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Structure of the human eye

“ o= — Retina
Fovea

Opticalnerve

Dis

Choroid

Ciliarymuscle | Sera

Themain component sof theeye’ soptics thecor nea,their isand pupil the
o ygallinelens and theretina.

Defects of the eye’ s optics

Sourcesof retinal blur  Scattering
Diffraction

Aberrations

M aochr anaticpdnt spread fundiaons

Human eye 2.5 mm Perfect ege 6 mm Human eye 6 mm




the eye s optical defects

Zer nike Decompadtion
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Population Statistics of theEye's
Wave Aberration
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Everyone has a different pattern of aberrations

Per fect eye
(diffraction limited)

Wave
Aberration

Polychromatic
Point Spread
Funcion

Thewaveaberration isnot static

(HH, 5.7mm pupil, 550 nm wavelength)

WaveAbaratian Pdnt Spread Fundtian

Dynamic cor rection can incr ease resolution and contr ast

Dynamicr angeof eye swaveaberr ation required dosed loop bandwidth
1~2Hztocorrect tempaor al fluctuation

Hofer.H, Artal P, Singer B.,Aragon J.L.,and WilliamsD. R., J. Opt. Soc. Am.A 18 497-506(2001)




Adaptive optics can compensatefor
monochromatic aberrations

- Aber rationsin L ensand Cornea
a_r P Digort Wavefr ont
Retinal
Image §§

gf;s
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Compensatesfor Eye' sAberrations

Rochester AO system

design and performance




AQO for astr onomy vs. vision

Astronomy Vision
Aberration atmospheric imperfect optics
Apeture annular circle
Light levels photon starved light safety
Bandwidth ~100Hz ~Hz
Wavefront abnorma smooth
Low order aberration tip-tilt mirror trial lensfor correding
Corr ector defocus and astigmatism
Imaging long exposur e short exposure

Other issuesfor vison: fixation tar get corneal r eflections pupil
cameraor pupil tracking, r etinal illumination,bitebar or head

red ...

Adaptive optical system for the eye

CCD

Lenslet array

Wavefr ont
sensa




Wavefront sensing --- Laser beacon

guper luminescent diode(S.D) : 810nm wavdength,20nm
Spectral Ppread

qCoherence pr operties: 30miaon
gL asr power : ~5uW

Maximum Pe missble Exposure(M PE) for ANS laser safety:.

MPE =0.7854d*(10°**")mw

wher ed isthepupil diamete in centimeer ,A isthewavelengh inrangeof
0.7~1.050micr on,for 6 83mm pupil and 810nmwavelengh laser beacon, the
MPE of laser beacon is602 UW .

Wavefront sensing --- Off-axismethod
removes thecorneal reflection

Pin hole Eye
= gl
— il e
—— | i .

Lenslet 3 i
array 1
Off-axis Laser
beacon

beam




Wavefront sensing---Lendlet array

» Squarelendets (221 of 17x17)

* 04mm (0.384 mm) spacing
* 24mm focal length

/
/

Pupil szefar AO
68mm

S

Wavefront sensing---Wavefront detector
(Roper Sientific: PentaM AX)

» Cooled CCD camera

* Frametrander CCD

* 15Hz framer atewith 512x512 pixel s(30H zframer atewith
binning)

*Pixel szeis 15um

23x23 pixdsper subaper tur e (11x11with binning)

273,000 photonsper subaperture with5uW illumination at
30Hz samplingr ate, theS\R is284: 1.




Wavefront sensing --- Centroid iteration algorithm

esti mat_ed real
centroid

cenjroid

[ mmm

esti mated
centroid real

I nitial

Shrinki
centroid box rinking

oantroid bax

Shrinking ~ #asasii
ontrodbaox | ag
oantr oid bax

Advantage: r educingnoi s effect and improvingthecentrad
precison

Wavefront sensing --- Wavefront reconstruction

Soot digplacement: Ax, = (X, — Xko) Ay, = (Y~ yko)
_ _ X A
L ocal dope: S, = - S, s

