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enhance its sensitivity. The invention also relates to 5 systens using the
" inproved tool for ophthalmc refractive surgery. BACKGROUND ART The field
of ophthal nol ogy for the past nunber of years has seen great strides in

t he devel opnent of refractive treatnments intended to correct the vision of
the eye. These techniques have evolved fromthe earlier radial keratotony
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to be corrected. Myopia and hyperopia can now be corrected to a high
degree of FEEENICAD FIELD current techniques, and using excinmer 1 WO
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det e m nedsystems using the improved tool for ophthalmic refractive surgery.

BACKGROUND ART

The field of ophthaimology for the past number of years has seen great strides in
the development of refractive treatments intended to correct the vision of the eye. These
techniques have evolved from the earlier radial keratotomy technique, in which slits in

10 the cormmea allowed the cornea to relax and reshape, to present techniques including
photorefractive keratectomy (“PRK™), anterior lamellar keratectomy (“ALK™), laser in
situ keratomileusis (“LASIK”), and thermal techniques such as laser thermal keratoplasty
(“LTK™). All of these techniques strive to provide a relatively quick but lasting
correction of vision.

15 With the development and refinements of these techniques, greater precision has
become possible in refractive error correction. In early types of treatments, the precision
of the correction was relatively coarse. To provide correction to within plus or minus
one diopter of the desired correction for myopia, for example, would be considered an
excellent outcome. The types of treatments have become progressively refined,

20 however, allowing more subtle defects to be corrected. Myopia and hyperopia can now
be corrected to a high degree of precision with current techniques, and using excimer
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5 and corrected irrespective of their "regularity". Such techniques are
descri bedwiod1/2848 Patent No. 5,891,132, entitled "D stri buP€lVEPSOZ0RE Laser
Surgery System " issued April 6, 1999. A variety of new topography
systens, pachynetry systens, wavefront sensors, and overall refractive
error detection systens can detect not only the anounts of nyopia,
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the spots a nstruction of the wavefront and thus detection of the
aber r at i ond.iang esabiObjestive measurement of wave abematipns ©f therhumagl eye, with the usére
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Wllians etl)ds$ refletiéd| by thewetdina #id tmenges froacthespupdc hTiypjeadly, the incoming and
emergent light follow a common optical path; the incoming light is brought into the

20 common optical path with a beamsplitter. The emergent beam is applied to a Hartmann-
Shack detector to detect the aberrations. Such a detector includes an array of lenslets
which break up the light into an array of spots and focus the spots onto a charge-coupled
detector (not shown in Fig. 1) or other two-dimensional light detector. Each spot is
located to determine its displacement U from the position which it would occupy in the

25 absence of wavefront aberrations, and the displacements of the spots allow
reconstruction of the wavefront and thus detection of the aberrations through known
mathematical techniques. In Fig. 1, 0 is the locally averaged wavefront slope in front of
the lenslet array and is related to the spot displacement and the lenslet focal length by 6 =
A/f, as will also be appreciated by those skilled in the art.

30 Improvements to the technique of Liang et al are taught in J. Liang and D. R.

Williams, “Aberrations and retinal image quality of the normal human eye,” Journal of
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for detegti errations and for using the aberrations t d for
eye surgg&&w the fabrication of intraocular and cont ag’ﬁﬂgﬁM@*?S
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di agnostic tec to refractive su ry are needed. UWARY OF THE
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techniques for applying advancing diagnostic technology to refractive surgery are

needed.

20 SUMMARY OF THE INVENTION
According to the ihvention, a wavefront sensor can be improved by enhancing the
initial focus and precision of light impinging on the retina of an eye, which aids in
focusing on a sensor a group of imaged light spots that can be used to determine the
higher order aberrations of the eye, generally referred to as monochromatic aberrations
25 represented by third and higher order Zernike orders and typically excluding defocus and
astigmatism. Specifically, a wavefront sensor is implemented in one embodiment with
an adjustment camera independent of a lenslet camera. A laser is placed into a lower
power mode and projects the light onto the retina. The light is brought into focus with
the help of the adjustment camera. Because the light entering the adjustment camera

30 that is backscattered or reflected from the retina is not divided by a lenslet array, the

3



system cgpﬂﬁpgal o% data of the light on the retina fromthe adjustnent
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wavefront sensor is in focus. Further, by begl nning nyopi ¢ 4ocus
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lens is determn Specifically, when the spacing of the centroid again
begﬁns to eébﬁﬁﬁe that is determined to be the end of the range at which

the lens of thg, or, | o of th
‘wavef ront sensor Th| S&F“%Cﬁ’ofrﬂazﬁ%géﬁ% geﬁgﬁﬁgs@gﬁlﬁg c{)a@eﬂ;f%: JS’@“E’Mdat i on
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focused centroid spacing. The focus of the wavefront sensor is slowly adjusted until the

20 actual average centroid spacing is equal to the ideal focused (or minimally defocused)

centroid spacing, at which point it is determined that the wavefront sensor is in focus.

Further, by beginning from a myopic focus and proceeding towards a hyperopic

focus, it is insured that the lens of the eye is relaxed when the wavefront sensor is

25 brought into focus. But then by further adjusting the focus towards hyperopic, and
continuing to observe the average centroid spacing, the accommodation range of an eye’s

lens is determined. Specifically, when the spacing of the centroid again begins to

change, that is determined to be the end of the range at which the lens of the eye can
accommodate for the changing focus of the wavefront sensor. This focal range

30 determines the overall accommodation range of the lens of the eye.




derived, based on the wavefronts captured when the eye first went into
focus fOVPOURHOBY when the eye went out of focus at the BKVERIV/IPTZ he
. accommodation range of the lens. BRI EF DESCRI PTI ON OF THE DRAW NGS 5
Figure 1 illustrates principles involved in wavefront neasurenent; Figure 2
Is a block diagramof a wavefront sensor for use in a systemaccording to
* the inventi on;Furilgnfieondthis datadihecactual charpe afishapd ef theflensiof the ¢yeazpa eor use

i th f t f _Fi 2: Fi 4A d 4 i f
T e | i hosed S e T SEORE B e the §1€ Brsf Bl o Rt RufoyR¥ S ©
di agram OJvh@I e ieg@w%m&raffrwustamemeﬁﬂsfﬂle abéditthBdBnaansy 6fithdlene. t he

I nventi on; gures 5A and 5B are diagrans representing typical data
returned by the 15 wavefront sensor of Figure 2 according to the

i nventi on,El | ' data returned froma wavefront
sensor a@#ﬁﬂbﬁgﬁﬂhﬁ@ﬁ@gﬁ&ﬁgﬁﬁ%% 7A and 7B are representations
of she bl urredripawef ﬂﬁﬁﬁa&?ﬁﬁﬂéi?]@élirﬂloweﬁtiﬂwwdfr&)t eadié/iech@nt sensor, as
wel | as the generation of a center of mass of the data_ 20 points of the
wavef ront sensbigure? gtp blpck Aliagmangraf agwvaypteont senspyfaruse ithg systemaagsording r oi d
spaci ng; E)itﬂ%'rirﬁieg'ﬁ a graph of average centroid spacing versus refractive
correcti ons, i ﬂ €s 10A- 10D are cutaway views of an eye illustrating
focal points defgurg3 isacdisgramasf anexetpliiyofixationlimage forc udeainathe Wransfioht an
eye illustrating wavefront contribution by various conponents; and Figure
12 shows 86k ¢fH8UES cal cul ating the change of shape of a lens during
acg@modat i on. / : THE
RVENT G Tor nF R 6o E GHRfE b it e A e 00 s
i |1 ust r at efiFigure 2;

Figure 4C is a diagram of a drive system for the prisms in Figure 5B according to
the invention;
Figures SA and 5B are diagrams representing typical data retumed by the
15 wavefront sensor of Figure 2 according to the invention;
Figure 6 is an image of actual data returned from a wavefront sensor as illustrated
in Figure 2;
Figures 7A and 7B are representations of the blurred wavefront sensor data
returned by a wavefront sensor, as well as the generation of a center of mass of the data
20 points of the wavefront sensor;
Figures 8 A-8D are diagrams illustrating average centroid spacing;
Figure 9 is a graph of average centroid spacing versus refractive corrections;
Figures 10A-10D are cutaway views of an eye'illustrating focal points during
accommodation;
25 Figure 11 is a cutaway view of an eye illustrating wavefront contribution by
various components; and
Figure 12 shows equations for calculating the change of shape of a lens during

accommodation.



which is ) prﬁﬂiﬁﬁred I mpl enentation of this invention. The wavefront sensor
300 is 579 in concept to the wavefront sensor of WFPETERY/10373;

i ncludes certain additional features that nake it especially useful for
receiving iris data and for sharpening the focus of light spots on a
sensor used in determ ning the wavefront aberrations of the eye. Further,
a nunber of the features find general applicability to wavefront

nmeasur ene | A ' n WIllianms. Such devices .
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necessary to the eye’s optics that would yield emmetropic, or very nearly emmetropic,

