
CUVETTE FOR OPHTHALMIC LENS CROSS REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims benefit to U.S. Provisional
Patent Application No. 60/871,319, titled "INTERFEROMETRY TESTING OF
LENSES, AND SYSTEMS AND DEVICES FOR SAME," filed December 21, 2006,
which is hereby incorporated by reference in its entirety. TECHNICAL
FIELD       [0002] The technical field relates generally to optics
and more specifically a systems and methods for testing optical
lenses, vessels for holding the lenses, and methods for analyzing
optical characteristics of the lenses. BACKGROUND      [0003] The
contact lens industry has undergone rapid advancements toward higher
levels of visual correction. Manufacturers are progressing toward
providing contact lenses that are designed to match a patient's
refractive correction and fit. By moving beyond standard spherical
lenses, manufacturers will be able to provide contact lens wearers
with better visual acuity and overall comfort. 



[0004] Metrology (measurement) techniques and instrumentation for
evaluating lenses, however, have not kept up with the rapid
advancement in lens technology. Cunent metrology, such as methods
based on focimeters and moire deflectometry, lacks the combination of
spatial resolution, high sensitivity, and large dynamic range desired
to accurately measure more advanced lenses. Current metrology
techniques generally are limited to ophthalmic testing of the
effective power of a lens and indirect measurements of power by
translating a lens until collimation is detected. SUMMARY
[0005] In one aspect, the present invention involves utilization of a
modified MachZehnder (MZ) interferometer to analyze the transmitted,
aspherical wavefront of an ophthalmic lens. The interferometer is
capable of analyzing a wide variety of lens types, such as, for
example, spherical, toric, bifocal, and multifocal lenses. In certain
embodiments of the invention, lenses are mounted in a cuvette that
circulates fresh saline about the lenses and is positioned in a
vertical test arm of the interferometer configuration. A technique
referred to as reverse raytracing can be utilized to remove
aberrations induced into the wavefront as it is imaged. BRIEF
DESCRIPTION OF THE DRAWINGS       [0006] The foregoing summary, as
well as the following detailed description, is better understood when
read in conjunction with the appended drawings. For the purpose of
illustrating the use of interferometry for transmitted wavefront
testing of lenses, there is shown in the drawings exemplary
constructions thereof; however, use of interferometry for transmitted
wavefront testing of lenses is not limited to the specific methods
and instrumentalities disclosed.       [0007] Figure 1 is a diagram
depicting an exemplary interferometer configuration for obtaining a
wavefront of a lens. 



[0008] Figure 2 depicts an image of an exemplary reference wavefront.
[0009] Figure 3 depicts the transmitted optical path difference with
unwanted pixels removed from a positive test lens.  [0010] Figure 4
depicts an exemplary image of a test wavefront. [0011] Figure 5
depicts an estimate of a measured wavefront transmitted through a
test lens. [0012] Figure 6 shows a measured wavefront and a modeled
wavefront for a calibration 



lens.      [0013] Figure 7 depicts a difference wavefront of the
difference between the measured wavefront and the modeled wavefront.
[0014] Figure 8 shows a Zemike surface and image thereof. [0015]
Figure 9 shows a localized defect of a tested lens. [0016] Figure 10
shows a region in which fringes are slightly flattened.      [0017]
Figure 11 shows defects indicative of possible stress or other
alterations in the periphery of the lens. [0018] Figure 12 shows
plots of spherical aberration versus frequency for four different
lenses. 



[0019] Figure 13 shows the thickness of toric lenses. [0020] Figure
14 is a cross-sectional view of the cuvette.      [0021] Figure 15 is
an illustration of an expanded cross-sectional view of a portion of
the cuvette. [0022] Figure 16 depicts an exemplary coupling
mechanism. [0023] Figure 17 is a top view of an illustration of a
cuvette positioning mechanism. [0024] Figure 18 is an illustration of
positional flags and positional sensors. [0025] Figure 19 is a
diagram of an enclosed cuvette.         [0026] Figure 20 is a flow
diagram of an example process for aligning detectors of an
interferometer configuration for obtaining a wavefront of a lens. 



[0027] Figure 21 depicts an example target lens used in the alignment
of detectors. DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0028] The present invention involves obtaining information utilized
to evaluate a wide range of ophthalmic lens types by measuring the
transmitted wavefront of the lens. In certain embodiments, a
Mach-Zehnder interferometer is used with the lenses submersed in
saline solution and mounted in a cuvette, or water cell, that
circulates fresh saline solution. Testing lenses in a saline solution
is believed to mitigate dehydration of the lens, which can change the
lens' index of refraction. Removal of induced aberrations can be
achieved, for example, by reverse raytracing, wherein the wavefront
at the detector is traced back to a location immediately behind the
lens. Reverse raytracing facilitates the generation of theoretical
wavefronts, which can be used to evaluate performance at the
transmitted wavefront level.       [0029] Example type of lenses that
can be evaluated include hard contact lenses, hard refractive contact
lenses, hard diffractive contact lenses, hard hybrid
refractive/diffractive contact lenses, soft contact lenses, soft
refractive contact lenses, soft diffractive contact lenses, soft
hybrid refractive/diffractive contact lenses, hard contact lenses
comprising an active pharmaceutical, soft contact lenses comprising
an active pharmaceutical, single vision lenses, toric lenses, bifocal
contact lenses, multifocal lenses, cosmetically tinted lenses,
freeform lenses, an intraocular lenses, intraocular refractive
lenses, an intraocular diffractive lenses, intraocular hybrid
refractive/diffractive lenses, accommodating lenses, spectacle
lenses, refractive spectacle lenses, diffractive spectacle lenses,
and hybrid refractive/diffractive spectacle lenses, composite lenses
comprising multiple and embedded materials, photocluomic lenses, and
molds used in the fabrication of the aforementioned lenses. It is to
be understood that example lenses should not be limited to the
preceding list of example lenses. Those of skill in the art will
readily recognize that other types of lenses are applicable and
appropriate for evaluation via transmitted wavefront analysis.
[0030] Figure 1 is a diagram depicting an exemplary interferometer
configuration 12 for obtaining a wavefront of a lens. The
interferometer configuration 12 comprises two beam  splitters 18, 24
and four mirrors 20, 22, 26, 40 for steeling beams of light through
the reference arm 36 and the vertical test aim 30. The cuvette 28 is
positioned in the vertical test arm 30, and the lens, or lenses, to
be tested are placed in the cuvette 28 (lens not shown in Figure 1).
The light source 14, such as a laser for example, produces a coherent
beam of light. Coherence is measured in units of length, and in an
exemplary embodiment, the coherence of the source 14 is greater than
the expected difference in optical path distance of the reference arm
36 path and the vertical test arm 30 path. Light leaving the source
14 is filtered and shaped using a collimating lens 16. The collimated
beam of light emanating from the collimating lens 16 is split into
two beams using a beam splitter 18 at 45. In essence, a beam splitter
is a special type of mirror wherein 50% of the light is reflected,
and the other 50% is transmitted. Thus, 50 % of the collimated light
beam emanating from the collimating lens 16 is directed, via the beam
splitter 18, toward the mirror 40 and the other 50% of the collimated
light beam is directed toward the mirror 20. 



