to control the pump.

10. A binocular phoropter having a line of sight for a viewer to see through,
comprising two phoropters located adjacent to each other,for simultaneous viewing by

both eyes of aviewer, wherein each of the two phoropters comprises:

alens system in the line of sight, wherein a shape or focal length of at least one lens

in the lens system is controllable by means of an electrical signal, field or current;

wavefront sensors that detect local tilts of light wavefronts and generate output signals

that are used for controlling the shape or focal length of said at least one lens ; and

16



WO 2013/096775 PCT/US2012/071255

one or more holographic or diffractive elements away from the line of sight that
collect light scattered from an eye of the viewer and that image the scattered light to

said wavefront sensors.

11.  The binocular phoropter of claim 10, wherein a distance between the two two

phoropters is adjustable.

12. The binocular phoropter of claim 10, further comprising a helmet that houses

said two phoropters.

13. A phoropter having aline of sight for aviewer to see through, comprising:

alens system in the line of sight, wherein a shape or focal length of at least one lens
in the lens system is controllable by means of an electrical signal, field or current;

wavefront sensors that detect local tilts of light wavefronts and generate output signals
that are used for controlling the shape or focal length of said at least one lens ; and

holographic or diffractive elements that collect light scattered from an eye of the

viewer and that image the scattered light to said wavefront sensors.

14. A method for detecting refractive error of an eye, comprising:

passing light scattered from the eye through a lens system comprising at least one

lens in the lens system controllable by means of an electrical signal, field or current;

conveying light scattered from the eye that passed through the lens system to
wavefront sensors by one or more holographic or diffractive elements away from line
of sight of the eye, said elements imaging the scattered light to said wavefront
sensors, and causing said sensors to provide output signals containing information on

local tilts of light wavefronts emerging from the eye;

17
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comparing said output signals to reference signals of an eye model to provide

correction signals; and

adjusting a shape or focal length of the at least one lens in response to the correction

signals to reduce the local tilts of light wavefronts emerging from the eye.

18
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