-

20 vision upon correction.
To properly orient the patient’s eye E, two 660-nanometer laser diodes 302,
shown in Figure 2, can be aligned at angles to the eye E. When spots on the patient’s eye
E from the laser diodes 302 are merged into a single spot, by appropriate adjustment of
the wavefront sensor 300, the output beams of the laser diodes 302 (or optics directing
25 these beams), the patient, or otherwise, the eye E is positioned at, or approximately at, a
precise focal distance in the wavefront sensor 300. Alternatively, the patient’s eye E can
be properly oriented by a physician, technician, or other healthcare worker by visually
looking at an iris image of the eye E to find the correct focal distance to reduce the
overall exposure on the eye E. In this case, there is no need for the laser diodes 302. A
- 30 light source, eye illumination 304, provides light for a pupil camera 328 discussed

below.
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20 light backscattered onto the lenslet array from the light impinging on the retina will also
be correctly or nearly correctly focused. The light from the trombone assembly 314 is
reflected from a mirror 316, passed through a beamsplitter 318 (e.g., 20% reflectance,
80% transmittance), and then through a A/4 waveplate 320. The A/4 waveplate 320 is
oriented to produce substantially circularly polarized light from the linearly polarized
25 light. The significance of this will be appreciated in the discussion below of
backscattered light returned (the “returned light”) from the eye E to the polarizing
beamsplitter 310.
After passing through the A/4 waveplate 320, the light is then focused onto the
retina of the eye E. The light is backscattered or reflected from the retina and the
30 backscattered light spot on the retina then passes back through the optical components of

the eye E, such as the lens and the comea. On the return path, the circularly polarized
7
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_)

The lenslet camera 312 is preferably a charged couple device (CCD) camera,

such as a TM-9701 manufactured by Pulnix, which includes an array of lenslets 324,

although other types of cameras and other sampling optics analogous to the lenslet array

25 324 (including optics separate from a camera) could be used. For example, an ICX
039DLA camera by Sony Corporation can be used for both the lenslet camera 312 and

the pupil camera 328. The lenslet array 324 forms aerial images on the light sensing

element (e.g., CCD array) of the lenslet camera 312 from the returned light reflected by

the mirror 322. The waveplate 320 can help to reduce the amount of unwanted

30 backscattered or stray light to improve the signal intensity or the contrast of the aerial
images. The lenslet array 324 focuses portions of the light that has initially passed
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appropri attRe SRIVERbAORNSSr 300etd B Qistdssed befowentTHRf optital bahest ﬁnQGwa\Fe‘i’roﬁﬁiJ ust
for the natural distribution of poor eyesight in the general or a select

popul at i orsensor H¥ phawns in diiguraed cep dw dndlude kenses 336 i(ezonfoundensensambe
(e.g.. a _éapq{r&%seBr a%@ﬁ&reﬁ r32f7r &Btalf%tiv changes in beam sizes) that are typical of

20 - illumination, imaging, and focusing optics, and which also can represent other possible
optical components- omitted for clarity.  For example, in one embodiment of the
invention, the focal length of one or both of the lenses 326 about the trombone focusing
prism assembly 314 can be changed, e.g., shortened, to accommodate a smaller beam
width entering the lenslet array 324. In another embodiment, the range of possible

25 dioptric measurements that can be made with the wavefront sensor 300 can be changed,
for example, with appropriate selection of the lens 326 in front of the laser 306, to adjust
for the natural distribution of poor eyesight in the general or a select population of
patients. One way to do this is to position the lens 326 (e.g., a -5 diopter lens) in front of
the laser diode 306 such that the laser beam is no longer parallel. This provides a certain

30 offset in diopters that can be used to test the patient’s eye with the wavefront sensor 300.

In a nonlimiting example, the dioptric range can be modified from a symmetrical -8 to

9
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i ndependeraligging W@V@fgmfhd%ﬁF withe 0@;% @aawatl% iatac g7 vty ghiatieg proﬁles to be
projected from a laser onto an eye. This is discussed in greater detail in copending

20 German application No. 10014479.9 entitled Iris Recognition and Tracking for
Treatment of Optical Irregularities of the Eye.

The pupil camera 328 is placed in the optical path between the eye E and the
trombone focusing prism 314, which allowS the pupil camera 328 to focus on the pupil
and iris of the eye E, irrespective of changes in the focal length of the remainder of the

25 system for focusing on the retina. Thus, the pupil camera 328 can develop a clear image
of the surface of the eye E independent of the depth of the eye E and the corresponding

distance from the retina to the iris.

Focus Adjustment Camera
The wavefront sensor 300 also includes the alignment or adjustment camera 323

30 that receives an image of the backscattered spot on the retina of the eye E from a
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beanspl i ttherightl energyirdcbived at the adjustment camera 323 need only approximate the light

20 energy received at an individual lenslet of the lenslet array. The adjustment camera 323
is used to directly observe the focusing of light on the retina from the laser diode 306
while the laser diode 306 is in its lower power mode. The adjustment camera 323, as
implemented, thus aids focusing the aerial images on the lenslet camera 312 as sharply as
possible while the laser diode 306 is in its lower power mode as well. In so doing,

25 account can be taken of the transmittances of the polarizing beamsplitter 310 and the
beamsplitter 308, the reflectance of the beamsplitter 332, and any tilt or rotation that is
introduced to the A/4 waveplate 320 from its optimal orientation to allow a portion of the
returned light to pass back to the adjustment camera 323,

As discussed above, the adjustment camera 323 is used to make sure that the spot

30 on the retina is as sharp as possible. This means that the correct trombone assembly 314
{or 314’, discussed below in reference to Figures 4B and 4C) settings are checked as well
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20 while determining the base line level of myopic or hyperopic error or correction. -

Once focusing is achieved, the laser diode 306 is placed in the higher power

mode for a very short period of time. For example, it may be possible to use a power of

30 uW in a spot size of 10-20 microns on the retina for a period of 400 msec. Although

higher intensity could damage the retina if maintained for a prolonged period of time

25 (e.g., more than 100 sec), such a short burst is harmless. The short burst does, however,
greatly increase the intensity of the individual spots on the sensor of the lenslet camera

312, so the combination of the multi-powered laser diode 306, the adjustment camera

323, the lenslet array 342, and the lenslet camera 312 can allow for higher signal

intensity or higher contrast lenslet images to be developed by the lenslet camera 312 than

30 in other systems. The higher power laser diode 306 mode may allow the use of smaller
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by the prism 314 on the retina. The fixation target 334 is useful when the
aerial inmages mm_m_ﬂ ensl et array 324 are brought into focus onto the

sensor of the nsl et tment of the t s 314.

The system adngﬁ? g@% 5§6§e§¥%ﬁ% gé‘“ hgge P%eéi i &{éf‘%ﬁ‘n‘gﬁegéi"f’334 a

nonl I m ti aostwnnipl Bg@e wmrﬁ@ﬂkaxdxmrg%a%bmmuﬁﬁnated BY adipht kbuteé B36,emdi N
3ure 10, and not _sinp g}/ﬁla fixation point. The fixation_target 334 gi ves

S eye wllowihe patigniite Sxateqang fagus whils the adiusimens camera 23 ds fosused pethennge
°r scene- é ﬁ%'sh%ﬁf‘iﬁe & ecﬁteﬁﬁxa%ﬁ'}%%fem?xs ds%ﬂﬁ%ﬂ%}ﬁ &Qﬁeﬁszﬁmﬁg&”ﬁ%' ch to

f ocus. using 't ge typi g easier to
acconpl i Sﬂxetlhmtetfamy 3&4 @ré broaghtdntat focﬂ'shmto Imegﬁ:nsor of the lenslet camera 312 by

adjustment of the trombone optics 314. The system advantageously provides an image

for the fixation target 334, a nonlimiting example of which is the sailboat on water
20 illustrated in Figure 10, and not simply a fixation point. The fixation target 334 gives the
eye E and the patient’s brain a picture-like or actual picture image or scenc—really some
object or scene being viewed by the eye E—on which to focus. Focusing the eye E with
a picture-like image typically is easier to accomplish than focusing to a point. The image
of the fixation target allows the eye E to focus at infinity, as if the image were far away,
25 which can aid in eliminating or reducing the effects of eye E accommodation or rotation
as the aerial images are focused or the wavefront sensor data are acquired. In other
words, the image of the fixation target prevents, or helps prevent to a certain extent, the
eye E from focusing at less than infinity.
The fixation target image forces the eye E to rotate to its “normal” rotational
30 position, thus minimizing rotational errors from the diagnostic analysis. Thus, with the

fixation target 334, a rotational frame of reference can be defined relative to the eye E.
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of the fixation target allows the eye E to focus at infinity, as if the

i mage werWOPY848 5y " 25 which can aid in elininating or r F9/10372
effects of eye E acconmopdation or rotation as the aerial imges are
focused or the wavefront sensor data are acquired. In other words, the
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o o- det or it T BB ifion Hish FcoBitip, EAEE amy Aaphachl Of s sveger
334, even widhhas i desfiftid abioveeMANbimikiCinkdgeaédnObe RE®Sh oifd Edfipatleal Pe

used to adjust the rotational position of 5 the eye E in conjunction with
recogni t i oAccordisgta the preseat invensione hothaliagnestic ard teatmint, toyelirmnatesorakducss

t hat descri A L.l | jage can be used in other conponents
accordi ng ?gc%ﬁ}@g%ﬁgggﬁoﬁt%gﬁﬁdgg? bot h di agnostic and treatnent, to
elimnate or retiuadll bacaspieoisted ibynthose rsRIIRUI BNte &r% Hafing the Wénketit RF this
appreci ated, by those skjlled in the art having the benefit of this 10