[0031] The beam directed toward the mirror 20 is reflected by that
mirror through the reference arm 36. This beam is referred to as the
reference beam. The beam directed toward the mirror 40 is also
reflected by the mirror 20 through the vertical test aim 30. This
beam is referred to as the test beam. The test beam passes through
the cuvette 28 and test lens contained therein. Concurrently, the
reference beam passes through air, or any appropriate gas, of the
reference arm 36. Using another beam splitter 24, the reference beam
and test beam are recombined, and interference between the two beams
occurs. Two beams emanate from the beam splitter 24. One beam,
directed toward imaging lens 42, is indicative of a portion of the
test beam that is transmitted through the beam splitter 24 combined
with a portion of the reference beam that is reflected from the beam
splitter 24. The other beam, directed toward the imaging lens 32, is
indicative of a portion of the test beam that is reflected from the
beam splitter 24 combined with a portion of the reference beam that
is transmitted through the beam splitter 24.       [0032] The
interference of the beam directed toward the imaging lens 32 is
recorded using a camera 34. The camera 34 can comprise any
appropriate type of camera, such as a charge coupled device (CCD)
camera, a complementary metal-oxide-semiconductor (CMOS) camera, a
charge-injection device (CID), or the like, for example. The camera
34 is referred to as the science camera. The imaging lens 32 is
placed between the beam splitter 24 and the  science camera 34 to
image the test lens onto the camera. Thus, the interference recorded
by the science camera 34 comprises the image of the interference
pattern at the lens under test.       [0033] The beam that is
directed toward the imaging lens 42 is collected by the camera 38,
which is referred to as the imaging camera. The camera 38 can
comprise any appropriate type of camera, such as a charge coupled
device (CCD) camera, a complementary metal-oxidesemiconductor (CMOS)
camera, a charge-injection device (CID), or the like, for example.
The light collected by the imaging camera 38 is indicative of the
light that is reflected off the beam splitter 24 from the reference
arm 22 and the light that is transmitted through the beam splitter 24
from the test aim 30. Utilization of the two cameras 34, 38 provides
two views of the lens under test. In an exemplary embodiment, the
imaging camera 38 is set to a fixed magnification level that allows
the imaging camera 38 to see and record the entire lens under test.
Images from the imaging camera 38 are used in the diameter and
circularity measurements as well as setting the placement of the
analysis aperture within the optical zone of the test lens. The
science camera 34 sees the central portion of the optical zone of the
test lens. This provides maximum spatial resolution when measuring
the transmitted wavefront of the test lens.       [0034] The
interferometer configuration 12 does not utilize null optics. That
is, there are no devices added or removed from the interferometer
configuration 12 to remove signal attributable to the interferometer
configuration 12. Utilization of null optics would likely require the
design of null optics for each lens type, and the wide range of lens
types makes this impracticable. Testing in a non-null configuration
brings into play at least three design factors of the interferometer
configuration 12. First, because the wavefront is collected and
captured by the imaging optics (e.g., science camera 34 and imaging
camera 38), the parameters of the test wavefront, imaging lens, and