di sdfosur e dispiRurg dhato(asiops Senss of cOBPEBERIA ©3N é’g PsB tQ, sebstifuge Jomeampanestst or
conponent s im%l%'eﬁt@ﬁ B 8 WivelBt é’@é’&fjo@rbft?d%ﬂﬁg% %é’tfr%gk?c{shﬁg}iﬁat&ihﬂé‘ ﬁre&;éb%%iﬁl@'

configurations are possible to formother e ein Ion.
For exanpl & foamhothér émbadmenty of thed invemticsnd Fori edampie)arldgh imensity) tollinatedi ght

sources, far exanple, ope,l ower d one high power, can replace the
Caser i odUEHCUOR e HEJ1PlS BENCOWSRS dor SR, o7 QY SRWen end P Bgh e veRe 15
pat h of t hgadeplaRE 1RA3ser A 306. TRE ShfRbtntnk gam&%éz@fcaﬁ hﬁtehsg%' c§ ded 312

can have nore "or fewer lenslets, as ‘desired or according t esi gn.
Fur ti¥er, i pathidfithepmiregyFRacans thel lapylet amays324af the dapsiehcanhesa 312 cambaveahoreof

i ot ocompupbieweh @sfs® PR Helred of Aaptihe 5 afferf, ERRAl il Bl e 1§, °
are W t hi ntijdse skitled tn the rtsthat' dlX ofthedeh@mponeststard generally @ontralledRSEa Somepl Pri sm

system, such as a microcomputer. A wide variety of other configurations are possible

that are within the scope and spirit of the present invention.
20
Focusing Prism -
Turning to Figure 4A, one embodiment for the trombone prism assembly 314 of
Figure 2 is shown effectively as a dual prism arrangement, including a first prism 350
and a second prism 352. As illustrated by a beam of light 354, the first prism 350
25 reflects the beam 354 off two faces 356 and 358 in succession, such that the resultant
beam 360 is traveling in a direction or approximately in a direction parallel to the
direction from which the beam 354 originated. The beam 360 impinges on the second
prism 352, which reflects the beam 360 off two faces 362 and 364 in succession,
resulting in a return beam 366. The return beam 366 is reflected off the faces 358 and
30 356 in succession, yielding the beam 368 traveling a path in the opposite direction or

approximately oppositely in the direction parallel to the direction from which the beam
14



Turning to Figure 4A, one enbodi nent for the tronbone prism assenbly 314 of
Fi gure VPo1 ’§gﬁ9§m effectively as a dual prism arrangenentP T@EPW?\%

first prism350 and a second prism 352. As illustrated by a beam of |ight
354, the first prism 350 25 reflects the beam 354 off two faces 356 and 358
I n succession, such that the resultant beam 360 is traveling in a
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of the beam 3 is achieved irrespective of the angee at which the beam
354 ent er 80¢ ke thsreyenk.3it 45 esnep@llwehﬁ@laméle rerurn pathy begausa the Backseattesed t he

faces 356 t om ng
5" boam ssHenoierie RO EE bbb i colitharB B o vt BB btaR iR A

def | ect i onnpmgingrmugh eyd1E. meuﬁvertbe pflsmm1316turr$ theb&fklsl:at‘fe%d Refreh e t he
beamfromthe | aser g@ﬁﬁ“ﬂﬂlg) 6 to the ey i s especially hel pful on

t hd0r et ur AYphadthar gree e BHBRIS¢ by (88 sy wxﬁ%m prpendighannadh.dye E
S NOU CObdvARt Bflrddube thO R8N bF b ndARClendECefelfS 2 | MPINOI NG On L he

eye E. BeCause the prism returns t scattere I'ght fromthe 10
eye E (that evémFigurd $Byandthdreranbpieaypdyptidseaskemisiy el 4aisrshpwd2hat ¢an be

di | he |.i kel i hood_of h
Phe’tens! Snblealiaied fas e rPivPFh o lante Zisonine o Wrdttretoppd e spries Hdsembly
314" is shuuies BRb pFigdds BP0 andPIEHEphEs- z%ﬂhr%ﬁﬁoﬁ”ug@gﬂéxﬂs B0 Eh&y*?g;%m .

according to the |nvent|on The optics I ncl prismnms
37245 n spacfetdedpmnpalrsylstam that relﬂwtswxgmsmh ahrmlhgmzfmmrmmlssea diaded30b

optical s st | ect , I ht,fro | aser _di ode
306 trav g) ‘ﬁ"h&ye %ea@(gﬁ:drelﬁeg c’%ﬁ? Qcﬁ%ﬁatpfé?g] fé‘?ﬁ f¥eEretina
of the eY@raEehrtgrt%Wd it leaviey strdyn824 and lied leasleayamerd AR i Bitnil#Rp t¢theaner a
312, in siml| arl@iﬂé to the surface reflectlons by the EI’I sm 314 shown in

Fi gure 4ASurfaee ctiqmps| Y the REsmy 314 §h%¢7ﬂl‘|ﬁ!&lllﬂey4Al | e s sefldctiond guer e 4B
as |1ght IkmMAchP HAREMNERGH FRARE 4B 4AHiHR 742" Rithough other configurations are

20 possible, in practice, the prism 372 typically is fixed in position and the prism 370 is

adjusted in position—shown by arrow 375 in Figure 4B as one nonlimiting type of

trombone movement—relative to the prism 372 to achieve optimal or near optimal

focusing of the light passing through the lenslet array 324 to the lenslet camera 312. The

variable spacing between the prisms 370 and 372 is preferably from about 5 mm to about

25 100 mm and their dimensions are preferably 40x40 mm and 20x40 mm, respectively,
although other spacings and dimensions are possible.

The arrangement of the prisms 370 and 372 advantageously provides a reflected

outgoing beam that is exactly or nearly exactly parallel to the incoming beam (i.c.,

whether to or from the eye E), even if the prism 370 is tilted during trombone movement.

30 This potentially can reduce the cost of a slider or sliding mechanism that can be

implemented to provide automated computer-controlled trombone movement, such as
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20 possible, in practice, the prism372 typically is fixed in position and
the prismwODD28498 adj usted in position-shown by arrow 375 pacu/EP@uo®r4B as
one nonlimting type of tronbone novenent-relative to the prism372 to
achieve optinmal or near optimal focusing of the |ight passing through the
|l enslet array 324 to the lenslet canera 312. The variable spacing between
the prisns oW f ggﬁiég and -
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the slide g{ﬁ an .arm 382 .to whicgh, the pri s(gl 370 i,s nmechanically coupl ed
3

by a coupl dhe dirpstipn aad rxtant jof dhe (Arive g dstrramungd) acepuding to ghey TaCUSINGD| e
coupl er, 8@4r&ﬁeﬁ% bt tHe®eamATGH iR Egertlﬂodet fwﬁaﬂﬂfc ihg Sﬁi eyt aﬁgtthosé‘%f the

st epper r 380 is activated, 1t drives the on of “thé 10 coupl er
384 attac h&ld lexsletharrayr 324masd @heallem@t chmerr 3123883 adJuaeed herthelitroeioner314f. t he

375.. The dj t' d extent d
fo the 1 ookt sddiiel ERudRE oBss i Che inéd i e FisBE o 425 s0f et "
| Npi1sgi ng e fb&ﬁlr@/qnﬁs alioCetdivs theBenehil 6f thenAkdbl@tind prephftyaTthé Pishens! et

canera 312, as adjusted by the trombone 314 Further, additional focusing
optics coub® el 32 f@némweith@f%um@&@pgqsooﬁihe wayetrany sensph aathershambeing

the.pri ortijeRedted B 65 GEnkesdd) ol ldrte St bR it BEE bF B BRERERLY O
sensor, raAhearietshafiother dgve mephmmm gutisas codfigurations;sordefs systomsy indluding ge

t b I d he, f f t.h i 372.
par €P fa}:&:ﬁs-a(%rlllstgngeleng1 (szfste(%ns msete d cl)fs trl?e trombone 314' (or 314), or the slider 376,

20 could be used, as will be appreciated by those skilled in the art. For example, another
alternative optical system for the trombone 314' (or 314) could be a lens system having
the capability of adding or removing lenses, each lens of which may or may not be
related in optical power to the other lenses by some series or other. optical power
relationship. An example of such a lens system is a phoropter or a lens system similar

25 thereto. With this type of lens system, the patient could see what improvement (e.g., for
defocus and astigmatism) conventional vision-correcting techniques, such as
conventional glasses or contacts could provide, and then see what could be provided by

correction of other and higher order aberrations as a comparison.
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polynom al's used to fit the parameter data. T Fi dure
are incl udmldrmoelappcar inl thesimageeint the asictacamerai 112 heAmmactgl Ginverpest or 402,

d | | h ' he | e 312. A
St uar (1 gl ipde 48 R ik ahC WS ehDe S Te B paRn Bistrf
l'ensl et cagrerimeSilage 406N Mbtratds thedtype and quality of spots that would typically be

20 observed with the lenslet camera 312.