results in different aberrations in each wavefront. An exemplary
calibration process for removing the induced aberrations is described
below.       [0035] In an exemplary embodiment, the interference
patterns are digitized and recorded as digital data that is processed
to generate the transmitted wavefront for the tested optic (the lens
under test). The measured transmitted wavefront is analyzed to
determine characteristics of the tested optic such as its diameter,
circularity, relative thickness, defects, and ophthalmic
prescription.       [0036] In an exemplary embodiment, the mirror 38
located at the top of the reference arm 36 comprises a phase shifting
capability. The phase shifting capability can be implemented by using
any appropriate material such as, for example, lead zirconate
titonate (Pb[ZrxTii-x]03), PZT). PZT is a ceramic material comprising
ferroelectric and piezoelectric properties. In this embodiment, the
mirror 38 is a dynamic component attached to the top reference aim
mirror. The PZT material provides a small (fraction of a wavelength)
translation to the top mirror 38. This produces a phase shift in the
recorded interference pattern. A series of patterns is recorded.
Determination of the direction of the phase shift removes the
ambiguity of the sign of the test optic's power. For example, in a
static interferometer, a +1 D and a -1 D lens would be
indistinguishable. Utilizing the mirror 38 with a phase-shifting
capability, however, removes this ambiguity.       [0037] As shown in
Figure 1, the test arm 30 is vertically oriented. To prevent contact
lenses from defecting under their own weight, lenses are mounted in a
horizontal orientation within the cuvette 28, which is positioned in
the vertical test arm 30. To facilitate a horizontal positioning of
the cuvette 28, the two beamsplitters 26, 40 are arranged vertically
as shown in Figure 1. The interferometer configuration 12 provides a
vertical beam path for a test lens placed between the periscope
mirrors 26, 40. The interferometer configuration 12 preserves equal
test path lengths for the reference aim 36 and the test arm 30 while
allowing an enclosure, cuvette 28, over the lens under test. As
described in more detail below, the cuvette 28 provides a nearly
light-tight environment, protects the optics from the saline solution
used with the lenses, and blocks the system from external air
turbulence.       [0038] The diameter of the imaging lenses 32 and 42
are capable of capturing all or substantially all expected
wavefronts. The interferometer configuration 12 is capable of testing
both positive and negative lenses. With negative lenses, the
wavefront after the lens under test diverges, and thus the distance
from the lens under test to the imaging lens is taken into account.
The power of the imaging lens determines the magnification at which
the wavefront is imaged. Accordingly, the power of the imaging lenses
32, 42 is taken into account to ensure that the respective wavefronts
are appropriately imaged by the science camera 34 and the imaging
camera 38. 



[0039] The pitch, or spacing, of the pixels to be imaged typically
dictates the Nyquist frequency of the detector. Accordingly, the size
and pitch of the pixels to be imaged are considered to ensure that
the interferometer configuration 12 will properly resolve
interference. The size of the pixel to be imaged on the science
camera 34 and the imaging camera 38 is coordinated with the working
f-number (also known in the art as focal ratio, f-ratio, and relative
aperture) of the imaging lens 32 and the imaging lens 42,
respectively. The working f-number, along with wavelength, gives the
minimum feature size that can be produced by the lens under test.
This is matched with the pixel size so that neither system is
limiting the resolution of the other. The term "working f-number"
differs from the more common term "f-number" in that the working
f-number takes into account the magnification of the imaging system.
[0040] As mentioned above, the lens under test, also referred to as
the test lens or optic, is immersed in a solution, such as a saline
solution, within the cuvette 28. By immersing the test lens in
solution, the dynamic range of the interferometer 12 is increased.
This is due to the decrease in the difference in refractive index
between the test optic and the surrounding medium. In terms of power,
there exists an upper limit in the amount of power that can be
accurately tested for any particular interferometer. This upper limit
is correlated with such parameters as pixel size, pixel spacing, and
imaging lens diameter. When the test optic is immersed, the power in
the transmitted wavefront is reduced, thereby increasing the dynamic
range of the interferometer 12. In an exemplary embodiment, a highly
sensitive camera with both high pixel density and large grayscale
resolution is used in conjunction with immersion to provide a test
bed with an acceptable level of both sensitivity and dynamic range.
Combining the sensitivity of interferometry with the increased
dynamic range of immersion provides a practical technique for testing
over a wide range of powers, designs, and materials.        [0041]
Even with the immersion in solution, however, the base power of the
test lens typically will produce interference patterns with a large
number of fringes because the reference wavefront is planar. To
record the high frequency fringes, in an exemplary embodiment, the
science camera 34 comprises a four mega pixel CCD detector, over 28
mm square. It is emphasized, however, that the implementation of a
four mega pixel CCD camera is exemplary, and that any appropriate
detector can be utilized. By having enough resolution to resolve the
high frequency fringes, the science camera 34 provides high spatial
resolution in the measurement. To facilitate such a large array, the
sensor of the science camera 34 utilizes a full frame architecture.
The full frame architecture incorporates an external shutter in order
to properly readout the charge. In an exemplary embodiment, to
provide shuttering, an acoustic-optic (AO) modulator is used in
conjunction with the spatial filter used for beam cleaning. When
turned on and aligned, the modulator produces a first order beam
containing the majority of the incident laser light. This fast order
beam is aligned to the spatial filter. When the modulator is turned
off, only the zero-order beam (which is blocked by the spatial
filter) is present. Thus the modulator and spatial filter create an
on/off switch for the light into the interferometer. The AO modulator
is driven by the science camera 34; thus shuttering and readout occur
concurrently.      [0042] As mentioned above, reverse raytracing



magnitude. This allows for the aberrations to be treated as a
perturbation to the wavefront. Mathematically, the operation of
imaging the wavefront is defined in this context as: Img{W) = W +
A{W)(1) where W represents the original wavefront, and A{W}
represents the induced aberrations. The notation A{W) is used to
indicate that the induced aberrations are wavefront dependent. The
imaging lens 32 is the source of the induced aberrations. One way to
see why different wavefronts receive different aberrations is to view
the different wavefronts as shifts in conjugates. The conjugates for
the interferometer's imaging lens 32 are the test plane, which is the
plane immediately following the test lens located in the cuvette 28,
and the science camera's detector 34. While these conjugates do not
change, any change to the test lens results in a different wavefront
being present in the test plane, and thus a different wavefront
traveling through the imaging system completed by the imaging lens 32
and the science camera's detector 34.       [0044] The detected
interference patterns represent the difference between images of two
wavefronts, and not the wavefronts themselves. The OPDT (OPD of test
beam) between the image of the test wavefront (W1) and image of the
reference wavefront (WR) at the detector plane is therefore
represented mathematically as: OPDT = Img WTI - Img{WR} = (WT +
A{WT}) - (WR + A{WR})(2)       [0045] An inverse operation to the
imaging process, reverse raytracing, can be used to determine the
wavefront at the lens. When the prescription of the interferometer is
known, the system that generated the aberrations is not a black box,
but rather a collection of optics that can be modeled. The model is
the tool that enables an inverse operation to imaging, namely reverse
raytracing. With reverse raytracing, the wavefront at the test plane,
typically the plane immediately following the test optic, is produced
from the OPD and reference wavefront at the detector by tracing rays
backwards through the system. The rays are said to be traced
backwards because, whereas in the interferometer light travels from
test plane to detector (science camera 34), the rays are traced from
detector (science camera 34) to test plane. Using Equation (1) and
Equation (2), this inverse operation is defined mathematically as: 



WT = 'me{ Vir + A { WT}) = Img-1{ OPDT + Img{ WR}).(3)       [0046]
Equation 3 illustrates one means for implementing the process of
reverse raytracing. With reference to the interferometer 12, rays are
traced along the reference arm 36, through the imaging optics 32 and
onto the detector, science camera 34. This is the image of WR
(Img{WR}). OPpr is then added to the rays, changing both their
position and angle. At this point, the image of WT can be obtained.
The rays are then traced back to the test plane. At the test plane
the rays are converted to a wavefront, which is VP' T, the estimate
of the original test wavefront WT. The reason that the result of the
inverse operation is labeled an estimate is that a model of the
interferometer is used to provide the correction. The model and the
actual interferometer can differ. Correcting or enhancing the model
to better match the actual interferometer can be achieved through a
process known as reverse optimization. The model is verified via the
magnification of the imaging lens's conjugates. Only two distances
are not known from a prescription: the distance from the top of the
cuvette 28 to the imaging lens 32 and the distance from the imaging
lens 32 to the detector, science camera 34. In effect, these two
distances are the object and image distances for the imaging lens 32.
Because the imaging lens is known, knowledge of the magnification
between the conjugate planes provides enough information to uniquely
determine the two distances. A paraxial raytrace is used to update
the model given the most recent magnification measurement.
[0047] Figure 2, Figure 3, Figure 4, and Figure 5 illustrate various
wavefronts. Figure 2 depicts an image of an exemplary reference
wavefront, WR 44. The test optic 46 is a piano-convex glass lens, and
the height units are waves (543.5 nm). The reference wavefront, WR,
44, is shown as having a considerable amount of power, as opposed to
being flat. This is because the reference wavefront, WR, 44, at the
detector, the science camera 34, has a considerable amount of power.
As depicted in the interferometer 12 of Figure 1, the collimated
light in the reference arm 36 will produce a diverging wavefront at
the science camera 34. This is an image of the reference wavefront,
WR, 44, because the imaging lens has as its conjugates the test plane
and detector. Figure 3 depicts OPDT 48 with unwanted pixels,
representing distortion, removed from the positive test lens 50.
Figure 4 depicts an exemplary image of a test wavefront, WT 52. The
measured OPDT 48 is added to the image of WR 44 to produce the image
of WT 52. The images of WT 48 and WR 44 differ by OPDT, the magnitude
of which is considerable smaller than either wavefront. Because a
positive test lens was used for this example, the image of the test
wavefront has a longer radius of curvature (less sag over the
aperture) than the image of the reference wavefront. Reverse
raytracing is applied to the image of the test wavefront WT 52,
resulting in the estimate of the measured wavefront transmitted
through the test lens WT 54 as depicted in Figure 5. 



[0048] Utilizing the inteiferometer 12 and wavefront determination
with reverse raytracing, comparisons can be made between a test lens
and a model lens. Figure 6 shows a measured wavefront 56 and a
modeled wavefront 58 for the calibration lens. Comparisons can be
made between the measured and the modeled wavefronts, providing a
means for part verification, for example. To establish a comparison
between measured data and modeled data, a calibration part is used.
In an exemplary embodiment, a plano-convex glass lens is used as a
calibration part. Parameters such as index, center thickness, and
radius of curvature are measured independently, providing a complete
prescription for the lens. Along with the prescription of the test
part, the prescription of the interferometer enables the generation
of a modeled wavefront at the same location as the measured
wavefront. With two wavefronts at the same location, and therefore at
the same size, a difference wavefront can be computed by simply
subtracting the modeled wavefront from the measured.       [0049]
Figure 7 depicts a difference wavefront 60 of the difference between
the measured wavefront 56 and the modeled wavefront 58. This
difference is computed at 99% of the diameter of the two wavefronts
to avoid edge effects. The noise in the difference wavefront 60, due
to a combination of factors, obscures the general shape of the
difference wavefront 60. The noise in the difference wavefront 60 can
be alleviated in any appropriate manner. For example, a Zemike
polynomial can be applied to the difference wavefront 60 to remove
the noise. Zernike polynomials are known in the art. Application of
Zernike polynomials is known to cancel distortion. hi an exemplary
embodiment, a Zemike fitting is used to remove high spatial frequency
noise, and the Zernike coefficients are used to compute aberration
information about the wavefront.       [0050] Figure 8 show a Zemike
surface 62 and image 64 thereof, after application of 36-term Z,emike
polynomials fit to the difference wavefront 60. The Zemike surface 62
illustrates that defocus is the dominant error in the comparison
between measured and modeled wavefronts. Not to be tied to a
particular theory, it is presumed that a difference in power like
this is most likely due to a discrepancy in index of refraction for
the test lens and the surrounding saline solution in the
interferometer versus the values used in the model. Using the Zernike
coefficients for this difference, the power is measured at -0.019
diopters. In air, this difference becomes -0.054 diopters. Using a
thin lens model, this difference in power can be converted to an
uncertainty in index. The difference of -0.054 diopters, along with
the prescription of the lens, gives an uncertainty for the difference
in index of 0.0015. Since both index values are currently known to an
uncertainty of about 0.001, the notion that the power error can be
attributed to the discrepancy in index is plausible.       [0051] In
addition to testing for the ophthalmic prescription of a lens,
various other characteristics and features of a lens are detectable.
For example, interferogram of Figure 9 shows a localized defect 84 of
a lens under test. Thus, transmitted wavefront determination
utilizing the interferometer 12 provides ability to detect defects in
optical performance that cause deviations in the light path on the
order of a fraction, of the wavelength of light used. Further,
transmitted wavefront determination utilizing the interferometer 12
can produce the spherical power of any spherical contact lens. For
toric lenses, cylindrical power and axis can also be obtained. Yet