As discussed above, the adjustment camera 323 (see Figure 2) is intended to
sharpen the light spot on the retina of the eye E, such that each spot like a spot 408 on the
lenslet camera 312 is as focused as possible.' Because such adjustment is only for low
order effects, however, each resulting individual spot generally will not be a precisely

25 sharpened point. As discussed in Williams, adaptive optics can be used in conjunction
with the image developed so that a sharper “picture” of the spots is obtained with
correction of aberrations. But in the wavefront sensor 300 of Figure 2, such adaptive
optics are not used, and the image 406 of the spots like the spot 408 may appear
somewhat “smeared” due to the optical aberrations of the eye E. Referring again to

30 Figures 5A and 5B, it is understood that the mathematical transformation used to

determine the overall wavefront aberration of the eye uses information related to the
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6. The image 406 illustrates the type and quality of spots that would
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the follow ng éqUT‘p‘n
_ Zliyi
= ZL

In these equations, I; is the intensity at a particular point. The intensity can be calculated
20 in a number of ways, for example, as a threshold intensity, such that any pixel value
greater than the threshold is assigned an intensity of 1 and any pixel value less than the
threshold is assigned an intensity of 0. A weighted intensity that is simply the pixel
intensity instead could be used. The intensity could be non-linearly weighted with
higher intensity pixels having a greater than linearly proportional effect, such as by
25 squaring the intensity value I;. Other non-linear weightings could be used. In any case,
it is possible to weight the intensity values I; in various ways to calculate the “centers™ of

the spots on the wavefront sensor.
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€ ey %oﬁe{ﬂ%?%@fbt & ﬁhb/%’rglﬁtﬁﬁ’ R e e/ OE. g{ &i% 3&% g&gglgﬁ heddRRG LR 8. SO

by begi nni ng a nyo ocus one does n accommodat i on
in the eydofa céhaia range ephyparopial ss by hegihning Withua asyopic- f@bDs onRaefoes mbhg t o

Figure 8A, shown .are a n er.of actual.,centroids.such as the centroid 500
oo mg ndeE e teoRatotRte inthe 25 Koy mis Eon:epas ibisfed e FiiSrSdl-16b
centroi ds rdf&ting %o Fit@ire 8A, shown are a number of actual centroids such as the centroid 500

appearing in the lenslet camera 312, which are compared with ideal centroids such as the

centroid 502. Again, the ideal centroids such as centroid 502 are the centroids that
would appear if a perfect eye was brought into focus employing the trombone prism 314.

20 At this point, an ideal centroid spacing 504 is still gfeater than an average actual centroid
spacing illustrated by centroid spacing 506. Assume, however, that the trombone prism
314 is slowly brought in until, as illustrated in Figure 8B, actual centroids as illustrated
by the centroid 508 have the same spacing as the theoretically ideal centroids as
illustrated by the centroid 510. This is illustrated by a spacing 512 compared to the ideal

25 spacing 504. At this point, the wavefront sensor 300 is in focus. Of note, in an actual
eye E, the various centroids illustrated by the centroid 508 would not all be ideally
aligned with the theoretical centroids such as the centroid 510 because of the other,
higher order effects on the eye. However, if the average spacing of the centroids is equal
to the ideal spacing, this indicates that the defocus has been compensated.

30 Figure 8D illustrates one technique for determining overall centroid spacing. In
this approach, a Y-axis “center” is determined for each row 520 of centroids and an
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centroid 502. Again, the ideal centroids such as centroid 502 are the
centroi dvQet8408\woul d appear if a perfect eye was brought PCRERPOS/DI30S

enpl oying the tronbone prism314. 20 At this point, an ideal centroid
spacing 504 is still greater than an average actual centroid spacing

il lustrated by centroid spaci ng 506. Assume, however, that the tronbone
prism 3laxiagisHcentkd” iB'deitiitnel 'foNéHch'cohﬂﬁl I *rhisscrah%%ne Risinp Sehter 8PmadSt ual
centroids as illustrated by the centroid 508 have the san® spacing as the
t heor et i cawdighted eanter ofimass,dor etber techuiguesat Ftieythe e Yo camdr 4iX, §phbingTares i s

'plﬁl . ¢ novaaRkeh visHing 5151&3%%@3%@@55% WS Pr9eess cpOARRRdemSEgc £
deal 1y G0 FRuhul Ypi MDA Bl Yo yelEe %&h%&?@‘é.%lo

becagise ofyiélamgQinverage . dias valae & thed fmitta défbnfnhﬁ Whed: thEIQYRMAR lcomke$ irftH €
average spacing of the centroids is equal to the ideal spacing, this

i ndi cat es P8 t he defocus has been conpensated. 30 Figure 8D illustrat es

one technl que f t r this a ac

a Y-axis "cent e}r%f‘ﬂ%iﬁ‘gt ?t@rrm he %or lt%ea%%‘lﬂ 5 agggg'g%*'p%éﬂ?llsg?%gg 8%8%58

WO 01/ 28408 tREWatosit 5862 300¢fecus $n acya;iherl-‘ngure gkecerresponds food poifasH0 66! urm-
Thi s can be. done using_center of mass, %@aed center of nmass, or ot her

t echni questhisigraph, whees the weahmcmgﬁxcge&aéh épa%rtam%aureﬂ?emeﬁgo

overal | A [

ot ni t harh BB 383, Whcls B RACAL fabind LA W oGPl DoiHE! A pRnt 01 %%ﬂmﬁg
overal | A t4, a Spacing diustyamd 1nvE1gmgeBCA wiitre sa nainber bf atﬂmlncemmcﬁst suctledsesd m ne

when the system nto .focus. Referring to Fi hown is, the
Geal * opacieRirows L are SOURMUILH 46  SXgaTL AN clom, B B efsidan FTERHAS 300
focus in andfcaRl by h TentoidS 160! TRARS IS adtlaltavdPidet ceRRBidOshacind 51 801 ARty
where the i1deal spacing exceeds the actual spacin Figure 8B corresponds

to 10 a pogmatestan tvicel eentroiddsparing 586 s élqs,taat iththe grapheof Eigarsi Highe A

nunber of BARG S Ras ik fa e fRRoRe ﬁmﬁﬁﬁ‘ S ol B i o B panc

away from gypetoper of ideal centroids as indicated by a centroid 516. That
i's, an actual avermﬂe centroid spacing, 518 is now greater_than the ideal
centroid spaci g be Appresipted; i thedgombonerpf the B’ﬁﬁefﬁ?nt sensar 200is brepght in poi nt

554 shows ﬁﬁ}ﬂtth@?)o}xﬂ%ﬁrl?r{_@%@d,' andPAY Y abitbd Bleofetidall Hntldf] spdding 564 F OCUS

becones

equals the average abtﬁal centroid spacing 512, the wavefront sensor 300 will be in
20 focus. This allows the elimination of the adjustment camera 323 and focusing using the
lenslet camera 312, but Without requiring each individual centroid to be examined for the
amount of “spread” in the centroid. That is, the centroid spacing, as opposed to
sharpness is employed for focusing.

Preferably, this focusing technique is controlled by the control system of the

25 wavefront sensor 300.

Determination of Accommodation Range

Referring to Figure 9, it is seen that there is a range 556 over which the trombone
can be moved in the wavefront sensor 300 and yet the centroid spacing stays on the
30 average ideal and thus the eye E in focus. This is because the eye E can accommodate

for a range, such as 2 to 4 diopters, by compressing the lens within the eye E. This is
20



hyperopic. As will be appreciated, if the tronmbone of the wavefront sensor
300 is WOAIGA98i n  until the point 552 is reached, and tR¢IERIVIN2, age

. theoretical centroid spacing 504 equals the average actual centroid
spacing 512, the wavefront sensor 300 will be in 20 focus. This allows the
elimnation of the adjustnent canera 323 and focusing using the |enslet

" camer a 3iystiated infFiguoest 10404 0Dy iln iguae hOAnwhichoveuld cemespondita thelpoing $46i ned

for the .apgount of . spread’;in th 0i d. That. i nty oi.d _spaci ng,
o e AT By ERBESS bl Aol SRRl B SBE L D ok ot

focusi ng §58cignthél tesulSof @velaRbd €hsbI62 RRd @OBIrhed 564 St RNtRE tidkitboné ufveheef ront
sensor 300. Determ nation of Accommodati on Range Referring to Figure 9, it

i s seen twevefronieseasors308 is brayehbinsths\fesal pring maves tawasd thateting 560, yéeldivged i n

vl age. 1ndapus 0BCH TR0 pdRESHE i i ipoR o BAFE' 00, HAHRs R byfisal

accommodabéust OFhisicdrfgspendso eie puint? 32dn Figliro Pt Assthe pmbonp isctirsugly futiser! ens
within the eye E. This is 20 WD 01/28408 ,PCT/ EPQQ/ 10372 illustrated in
Fi gures 1AL treye F, did ratascorymodat, & focalornint 188 inddgind 0t oveuld tgbbssondso i n
the grap i e ' | : 3 .560.
Thi s°f obaPe fesnae0E B efert B % R0 istel) e 16 {2 MborinoBattCidlding )
564. As tdlens shapedi’é, add mamtainimged fooalt paistnsA2rupdGhe setimadiéghtTHis acdohatsf ocal

5 .in,Figure 10B.a focal  point

i nt d ) A 60, i.el di
B0 i Rt 1TGha5 5P (R IERE: PV V4P SERt i CRSIBE  Emaire $SEaalb T s
corr espongsstagit. t bﬁcdome%nEg‘e‘Saf ddomntidagor of A% dcBEmbinoaRRe Mhsi sT00E Qethtd

further 1n, 1f the eye did not acconmpdate, a focal point 568 in Figure
| OC woul hbveet, the fapatipointiwill agaimextsad beypmd the fatinai 56, yieldngythegola554

I nstead the,l ens 5?%.acc modates, yielding a |ens shape 570, and
naintainiWﬂhﬁgFWEg B%V% " 572 upon the retina 560. This accounts 10 for the

range 556 in FB?Uﬁ@hiﬁ)riﬂthe widrgde dpacingTithOhdtusiRRairoMs, BOBIavefr6sSRAsdral | Y
constant. Once the range of acconnodation of the accommpdated | ens 570 is
redéhed, 30bomvaso therrforedcansed dp determine the averald tangecofiropemmodaton ef thea 560,

Vo Jel .ty g Moo By 5 4 Rt GRS B0 i 20°
spacing of the centroid, the range 556 is determined in Figure 9. Essentially, once the
eye is brought into focus, as the trombone is brought in increasing the dioptric power, the
eye E accommodates by compressing the lens as illustrated by the lens 570. This

20 continues until a point 555 is reach in Figure 9, at which the lens can no longer compress
and be accommodated, and the centroid spacing again begins to expand. By determining
these two values, the overall range of eye accommodation can be evaluated.