be conducted as illustrated by statistic block 82, wherein the mean
and standard deviation of the spherical aberration for each lens 90,
92, 94, and 96 are depicted.       [0053] Numerous other lens
characteristics and parameters can be obtained via wavefront
analysis. For example, the thickness of toric lenses can be
determined as illustrated in Figure 13. Toric contact lenses are
spherocylinder lenses designed to correct astigmatism in the eye. In
Figure 13, the thicknesses of three lenses 100, 102, and 104 is
depicted. The darker areas indicate increased thickness compared to
lighter areas for each lens, having a range from 0.0 mm to 0.500 mm
[0054] As described above, lenses under test can be placed in a
cuvette in which they are submerged in a solution (e.g., saline
solution). Figure 14 is a cross-sectional view of the cuvette 28
shown in the interferometer 12 depicted in Figure 1. Utilizing the
cuvette 28, lenses remain in solution during testing. Materials used
in manufacturing contact lenses include hydrogels, which are
hygroscopic. The lenses are placed in the cuvette 28, or water cell,
to keeps them hydrated and stable in terms of refractive index. The
cuvette 28 comprises a compartment having two windows that are
antireflection (AR) coated. The lens under test is positioned between
the two windows. The windows are AR coated on their external
surfaces. The index match between the window glass and solution
eliminates the need for an AR coating on the internal surfaces.
[0055] Generally, and as described in more detail below, the entire
cuvette interfaces with a test configuration, such as the
interferometer 12 for example, via a kinematic mount and by means of
an automatic connection system that includes the mechanical linkage
to the interferometer drive system and the electrical control and
instrumentation circuits. An outer enclosure houses all the
constituents of the cuvette. The enclosure is configured to evenly
circulate the test solution, to prevent the test solution from
leaking, and to monitor the temperature of the test solution. A lens
holder contains one, or multiple, testing cells, configured to hold a
lens submerged in a solution, and which can be moved within the
cuvette's outer enclosure while maintaining the placement and
orientation of the test lenses. A first window is configured to allow
the interferometer test arm beam to enter a cell with no change in
collimation or in coherence length. A second window is configured to
allow the test arm beam to exit the cuvette after passing through the
lens with no additional change to the exiting test aim beam.  The
centers of the two optical windows are aligned with each other, with
the movable lens holder mounted between. The holder is moved so as to
position each cell, one at a time, between the first window and the
second window. 



[0056] The cuvette kinematic mount is achieved by use of a dovetail
slide, which provides the primary alignment of the cuvette to the
mechanical and electrical connectors and sensors and provides
vertical height registration use of locator pins and a resilient
(e.g., spring-loaded) arm, which provides a radial force against the
locator pins, to accurately and consistently locate the cuvette in a
plane parallel to the dovetail slide. The mechanical linkage is
designed to provide repeatable, positive engagement and vibration
isolation between the cuvette and the interferometer without any
preconditioning to the cuvette's linkage.       [0057] Each cell in
the lens holder has a window that does not change the collimation or
coherence length of an incident collimated beam, and which is
transparent to the wavelength or wavelengths of the interferometer's
coherent light source. This window forms the surface on which the
test lens is mounted. The window in each cell in the lens holder is
coplanar with all other cell windows in the lens holder. Each cell in
the lens holder has a tapered wall designed to allow for accurate and
distortion-free mounting of the test lens in the cell. Each cell is
designed so that the interferometer's imaging camera can image the
entire lens. Each cell in the lens holder has at least one channel to
allow solution to flow. Both optical windows in the cuvette are
transparent to the wavelength or wavelengths of the interfetometer's
coherent light source. The test solution circulating through the
cuvette is optically transparent to the wavelength or wavelengths of
the interferometer's coherent light source. Example test solutions
include saline solutions, buffered saline solution, de-ionized water,
solutions with active pharmaceuticals, or a combination thereof
[0058] The outer enclosure of the cuvette includes inlet and outlet
connections for a source of temperature controlled test solution. The
outer enclosure is configured to monitor the temperature of the test
solution using a temperature probe. In an example configuration, the
temperature probe comprises a resistance temperature detector (RTD)
that provides information to an external temperature controller to
help stabilize the temperature of the solution in the cuvette. In an
example configuration, the outer enclosure of the cuvette is
constructed from an opaque polycarbonate material that is
mechanically stable in the presence of the test solutions.
[0059] The cuvette is configured to handle a variety of types of
lenses, such as hard contact lenses, hard refractive contact lenses,
hard diffractive contact lenses, hard hybrid refractive/diffractive
contact lenses, soft contact lenses, soft refractive contact lenses,
soft diffractive contact lenses, soft hybrid refractive/diffractive
contact lenses, hard contact lenses comprising an active
pharmaceutical, soft contact lenses comprising an active
pharmaceutical, single vision lenses, toric lenses, bifocal contact
lenses, multifocal lenses, cosmetically tinted lenses, freeform
lenses, an intraocular lenses, an intraocular refractive lenses, an
intraocular diffractive lenses, intraocular hybrid
refractive/diffractive lenses, accommodating lenses, spectacle
lenses, refractive spectacle lenses, diffractive spectacle lenses,
and hybrid refractive/diffractive spectacle lenses, for example.
[0060] Referring to Figure 14, the cuvette 28 is a vessel for holding
contact lenses immersed in solution in such a way that the lenses can
be tested using the interferometer 12. The cuvette 28 is designed to
accommodate multiple lenses. In an exemplary embodiment, the cuvette



[0061] The cuvette 28 comprises outer walls 106 and 108. The portion
110, or carousel, in the middle of the cuvette 28, comprises multiple
lens cells 112. In an exemplary embodiment, the carousel 110
comprises 30 lens cells 112. Each cell 112 comprises of a tapered
walls 114 (which can conform to a lens), channels 116 for fluid flow,
and a window 118 at the bottom of the cell on which the lens rests.
The outer walls 106 and 108 can comprise any appropriate material. In
an exemplary embodiment, the outer walls 106 and 108 comprise
polycarbonate. Polycarbonate provides the following characteristics
to the cuvette 28:  lightweight, opaque, chemically inert, and low
water absorption, which keeps the cuvette 28 dimensionally stable.
[0062] Figure 15 is an illustration of an expanded cross-sectional
view of a portion of the cuvette 28. Light from the interferometer 12
enters the cuvette 28 through the top window 120 in the direction of
arrow 122, and travels down through the lens which is resting in its
lens cell 112, and then exits the cuvette through the bottom window
122.        [0063] In an exemplary embodiment, there is little
distance, labeled 124 in Figure 15, between the top of the lens cell
wall 114 and the top window 120. This small gap 124 is maintained
throughout the cuvette 28, and is designed to keep the lenses in
their respective cells 112 during rotation. Also, in an exemplary
embodiment, there are four notches 116 in each lens cell 112. Notches
116 allow the circulating solution to easily flow through each cell
112, thereby keeping all the cells 112 at thermal equilibrium. It is
emphasized that the number of notches 116 depicted in cuvette 28 is
exemplary, and that any appropriate number of notches can be
implemented. The outer windows 120 and 122 are stepped to provide a
channel 126 for an 0- ring or gasket to sit and provide a seal around
each window 120, 122. This configuration also allows the windows to
be tipped and/or tilted into alignment, rather than relying on a
fixed mounting scheme. The middle glass window 128 is also stepped,
see area 130, to provide consistent registration amongst all cells
112. In an exemplary embodiment, the middle window 128 protrudes from
the bottom of the carousel 110 to keep bubbles in the solution away
from the central portion of the window 128. The tapered sides 114 of
each cell 112 ease centering of the lens, and do not deform the lens
in any way. In addition, the wall sides 114 aid in unloading lenses,
as lenses can be slid up the side of the cells 112 and then removed
from the cuvette 28 once outside the cell 112. Loading and unloading
of lenses can be accomplished through a door 151, or the like, of the
cuvette 28. In an exemplary configuration, the door is attached to an
interlock (see interlock 188 in Figure 19) that prevents automatic
carousel rotation when the door is open. No special tool is required
to work with the lenses, for example a swab can be used to work with
the lenses.       [0064] In order make measurements on multiple
lenses with the interferometer 12 with no user requirements, in an
exemplary embodiment the interferometer 12 controls the cuvette 28
via automatic indexing. Automatic indexing can be accomplished via
any approprthte means.  



For example, the cuvette 28 can have its own motor and processor, and
simply receive signals from the interferometer 12. In another example
embodiment, more control is contained in the interferometer 12, and
less control contained in the cuvette 28. In this embodiment, the
interferometer 12 provides a means for rotation that mates with the
cuvette 28. This can be accomplished, for example, by use of a gear,
belt, chain, rack and pinion or the like, or a combination thereof.
[0065] Figure 16 depicts an exemplary coupling mechanism that
comprises a single motor 132, a gear box 134, pulleys 136, 138, 140,
and a grooved belt 142. The carousel 110 up through the cuvette
pulley 138 are contained within the cuvette 28. The motor 132, gear
box 134, drive pulley 140, and tensioner pulleys 136 are fixed
components within the interferometer 12. Coupling occurs between the
cuvette pulley 138 and geared belt 142 when the cuvette 28 is pushed
into the interferometer 12. This type of coupling provides
significant engagement around the pulley, reducing the possibility of
slippage. The large amount of engagement eases staffing and stopping
cuvette rotation. The stresses in this system are low, and the
flexibility of the belt mitigates any coupling between the motor and
cuvette. Also, the flexibility of the belt dampens any backlash
introduced by the motor 132. This design keeps carousel 110
suspended; no part of the carousel 110 rides along the bottom of the
cuvette 28. This eliminates friction and stiction (static friction),
and thereby improves positional accuracy.       [0066] No set
rotation point typically is required for loading; the belt 142 and
pulley 138 will mate regardless. The tensioner pulleys 136 can be
adjusted as needed to keep the loading forces consistent. The
robustness of a belt system is favorable for use with multiple
cuvettes 28. To load a cuvette 28 into the interferometer 12, the
cuvette 28 is simply pushedin/pulled-out the along a dovetail 144
(see Figure 14) of the cuvette 28. The dovetail 144 provides vertical
stability when the cuvette 28 is mated with the interferometer 12 and
positional sensors that control automatic indexing.       [0067]
Figure 17 is a top view of an illustration of a cuvette positioning
mechanism. In an exemplary embodiment, the location of a cell 112 is
determined by two locator pins which are part of XY locator 146 and
radial location 148, respectively. Combined with a loose-fitting
dovetail 144, the two locator pins provide repeatable, kinematical
positioning of the cuvette. The designed coupling allows for manual
rotation. The sprocket 150 (see Figure 14) provides  manual rotation
and is clutched for safety purposes; a pinch point is avoided between
the sprocket and interferometer when the cuvette is loaded into the
system. The actuator aim 184 and crowder aim 186 work as pair to
provide a spring loaded force which keeps the cuvette 28 pressed
against the XY locator 146 and the radial locator 148 via a radial
force. Thus the two aims 184 and 186 enable kinematic loading of the
cuvette 28 to the interferometer.       [0068] Automatic indexing is
provided by the wheel with flags 152 (see Figure 14) located just
below the sprocket 150. The flags 152 interface with positional
sensors 154 attached to the interferometer 12, as shown in Figure 18.
As the cuvette 28 rotates, the flags 152 trigger the positional
sensors 154, which then send commands to slow and then stop the
cuvette 28. Only three cell position sensors 152 are labeled in
Figure 18 for the sake of simplicity. The cuvette 28 is slowed to
minimize disturbing the loaded lenses. Lens positioning is