As discussed above, the centroid spacing is an alternative to use of the adjustment

camera 323 to focus the wavefront sensor. More generally, the centroid spacing is an

- 25 alternative to bringing individual centroids into focus. But whatever focusing technique
is used, the overall accommodation range can be determined using the foregoing

technique.

Determination of the Changing Shape of a Lens When Relaxed and
30 Accommodated
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15 300 can also therefore be used to determ ne the overall range of
accomopdaWwmel/2880% he | ens 562. By bringing the tronbone sipoaiBroo/mosand
constantly nonitoring the average spacing of the centroid, the range 556
is determined in Figure 9. Essentially, once the eye is brought into
focus, as the tronbone is brought in increasing the dioptric power, the

eye E accommodatygg JgHit§ eFHeShaVelidnt Shsbie360 fﬁﬁfo}éélzﬂié te?c;‘hggccg%ﬁxﬁvﬁgéhg{ii é§70-

This 20 continues unt |tf_a point 555 is reach in Figu | ens
can no | ongenitop ther eangroidsruhilseit atoes somenst baiemployed e cvalvate dhel cliange iofighagai n

begi t d. . B I Ni . | t he. Ny f
eve. accommanat O HEARE a6k A e HE P 1 Bl siplticBt B e 1
spaci ng i s Fgura! 1grshawhVie the refaged lershs6nehd s MHRL accvaifRéduted fenk S700CYUs the
wavefront sensor. Myre generallijﬁlt he centroid spacing is an

25
al t erfhat i vavavefrenti Wgs determined byithe lersdeticamerns3 12, ard thicwavefipnt Waisalependent -

focusing t | | th ti0 . e

dot or i ed PO 1S Sy SERE W ind 8 e SRy B 40 MulRRF if BB 111 g
Shape of a wilirte afpratidied thaetie @otheaItavafrontWogdal stalys2dssdiftially /cantat whereas

PCT/ EPOO/ 1037é The abiljty of th& waéii%fgron sensor 300 to force the eye to
accomodat &he leng wagetiom Wiegs changes depepding on the pmoynt of gecomupodation in thedgny oyed
to eval uat gghhe change of the shape of the lens 562, as illustrated in
Figure 11 and the equations of Figure 12. In Figure 11, shown is the

rel aked | ens 56Redferding tb Figure 42 ctnnrisdillustoatéd mithTéferente So Faguré 9o nWhe itise

determ ned by t lenslet.canmera 312, and thi.s.wavefront Wis dependent

ot h' on o BV 336:15 FREBHLIR T CEFEP A WPVt (o ecanREdr iR WRYEOPR T

Fi gure 11. ] | at t riea a ys
essenti al | yelqgacl)lnigt g’%t‘,bgv\ﬂg%gg“mf ﬁﬂuslt gﬁsw\%\gﬁ@?c}glﬁ“’vﬁggﬁégg}%% ge‘pe?\ﬁl ng
on the anourdambrneaisc broughititin ountilntheh poingn¥S5 56 Feach9d,Raf ewhichgpdint & duilye 12,

Feached | n EREVGRRAT WPVGEGLT PRI Vs IS AARHIEL YhIGh SEAm BVAID Weope AIG
ol L T e B L e o I
whi ch poi ntthes équial 4p W, minus Wy. But with the wavefront sensor, the shape change of the lens
essentially becomes the shape change of the wavefront multiplied by a constant that
depends on the refractive characteristics of the lens relative to its surrounding fluid.
Therefore, a shape change A shape is equal to k, a constant, times A Wye,s. While the
20 change in wavefront A Wi, has been discussed solely as resulting from changes in the

lens, the A W), is more properly the overall change in aberration of the eye during the
accommodation process. For exémple, if accommodation affects the shape of the cornea,

then that shape change will also contribute a component t0 A Wiens.
In this way, the wavefront sensor can be used to evaluate the change of shape of

25 the eye's lens (or more generally, the optics of the eve) as the eye accommodates.

The foregoing disclosure and description of the invention are illustrative and
explanatory thereof, and various changes in the details of the illustrated apparatus and
construction and method of operation may be made without departing from the spirit of

30 the invention.
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accommo f'/z efront, wavefront W is captured, which again equal s Wonea
pl us 15 I"'ens i ndi cated by the equations, the change GUERWAR3TRef r ont
of the lens, AW.,,, is thus equal to WA m nus W. BlUt wth-the-wavefront

sensor, the shape change of the lens essentially beco nge
~of the wavefront nmultiplied by a constant that dependglm?mmﬂmgmﬁgiﬂve
charact er CEAIMS: of the lens relative to its surrounding*fluid. ®lhererore,
a shape change 0 shape is equal to k, a constant, times A Wens. Wile the
20 change in wavefront A Wens has been discussed solely as resulting from
changes in thel. | enan infproved/Wavefrnt sefsoe for deermhininghway ebctdtiondapdse | n

aberration of lt&ge eye during the accommodation process. For exanple, if

accomodafYoHCRMEet s t he shape of the cornea, then that shape change will

al so contribute a c y i . rQnt sor
can be used to eval gg&t}g&f? Elga%ﬁ%ﬂ?éégtg? e?#aépééng@ g@ggathgg&@?g&gglrée{ﬁ? Lo nore
gener al | ygye 4l fopticangderiahimages pf te lighesppte accommodat es. The foregoi ng
di s¢l osure and descri ption, of {he i nveption are illustrative and

expPanat ory t her eof 2 SSHFGT gdantedt 10 regeivr be acrial imascsdrom the lgnsletasray | ust r at ed
apparatus and consgh i . j A 1 hout
pp & gmgm adifled B ROV O %ﬁraﬂztggéﬁﬁéi?%gﬁg%ﬁlﬂ{o

departing fromthe spirit of 30 the invehtl

PCT/ EPOQ tl@:3#epial images and to|detarmine the whyd alfertations ol thBsighalk) S 1. An

i nproved wavefront gensor for deterni.nin ve aperrations of the eye

i ncludi ng: a | ensl et™ar AV P%'BW%“%‘?@%WW?%“@B pt%fio'ioi i spot on a
retina of bifiging@ne fend thederial Ridgded otk ¥nsiefBE8Fomtb thd&nkdght spot ; 5 a
sensor adapted to receive the aerial inmages fromthe lenslet array; a
processor adapted to receive signals fromthe sensor corresponding to the

aeripal i mages gnd t ] bgr ions.fromthe signals, the
i rrplrogvement co%:)ri S?ngfggagj ugﬁﬁﬁfﬁégnngrglr@g}a%%@%g zﬁr&mSﬂne ?‘Fﬁ@f ng
i nt o focuadipied werid al focusingethefaenah itaged. ensl et array onto the sensor. 10 2.

The wavefront sensor of claiml, further conprising a tronbone reflector
adapted to aid in focusing the aerial inmages.

3. The wavefront sensor of claim 2, wherein the trombone reflector is

adapted to compensate for a low order aberration of the eye.

4. The wavefront sensor of claim 2, wherein the trombone reflector

comprises two prisms.

5. The wavefront sensor of claim 2, wherein the trombone reflector
15 comprises a double fold focusing trombone reflector.
6. The wavefront sensor of claim 2. wherein the trombone reflector is

adapted to aid in determining a low order aberration of the eye.

7. The wavefront sensor of claim 1, further comprising a focus-adjusting
20 lens system adapted to aid in focusing the aerial images.
8. The wavefront sensor of claim 1, further comprising a waveplate in an

optical path of the wavefront sensor.
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3. The wavefront sensor of claim2, wherein the tronbone reflector is
adapt ed tWOoddROhsate for a | ow order aberrati on of the eyRCI/EPOOMNIT2
wavefront sensor of claim 2, vvhereil ll ﬁu IH tlmeflector conpri ses two
prisns. 5. The wavefront sensor of Y i the tronbone reflector
15 conprises a double fold focusing tronbone reflector. 6. The wavefront
sensor of claim2. wherein the tronbone reflector is adapted to aid in
determining a | ow order aberration of the eye. 7. The wavefront sensor of
claim1, furtheP. congheswvangfignt sensor afijclaimi figwherein theswaveplatenisadaptedita o

aid in focuysi e ' | .. The wavefront sensor of claimi1l,
further COWP@F%%’%\?@%}ZA&%{E&?%llgﬁgesbptical path of the wavefront sensor.
23 This Sheet Has Been Replaced IITUVIII 1~~~ I(Li11 11 WD 01/28408

PCT/ EPOO/ 10372 11111111 111111 11111 1111111 |'i] CL MS 9. The wavefront
sensor of clai ml8;, widesyayefrant scasarfplaim & whegpindhe waveplats is adaptedsto be
contrast o rj 'rmg)q : r S n: | erein
t he wavepl afl"{eugl?gqudé%'kv eé to %ém&’g%Jpﬁ@ﬁ)g\é\@q/gka% ‘?@ﬁ&g@{ X J)tgign}ﬁg?lfi h of
t he israge afljustheent cghéraspot to reach the 5 adjustnment canera. 11. The
wavefront sensor of claim@8, wherein the waveplate is a X4 waveplate. 12.
The wavefront sensor of claim 10, wherein the waveplate is adapted to be

tated t |l ' ' h&ni ; ' ht
adj ustrent. camor 9o et nedOF Sl I whiichn SR v ibETRCe' R

conpri si ngwavpplat i zi ng beansplitter adapted to provide a whol e imge
portion of the inage of the |ight spot to '

12.  The wavefront sensor of claim 10, wherein the waveplate is adapted to be
rotated to allow a portion of the image of the light spot to reach the adjustment camera.
10 '
13.  The wavefront sensor of claim 1, further comprising a polarizing
beamsplitter adapted to provide a whole image portion of the image of the light spot to

the adjustment camera.

15 14.  The wavefront sensor of claim 1, wherein the adjustment camera is
adapted to receive a whole image portion of the image of the light spot substantially as
light polarized perpendicular to the other portion of the image of the light spot received
by the lenslet array.

15. The wavefront sensor of claim 1, wherein the adjustment camera is
20 adapted to receive a whole image portion of the image of the light spot substantially as
light polarized parallel to the other portion of the image of the light spot received by the

lenslet array.

16.  The wavefront sensor of claim 1, further comprising a controllable device
adapted to adjust its transmission of a whole image portion of the image of the light spot

25 received by the adjustment camera

S
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t he adjustnent canera. 15 14. The wavefront.sensor of claim1l, wherein the
adj ust TWO01@8I8ra i s adapted to receive a whol e i mage p&CAERAVYP: he | mage
-of the light spot substantltm‘mm“l w kmﬁrarl zed perpend| cular to the

ot her portion of the inmage received by the |enslet
array. 15. The wavefront sensor of cI ai m 1, wherein the adjustnent canera
is 20 adapted to receive a whol e i mage portlon of the inmage of the |ight

spot substantlally t pol ar d paral lel to the qther portion of the
i mage of the i7ght ﬁ'ﬁdt’ eetwaormfzf aim 1, farther comprising a %fgms RifiETWav ef r ont

sensor Ofagabidh 18 refielud LAGE iHAKBGbE Bf theiRMEE BF IR Tleft SRY eiRive@BIRhEd | O
adJUStItS ransm ssion of a e I mage portion o elmageo the |ight
spot 25 adasenentdatngrat he adj ust nent canmera 24 sheet Has Been Replaced This
5h 11'1 1122 Ll bbb rrtar 11l W 01128408 PCT/ EPOO/ 10372 1111111
Lrerer reerr et e rrrr € 17. The wavefront sensor of claim 1, further
conpri sing a beRIs pliid alefroffl il BaifiPT ffiher 2o el AP ol hdpfeaof e
i mage of the |1 ght spot received by the adl ust nent canera .

wavef r onttodersiontedfat an angle t, the gye ad tocidrn aligning thasye wathcnhhawamfamt ed 5to
be orlented at an angle to the eye and to aid in aligning the eye with the
wavef rontS*™¥nsor. 19. The wavefront sensor of claim1, wherein the |enslet
array is associated wth a lenslet canmera and the adjustnment canera is

separate fromthe | enslet canera.
19.  The wavefront sensor of claim 1, wherein the lenslet array is associated

with a lenslet camera and the adjustment camera is separate from the lenslet camera .

20. The wavefront sensor of claim 1, wherein the adjustment camera is
10 adapted to focus an image of light on the retina of the eye from a light source comprising

a lower power mode.

21.  The wavefront sensor of claim 20, wherein the light source comprises a

higher power mode.

22 The wavefront sensor of claim 20 wherein the light source comprises a

15 laser.

23.  The wavefront sensor of claim 22, wherein the laser comprises a two-

power pulse laser to increase light intensity in the higher power mode.

24.  The wavefront sensor of claim 1, wherein the wavefront sensor is adapted

20 to measure wavefront aberrations of the eye.

25.  The wavefront sensor of claim 1, wherein the adjustment camera is

adapted to aid in focusing a multi-power beam onto the retina of the eye.

25
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20. The wavefront sensor G#M'Wi\[\w‘t he adjustnent canera is 10

adapt ed tWOrMe8an i mage of ||kl mmm‘“ ina of the eyRCYVEBMIBR ght
source conprising a |ower pu“m ™ & wavefront sensor of claim
20, wherein the light source COrrf)ri"ses a higher power node. 22 The
wavefront sensor of claim20 wherein the Iight source conprises a 15

| aser. 23. The avef Thawavefrent sensor of claim bowhentiatks adjustmentcameraisnpri ses a

t wo- power_pul se | r I . . 1ight intensity in the higher power
node. 24. k%ﬁ@@%@#@%ﬁ%ﬁ@’%ﬁ wherein the wavefront sensor is
adapted 20 to neasure wavefront aberrations of the eye. 25. The wavefront

sensor of claiml1, wherein the adjustnment camera is adapted to aid in
focusi ng a mul t 2Z-pondhe wavsfront senspnef ¢laim hawhsreinthe adjustment camesa Sheet Has-

Been Repl a I : TIPS L I A 0 01/28408 M N 1111, 111 I1'1~
I I I P@@&bf&é@%ﬁkyéﬁf&ghg%no éa&gé\}é?lrggﬁt sensor of claim1, wherein
the adjustnent canera is adapted to aid in sharpening the aerial inages.

27. The wavefront sepnsor of_ claim1l, er ei he adjustment canera is
adapPed to ehablt b Eﬁwavmt a?qseh%cfvihamhi @aﬁwaqomp%@s@ eye Siyation;arget
wavef r ont r lsRd Rats oSh&iBtaf th i ' t et ,
adapt ed toﬁ%‘ﬁfég&o?&gﬁ% ?%t%ept ﬂ'EO(L)Fi )#ail%;&aq[&eﬁgﬁs{jﬂo%@gts to@é& %tzg%;]dtlgﬁlg fg{yg in a
rel ati vel ypésititaowhidothetadmstmdnt cameraas aidjngsin iveinging dmte foctis theaaatiah images.
bringing into focus the aerial imges. 29. The wavefront sensor of claiml,
wherein the fixation target conprises a 10 picture inmage adapted to allow

a rotational frage offhé apemotiSersor HEcIfR | \OrEr&iR R fiXRiohargb@niRes 0. The
wavefront sensor of claim1l, wherein the fixation target conprises an

i rad@ of apisbue image adapted to allow a rotational frame of reference to be defined relative to

the eye.

30.  The wavefront sensor of claim 1, wherein the fixation target comprises an

image of a boat.

15
31.  The wavefront sensor of claim 1, wherein the fixation target comprises an
asymmetrical image.
32.  The wavefront sensor of claim 1, wherein the fixation target comprises a
20 scene image.
33.  The wavefront sensor of claim 1, wherein the fixation target aids in
maintaining rotational position of the eye.
34.  The wavefront sensor of claim 1, wherein the fixation target is adapted to
25 allow the eye to be in a pre-determined rotational position with respect to the fixation

target.
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15 31. The wavefront sensor of the fixation tar

conpri s¥¥0 88488y met rical i nm E Mﬁi ont sensdCTHEP 0(9{1&?7%1 1,
. wherein the fixation target co La M scene image. 33. The wavefront
sensor of claim1, wherein the fixation target aids in rmaintaining
rotational position of the eye. 34. The wavefront sensor of claiml,

" wherein the fi3&ti orhe wagﬂi'oﬂtsemmmfmlamnl Rhemin the fixetionytarged isovsedntoa

pre- determ ned rot at osr Lon wi.th res ect to the fjxation tar

Thi s Shecd¥sidh oneﬁ» 96 g iy cpRIpREYan with reqogniienigaddosas:

AREREE 1#1'50“11 IIII 111 PCT/EPO0/ 10372 CL M S 35. The wavefront
sensor of f wher ei n the fixation target is used to adjust the

rot ati onal posrtron of the eye in conjunction with recognition and | ocation

of an iris of 3 f.ront sensor, of cl ai wher.ei n the
i mage of the I3 é; ‘g%%yvav%m@lﬁiﬂspg °13W‘§’r¥ e1 ﬁ‘?t‘ﬁt&w&?& P ed from
thesreting nseéfaﬁx rgﬂtbmerafﬁah%ﬂeﬁnafurther conprising an eye

frxatron target adapted to allow the patient to fixate w thout
acconmodation. 38. The wavefront sensor of claim1, further conprising an

cye Tixatlon, 3 9¢t vy SUBRURS Gl hPUGHRT RRBE DB Se Tt kB 10
an '”Bgead}fpte'ﬂf’to@ﬂbﬁ(the pdtivnt fPReA¢ withait Reeimodatidie eye. 40. The wavefront
sensor of claim 1, wherein the fixation target is adapted to support an

accommmodat i on- free status of the eye. 41. The wavefront sensor of claim1,

furth [ ' t t
to focus at i nebnt s Mefchont 3ol of Ay, fultiePURihRing & &l (PG kel | "
claiml, &ddaptedeto al:lowrlhe patitpt tonfoeyeatfinfinity.on t ar get

10 39.  The wavefront sensor of claim 1, wherein the fixation target comprises an

image of an object that appears far away to the eye.