[0069] Figure 19 is a diagram of an enclosed cuvette 28. The enclosed
cuvette 28 provides temperature stability by circulating solution
between the cuvette 28 and an external chiller (external chiller not
shown in Figure 19). The design of the cuvette's interior allows
fluid to flow through and between cells 112. The cuvette comprises
three elements for fluid control: a temperature probe 158, an intake
valve 160, and a drain 162. In addition, an overflow coupling 164 is
also provided. The temperature probe 158 provides an electronic
reading of the temperature of the fluid inside the cuvette 28 near
the measurement windows. The intake valve 160 and drain 162 provide
pits for solution to circulate through the cuvette 28. The intake
portion allows solution to enter the cuvette 28 and the drain portion
allows solution to exit the cuvette 28. The intake valve 160 and
drain 162 interface with the external chiller and pump through tubes
equipped with the appropriate fittings.       [0070] An
interferometer 12 with cuvette 28 provides a viable method and system
for utilizing wavefront analysis to test contact lenses. Testing
against a planar reference wavefront enables the determination of the
absolute lens power. The increase in dynamic range due to the
immersion of the lenses in saline solution allows for a wide range of
prescriptions to be tested  without the use of null optics or other
means of removing the bulk power of the lens. This method and system
is applicable to a wide variety of lenses, including spherical
lenses. No assumption is necessary regarding the type of part being
tested. All that is needed is the prescription of the test lens.
[0071] Figure 20 is a flow diagram of an example process for aligning
detectors of an interferometer configuration for obtaining a
wavefront of a lens. In an exemplary embodiment, the cameras (e.g.,
the imaging camera 38 and the science camera 34) are aligned prior to
testing a lens. Alignment comprises converting the imaging camera's
38 coordinate system to the science camera's 34 coordinate system. To
accomplish alignment, an image point in the imaging camera's 38 is
selected and a corresponding image point is determined in the science
camera 34. The image camera 38 and the science camera 34 differ, at
least, in magnification capability. Also, the cameras can differ in
respective shift in x-axis, y-axis, and/or rotation of corresponding
image points.       [0072] In an example alignment process, a test
target (e.g., a target lens having known reference points) is
utilized to determine the relationship between the two cameras.
Figure 21 shows an example target lens 178. The target lens 178
comprises ten concentric circles. Example image point 180 has a
location of 0 on the x-axis and 1 on the y-axis. This is denoted as
(0,1) in Figure 21. Example image point 182 has a location of -2 on
the x-axis and 0 on the y-axis. This is denoted as (-2,0) in Figure
21. To calibrate the detectors, points of intersections with the x
and y axes and the circles are utilized. Using the test target, in an
example process, five values are determined. At step 166, the
magnification of the first detector (e.g., the science camera 34) is
determined. The magnification of the science camera is referred to
herein as ms. The magnification of the second detector (e.g., the
imaging camera 38) is determined at step 168. The magnification of
the imaging camera is referred to herein as rm. At step 170, the
location on the x-axis of the science camera 34 conesponding to the
location of the x-axis location zero on the imaging camera 38 is
determined. This location on the x-axis of the science camera 34 is



corresponding to the location of the y-axis location zero on the
imaging camera 38 is determined. This location on the y-axis of the
science camera 34 is referred to herein as yo. The angle of
rotational difference between the science camera 34 and the imaging
camera 38 is determined at step 174. This angle of rotational
difference is referred to herein as Os. At step 176, using the
determined values of mr, ms, xo, yo, and Os the location of the
center of the target lens measured in the imaging camera 38 is
converted to the corresponding location in the science camera 34.
More generally, the values of m1, ms, xo, yo, and Os are utilized to
convert the imaging camera's 38 coordinate system to the science
camera's 34 coordinate system.       [0073] In an example embodiment,
the coordinates in the coordinate system of the science camera 34 are
converted from the coordinates in the coordinate system of the
science camera for a corresponding point in accordance with the
following formulas. xs = (xi 'cos Os + yr*sin Os ) miims + xo(4) ys =
(-xr *sin Os + yr *cos Os ) tmints + ye,(5) where: xs represents an
x-axis location in the science camera corresponding to the x-axis
location of the corresponding point in the imaging camera, ys
represents the y-axis location in the science camera corresponding to
the y-axis location of the corresponding point in the imaging camera,
ms represents the magnification of the science camera 34, m1
represents the magnification of the imaging camera 38, xo represents
the location on the x-axis of the science camera 34 of the x-axis
location zero in the imaging camera 38, yo represents the location on
the y-axis of the science camera 34 of the y-axis location zero in
the imaging camera 38, and Os represents the angle of rotational
difference between the science camera 38 and the imaging camera 34. 