40. The wavefront sensor of claim 1, wherein the fixation target is adapted to

support an accommodation-free status of the eye.

41,  The wavefront sensor of claim 1, further comprising an eye fixation target

15 adapted to allow the patient to focus at infinity without accommodation.

42. - The wavefront sensor of claim 1, further comprising an eye fixation target

adapted to allow the patient to focus at infinity with accommodation reduced.

43.  The wavefront sensor of claim 1, wherein a signal can be developed for a
manual check or automatic start of patient examination from the use of the adjustment

20 camera in aiding to bring the aerial images into focus onto the sensor.

44.  The wavefront sensor of claim 1, further comprising a tuning device
adapted to aid in focusing the aerial images.
27
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adapted tg allow the patient to focus at infinity wth accommdation
reduced. %Q‘Ll’ﬁﬁéoswavefront sensorLH'mmm’n'M ein a si §RAEPRUMIT.
devel oped for a manual check or & [mf pati ent exam nation
fromthe use of the adjustment 20 cafrer'a i"n didk¥ng to bring the aerial

| mages into focus onto the sensor. 44. The wavefront sensor of claim1,
further conprising a tuning device adapted to aid in focusing the aerial

i mges. 27 This ,Sheet. Has Repl a AL LI LT L L L LT WO
0] Soa05 1 o 1 A3 T SavEIER sEdy B Fihinh b, whtseintht Ve abestatipn ark ' 41 VT
wavef ront geRffiined usiaf aldidphdc raee ikt bar BemoaifRdFRRE sphmeiicabioe  det erm ned
using a dioptric range that can be nodified fromsymetrical to

asymet ri c asymmetrigak without ghanging size ofithe pming davige arothes parameterpef thgar anet er s
of the vva\é;af ri?nrkc glg% or. 5 46. A wavefront sensor for determ ning the wave
aberrati ond Sr P hHe ye conprising: a lenslet array for receiving an inmge
of lisght backscattered froma light spot on a retina of the eye and for
creating aerial imges of }.he | i ght spqt; 10 a sensor adapted to receive
the aerial inmagd§ frdmWaelrpRi,senser fory 8?}?"1&‘“5‘509@33’6?’3 2qematians 1 of theceyeve
signal s frgﬁhbhgng.ensor corresponding to the aerial imges and to

determ ne the “aberrations fromthe signals; and an adjustnment canera
adapted to aid in brialgnsie armaydof mceisingen amagadf lightdgelsschttayed from 4 Hphbtl et
array onto the sensor, 'g‘nd to é)l ow each la'?nslet f ttgélltlen_slet 15 array
to be smal SBPt qupEtina of e eyqand iorLreaing perial yp the light $pOL | nages as

anotfier wavef ront sensgpsdr Badpt&IH! redetvd Mt d6rial iMASesTtom Mdei@anaPe | ar ger
| enslets in focusing light on the retina. 47 e wavefront sensor of

claim 46, further comprocsssay adapted to rcmiveﬁgnaié&ﬂm thel agnsevicarresporslisigte | i ght -
to the ret itﬁ]eaaerlzap images and to determine the wave aberrations from the signals; and
an adjustment camera adapted to aid in bringing into focus the aerial
images from the lenslet array onto the sensor, and to allow each lensiet of the lenslet
15 array to be smaller in size for the same resolution of the aerial images as another
wavefront sensor that employs larger lenslets and uses the larger lenslets in focusing

light on the retina.

47.  The wavefront sensor of claim 46, further comprising a multi-power laser

adapted to provide light to the retina.

20
48. A wavefront sensor for determining the wave aberrations of the eye
comprising: _
a lenslet array adapted to receive an image of light backscattered from a
light spot on a retina of the eye and for creating aerial images of the light spot;
25 a sensor adapted to receive the aerial images from the lenslet array;

a processor adapted to receive signals from the sensor corresponding to
the aerial images and to determine the wave aberrations from the signals;
an adjustment camera adapted to aid in bringing into focus the aerial

images from the lenslet array onto the sensor; and —_—
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48. Awavefront sensor for deter ve aberratio Lye
conpri si r% 128448, 5| et array adapt em W’w aja mage OEETI%?'WH%

- backscattered froma |ight spot orr ac * eye and for creating
aerial imges of the |light spot; 25 a sensor adapt ed to receive the aeri al
images fromthe lenslet array; a processor adapted to receive signals from
" the sensor correspcarmul’tgpmuer lager adaptedito provigedightit the refimaandite increase wav e
aberratian 0, he .si gnal s justment canera adapted to aid in

bri ngi ng 1%?8{3?%%%@ e f'gtl%l‘\gg(ﬁges fromthe lenslet array onto the
sensor; and --- -~ 28 Thi s Sheet Has Been Repl aced
|IIIIIII|III/J///I/|||g| wo 01/28408 | 1"1"1 1LE0rE e i L1

PCT/ EPO0O/ 1037249.1 LAMwavefranti| sensqsofos rdeterguping gthet wave @ ?,rur%mnanﬁ ﬂtgh@yq o the
retina and)ggﬁ g&crease intensity for formng the aerial inmages. 49. A
wavef r ont® B8 for determini ng the wave aberrations of the eye
conprising: 5 a leng lemtsleam@yammttededemrmﬁiage ofilightrbagiescafterkd fioin a
backscattered from a E&e spot .gn a retina of the eye and for creating

aerial i nh@wpetfortm@tmag sepfsend &reating aghalimagessofdhe Heght spet. WK1t array
i's smal | eg, b feict of i el and §rﬁaﬁktﬁél9_ f@fthd g@t@r%gdlﬁton FF&Q%& s ot her
at errpl oy en use the

wavefront sensors t ar ger et s an arger lenslets
i n focusi images gistothen wavefromttsensors that empleydangerldnyiete dnd userthednrger ledsdetaeri al

i mges fromthe aI| of |l enslets; a processor adapted to receive
si gnal s fP’gFl?F’t‘sr\’éé)L‘éﬁ Eﬁt\néspondl ng to the aerial imges and to

defjgr m ne the wave ghekdoRhd4R fo'reive e 2b19413mis esafﬁﬂn%émhtdlm‘)@mﬁsléﬁser

adapted to provide light to'the retina and to increase Tlntensity for
formng the aerl al apaeressor adarsed tomeecivisighals fronsibe sensonéoredspomdingto f ur t her

i si to f |i ght f
Che” put sethe Ruaf mihbd Bl to R BF VRS SrdrtacioR BnHe SERRELA ncor 51°a
techni que for focusiafgulfi-peweeidsanddapRaso providd light eRtR TetdRl dndl tolinRERE

intensity for forming the aerial images.

15 50.  The wavefront sensor of claim 49, further comprising an adjustment
camera adapted to focus an image of light from the pulsed laser during a low power

operation of the pulsed laser.

51. A technique for focusing a wavefront sensor that creates acrial images
20 that form centroids, comprising the steps of:
monitoring spacing of the centroids;
adjusting the focus of the sensor; and
determining when the sensor is in focus by determining when the average
centroid spacing equals a focused sensor centroid spacing,
25
52.  The method of claim 51 wherein the focus is adjusted from myopic to

hyperopic.
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20 that form centroids, corrprl sin noni toring spacing of the
centroi dsWO M@p#st i ng t he focus ﬁﬂh lﬂm 'ﬁnd det er m RCTUEPORIA72 he
sensor is in focus by determ n| centroid spacing equal s -
a focused sensor centroid spacing. 25 52. The nmethod of claim51 wherein
the focus is adjusted frommopic to hyperopic. This Sheet Has Been

Rep! aced 1111115311174 ilitbhloricldin 522 frkfer @3k defeéinihg hécohinkddatibh birge |1
L1 11 ft PCT/ EPOQ/ 10372 L MS 53. The nethod of claim 52, further for
det er ni ni n@ra@tmmm@g@ﬁSMﬁgﬁ further conprising the steps of. after
determ ni ng when the . ady . focus
until the centroid sp%%?ﬁg&ggglllﬂrg%ﬁ&%@ sgrgs?;gLéﬁ?&éﬂg,aénog)ngﬂi&g?épﬁnﬁlth% t he
accommodat fozs umtiighe sentioliespicingagaincteghsttoekangeand f ocal power of the

sensqr when the cent rén d spaC| ng equal s, t he focus&cpi sensor centrojd
spacPng and the focal copmmadationrages qifterencerbebigsathe o
change. 54 I e of.
shape of io(fz{ﬁoﬁens B%dri]' v@%/eg‘tgg’%errfu:béig@glcg%@??ﬁ;ﬁb&gﬁggﬁsgﬁ Iﬁ%{elg
conpri si ngspdemgsindpbke ﬁdcalpm@mhenghacemﬂspaMg\agmn bepan wahawge. goes into -
focus; capturing a wavefront when the wavefront sensor again goes out of
focus; and determning the difference between the two captured wavefronts.
15 55. The netheg of Tgé ﬁiemo%fciaiﬁatﬂemrﬁﬁmrlcﬁtemlﬁd@th%tcﬁ&ngefof@ﬁi rgfi ni ng
the change of shape of optical corrponents of the eye to the difference
in tl9e t wothedemsf ofamteye nmultsmcp@mnwa@pm@ns@,simherzgmaasmg\ﬂwaamsmﬁnt sensor,
conpri si ng:

capturing a wavefront when the sensor goes into focus;

capturing a wavefront when the wavefront sensor again goes out of focus;
and _

determining the difference between the two captured wavefronts.
15
55.  The method of claim 54, further comprising the step of:

determining the change of shape of optical components of the eye to be

the difference in the two wavefronts multiplied by a constant.

20 56. A wavefront sensor, comprising:
a lenslet array adapted to receive an image of a light spot on a retina of the
eye and for creating acrial images of the light spot ;
a sensor adapted to receive the aerial images from the lenslet array;
focusing optics that adjust the focus of the wavefront sensor;
25 a processor adapted to receive signals from the sensor corresponding to
the aerial images and to determine the wave aberrations from the signals; and
a focus control system that adjusts the focus of the wavefront sensor by
performing the computer implemented steps of:

monitoring spacing of the aerial images;

30 adjusting the focus of the sensor; and R —
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a | ensl %oﬂ“@ls adapted to receiv | ght  spgtrRPedresst | Na of
the eye anci or creating aerial ﬂl’ﬂﬂwsm@im% !BI }ut spot ; a sensor
- adapted to receive the aerial images fro et array; focusing
optics that adjust the focus of the wavefront sensor; 25 a processor

adapted to receive signals fromthe sensor corresponding t.o. the rial
" images and to deterni nea‘iem(}%w B eastepwésmfgﬁ&%dgtg%gpg,w & focus

control syste FHINESfShé BGidl Rhhises QQuald @ fYGISEd SGRbr 71AP Rhagy
per form ng thregv%o lSJt er 1 npl erre}lt edhgéetsegg of noni tori_nlé spaci%% of the

aerial images;spadfg.adjusting the focus of the sensor; and ThflLIl1It Sheet
Has Been Replaced 30 ( 11111 Il WD 01/28408 111221122 LELLEr =0 (Hi=" 1l
| ft PCT/ EPOO/ 10372 M determ ning when the sensor is in focus by

detgrmi ni ng Whgm t Nehe WNRGREEsnRGCHTtaiRl 56, Wherd tidl fobwsHis Q8jused Fom a focused
sensor aerial image spacing. 5 57. The wavefront sensor of claim 56,

wher ei n tEoHioURYPEEPj usted from myopic to hyperopic. 58. The wavefront
sensor of claim57, the sensor further determ ning acconmpdation range,
the focus control system further perform ng the conputer 10 inplenented

steps of afer gt erThewaefunesensbeofStaifns 7, itlfe sehsdrdfutther defeininibg ng t o adj ust
the focus until the centroid spacing again begins to change; and

det er mi ni #fgommodatienyanse dks Bsuy eonjrol system dugher Perfamping the Goapitehe  f ocal
poywgr of ; the centroid spacing equals the focused sensor

centroid l}[@e@%g?:(?%e and the focal power when the centroid spacing again
began to change. 59.aft€hdeteraniaingoviensthe sensoois in Faus) coBtintihg tpadjosttsor

further dgternmining the,  change of shape of the lens of an eye over its
accomoda B%urftﬂr‘il@‘ec,enfrﬂgﬁ?@%gélgﬂpbéﬁ’&gt‘?%Wé’:e’caé‘ﬁtroI system furt her

perform ng the conpyehmidiRg HERREGHMDURR Rhge as the difference between the
focal power of the sensor when the centroid spacing equals the focused sensor centroid

15 spacing and the focal power when the centroid spacing again began to change.

59.  The wavefront sensor of claim 58, the processor further determining the
change of shape of the lens of an eye over its accommodation range, the processor and
focus control system further performing the computer implemented steps of:

20 capturing a wavefront when the sensor goes into focus;
capturing a wavefront when the wavefront sensor again goes out of focus;
and

determining the different between the two captures wavefronts.

25 60.  The wavefront sensor of claim 56, wherein the focus control system

employs the processor.

61. A technique for determining accommodation range using a wavefront
sensor comprising the steps of:

30 determining when the wavefront sensor goes into focus;

31
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20 capturing a wavefront when es i nto focus; capturing a
wavef r ont Wighta/es4tise wavef r ont E{ﬂ%i“@ﬂ@ﬁ%tout of f oCuBCT/ERO0A0372
determ ning the different bet c res wavefronts. 25 60. The

wavefront sensor of claimb56, wherein the focus control system enploys the
processor. 61. A technique for determ ning acconmodati on range using a

wavefront sensor CoORikihd'hetvitfelt e N : fawy f ront
sensor goes into focggj;’ 3%1 eT |§' gﬁ?@?%ﬁsgkﬁe&gﬁgngzggﬁgﬁ&g it

01/ 28408 | offdcus;iandl 11111 1111 1111" 11 11"l PCT/EPOO/10372 C L Ms

adj usting the wavefrant senson until the. wavefro nsor begi ns .t out

of focus; and deter mofircH} @869{{1}883@108,{39%3‘1%3&[3@05B?&g%ﬂ{?&og@t ween

b,

the focal ppeesSthE sédier Whasie sehdP gbdyanforfossy andRE fdcat fovid & theapsdrhe
focal power of the sensor 5 when the sensor begins to go out of focus. 62.

The et hod when ¢hesensabegingte Be puf ofifoeltst er i ni ng t he change of shape of the
| ens of an eye over its accomodation range, further conprising the steps
of capturing a wavefront when the sensor goes into focus; 10 capturing a
wavefront when tehe wahefnicthéd selaial 6 1 gather Jeredetariiiinif tHeathdfige ofdhdpe of
determ ning the difference between the two captured wavefronts. 63.

wavef r ont gm& of an ¥ Over ityaccommodation rasge.further compsisig thesterscafi ve an

i mage of a |ight spo : ' f laéyé ating aeri al
i mages of the |ight ggg@rlﬁgg%idgﬁggrﬂ%lﬁgp%%% egg@égg{uﬁ’e aerial inmages
from@ he | ensl et arr agpturihg awavefjomtprlienshée avefedtit saisot fgid goss Duodf fobues;

wavef r ont sensor;da processor adapted to receive signals fromthe sensor
correspondi ng t &n

determining the difference between the two captured wavefronts.
63. A wavefront sensor, comprising:
15 a lenslet array adapted to receive an image of a light spot on a retina of the
eye and for creating aerial images of the light spot ;
a sensor adapted to receive the aerial images from the lenslet array;
focusing optics that adjust the focus of the wavefront sensor;
a processor adapted to receive signals from the sensor corresponding to
20 the aerial images and to determine the wave aberrations from the signals; and
a focus control system that adjusts the focus of the wavefront sensor by
performing the computer implemented steps of:
determining when the wavefront sensor goes into focus;
adjusting the wavefront sensor until the wavefront sensor begins to
25 go out of focus; and
determining the accommodation range as the difference between
the focal power of the sensor when the sensor goes into focus and the focal power .

of the sensor when the sensor begins to go out of focus.

30 64.  The wavefront sensor of claim 59, the processor further adapted to
determine the change of shape of the lens of an eye over its accommodation range, the

32 [
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20 the i igrages and to det ] t wave aberratio
si gnal S%Pﬁi&s&b{gcus control sz’wm u :ﬂjl t he foc%%’#%gﬁwavefront
- sensor by performng the conp d teps of determ ning when

t he wavefront sensor goes into focus; adjusting the wavefront sensor until
t he wavefront sensor begins to 2 o out of focus; and_deternining the

" acconmodaPeRsserangddogus cpngoloﬁymmgﬁgsr m%qmw SIFWQHWBE?& implementedrsteps e
sensor t he sensor goes into focus and the focal power of the sensor
when the sensor begins to go out of focus. 30 64. The wavefront sensor of
clai m 59, the procesapturifga winafroatl wher the sensarggoes mtmfocuste change of shape
of the lens of an eye over its ac%om&ati onfrang%, the. 32 This fSheet Has
Been Repl aced I 11| |¥3PHTIng 3 yayefont phep the waystion} seasefcagain goes OpGohipeys; g
1114111 I N PCT4fO0 10372 L M S processor and focus control systemfurther
perform ng the conputer inplenented steps of capturing a wavefront when

t he sensor goes i nt detémaining thedifferént hetwvesn vhe twoncaptureswavesrontsvef r ont sensor
agai n goes out of focus; 5 and determning the different between the two
captures wavefronts. 10 This Sheet Has Been Replaced 1111111111
Fritrrrnrrr 33
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