[0074] In an example embodiment, the inteiferograms obtained from the
science camera and the imaging camera are combined into a single
wavefront for a portion of the lens under test. The interference
patterns at both the science camera and the imaging camera are
captured. The modulation is computed for the imaging camera.
Computing the modulation results in a value for each pixel of the
interference pattern captured by the imaging camera. The modulation
is used to identify pixels associated with the edge of the lens. An
ellipse is fit to the identified pixels and the center of the ellipse
is determined. Using any appropriated (e.g., predetermined) mapping
equation, the determined center, which represents the center of the
lens as captured by the imaging camera, is mapped to the center of
the science camera. The appropriate region of the interference
pattern captured by the science camera is masked to leave  the region
of interest of the lens. The transmitted wavefront of this region of
interest is computed for further analysis.       [0075] The various
techniques described herein can be implemented in connection with
hardware or software or, where appropriate, with a combination of
both. Thus, the methods for the use of inteiferometry for transmitted
wavefront testing of lenses, or certain aspects or portions thereof,
can take the form of program code (i.e., instructions) embodied in
tangible media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium, wherein, when the program
code is loaded into and executed by a machine, such as a computer,
the machine becomes an apparatus for the use of interferometry for
transmitted wavefront testing of lenses.       [0076] The program(s)
can be implemented in assembly or machine language, if desired. In
any case, the language can be a compiled or interpreted language, and
combined with hardware implementations. The methods for the use of
inteiferometry for transmitted wavefront testing of lenses also can
be practiced via communications embodied in the form of program code
that is transmitted over some transmission medium, such as over
electrical wiring or cabling, through fiber optics, or via any other
form of transmission, wherein, when the program code is received and
loaded into and executed by a machine, such as an EPROM, a gate
array, a programmable logic device (PLD), a client computer, or the
like, the machine becomes an apparatus for the use of inteiferometry
for transmitted wavefront testing of lenses. When implemented on a
general-purpose processor, the program code combines with the
processor to provide a unique apparatus that operates to invoke the
functionality the use of inteiferometry for transmitted wavefront
testing of lenses. Additionally, any storage techniques used in
connection with the use of inteiferometry for transmitted wavefront
testing of lenses can invariably be a combination of hardware and
software.       [0077] While the use of inteiferometry for
transmitted wavefront testing of lenses has been described in
connection with the example embodiments of the various figures, it is
to be understood that other similar embodiments can be used or
modifications and additions can be made to the descrthed embodiments
for performing the same functions for the use of interferometry for
transmitted wavefront testing of lenses without deviating therefrom.
Therefore, the use of interferometry for transmitted wavefront
testing of lenses as described  



herein should not be limited to any single embodiment, but rather
should be construed in breadth and scope in accordance with the
appended claims.  What is claimed:  1. A cuvette configured to hold a
plurality of ophthalmic lenses, the Guyette comprising: a carousel
comprising a plurality of cells, wherein: each cell is configured to
hold an ophthalmic lens submerged in a solution; and the carousel is
rotatable within the cuvette; a first window configured to allow
light to enter a cell; 



a second window forming a surface of a cell opposite the first
window, the second window configured to allow the light to exit a
cell, wherein a cell is positionable to allow light to propagate
through the first window and a second window via rotation of the
carousel; and      an enclosure that is positioned around the
carousel and is configured both to prevent solution from leaking out
of the cuvette and to circulate the solution among the plurality of
cells.  2. The Guyette in accordance with claim 1, further comprising
a coupling mechanism configured: to 'cinematically couple the cuvette
to an interferometer; and allow rotation of the carousel via the
interferometer.  3. The cuvette in accordance with claim 2, wherein
the coupling mechanism comprises at least one pulley coupleable to a
drive belt.  4. The cuvette in accordance with claim 3, wherein the
coupling mechanism provides vibration isolation between the Guyette
and the interferometer.  5. The cuvette in accordance with claim 2,
the coupling mechanism further comprising: 



a slide mechanism configured to provide: coupling of the Guyette and
the interferometer; and -24-  initial alignment of cuvefte and the
interferometer.  6. The cuvette in accordance with claim 4, the
cuvette further comprising: a locator pin configured to locate the
cuvette in a plane parallel to the slide mechanism; and; 



a resilient arm coupled to the locator pin, the resilient arm
configured to provide a radial force against the locator pin. 7. The
cuvette in accordance with claim 1 further comprising: an intake
portion configured to allow solution to enter the Guyette; and a
drain portion configured to allow solution to exit the cuvette.  8.
The cuvefte in accordance with claim 1, wherein the Guyette is
configured to provide temperature stabilization of a solution
therein.  9. The cuvette in accordance with claim 1, the cuvette
further comprising a temperature probe configured to monitor a
temperature of a solution therein.  10. The cuvette in accordance
with claim 1, wherein each cell comprises a tapered wall.  11. The
cuvette in accordance with claim 10, wherein the tapered wall is
configured to facilitate placement of an ophthalmic lens in the cell
without deformation of the lens placed in the cell. 



12. The Guyette in accordance with claim 1, wherein each cell
comprises at least one channel configured to allow solution to flow
therethrough.  13. The cuvette in accordance with claim 1, wherein
the enclosure comprises polycarbonate.   14. The cuvefte in
accordance with claim 1, wherein the enclosure is opaque.  15. The
cuvette in accordance with claim 1, wherein the solution comprises at
least one of a saline solution, a buffered saline solution,
de-ionized water, and a solution comprising an active pharmaceutical.
16. The cuvette in accordance with claim 1, wherein an ophthalmic
lens positioned in a cell between the first window and the second
window is visible in its entirety via the first window and the second
window.  17. The cuvette in accordance with claim 1, wherein an
ophthalmic lens is not deformed when positioned in a cell. 



18. The cuvette in accordance with claim 1, wherein bubbles formed in
the solution are not visible via the first window and the second
window.  19. The cuvette in accordance with claim 1, wherein second
windows of the plurality of cells are coplanar.  20. The cuvette in
accordance with claim 1, wherein the first window and second window
are configured to preserve a collimation and a coherence of light
propagating therethrough. 