Wavefr ont recongrudionwith Zer nke polynamials

i /C: Z+S\
Zanike anikeinvésamatrix

codffident dopefran WES
0Ly, 2@, L z«ND,O 5, L

0412), 22, L 2N,2) 0 (5 L

e C o o O Oy C

C (L M), z2M), L z(N,m) DU C
C:E;?[ =01, 220, L z(ND," S= %”Sf‘[
A E 242, 222, L N2, 0 ¢

o ! M M g D%E

ALM), z@2M), L zZNM) o ol

B, E

M: total number of lenslets (221)
N: Zernike term (63)

D)) =Y GZ (%)
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Wavefront correcting---PMN actuators
required in 6.8mm pupil

(12aubjety
A=790nm
04 T T T T T T 1 T
0.35 0.9
0.8
,.\03 o o 11><11array_(97actualors)
€ o = 0.67mmspadng, 4um strok e
3 o 06
@ =
0.2
g _§ 05
0.15 v’ 0.4
11x11 array (97 actuators) 03
01 0.67mmspadng, 4um strok g
0.2
0.05
0.1

A ctuators across 6.8mm pupil Actuators across 6.8mm pupil

ChenL., Yoon G., Hofer H., Singer B.,Doble N., Por ter J., and Willams D. R.," Adaptive optical system desigh and
optimization for humen eye", SPIE O ptoNorthest and Imaging, 2001.

Wavefront correcting---Xinétics 97 channel DM

PMN actuata s
7mm (0672mm) pading Clear aperture
4pm gr ke /77_4mm(7.43mm)

Pupil szefar AO
708mm (68 mm)

® ® © ®©® ®@ ®© ©®© ® ©
® ® ® ® ® ® ©®© ® 0o

Pupil szefa retinal imaging
625mm (6mm)

11



Geometry of three conjugate pupil planes

PMN actuata s )
fmOsEI sehe S Pep e e
e b
Y/ AR
A+++°+++a Pupil szefar AO
':I—E—i— Ql e pl —1—-3—0 i 708mm (68mm)
R
Sy
(L)i]l1 i;dqs(%ilr.g g()a\dng Pupil szefor reinal imaging
24mm facal lengh 625mm (6mm)

Parabolic off-axismirrorsfor
magnifying and demagnifying

I magepaodtion Onaxis 1degreesoffaxis
Wavefr ont
Aberration
Rms(um) 0.0016 0.0258
Rmsfor

diffraction limit AM14=00393 um @0 55umwavelength

Benefitsof usngthe off-axismirror s morecompact,no chr omatic
aberration and noadditional aberration
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M agnification of the AO system

Eye lens Off axis DM Off axis lens lende WFS
mirror mirror CCD
| :
1
ey I = —. . | T I~ .
I I
Focus 167 120 1250 1250 125 24
length(mm)
Pupil
plane(mm) 6.8 70.43 6.25 7.08

Magnification fromtheeye spupil to DM is1041.
Magnification fromtheeye spupil to lendet is1.04.

Wavefront correcting ----Tip-tilt removed
from slopevector

Original New
dopevector dopevector

% E . 5, -SC

\ -stC

Oy C : 25 EBZX S[
x-tilt component § ==2— [

%M L M %A _5[
S=0'C — M

D%y[‘ M ‘S_Esly_%g

ﬁ)’ |: . _ ;Sy |f2y _S[

ala y-tilt component S—T -

B, E %, ~ SE
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Wavefront correcting----Direct slope
control algorithm

Wavefront Control — Reconstruction of the wavefront to
deter mine theactuator commands

A Residud E*
Sopevedor [ ”|  Wasront [ ” Voltagevedor
Recondruction

Direct Slope Control —Using wavefr ont slope as control
obj ective.

D+
Sopevedor ——| Voltagevedor

Wavefront correcting----Direct slope
control algorithm

V =D"
vdtageto / lj)

updateactuata's dopeinfluencefunction slpefran WFS
§11), s(21), L 9N, NN
(H12), s, L 9N.2),0 5 L
ML Oy I I O Oy C
V= aé[ |%(:lﬂ M)x S(ZM)X L S(N1 M)XD %\Ax[
=0 L D= s=0"C
DS(ll)y 21y, L N, - Ds.y C
BE (12, €22), L 9N.2), L
g ! T - -
LM, s(zM), L s(NM)g,. B, E

M: total number of lendlets (221)
N: total number of actuators (97)
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System performanceevaluating

N
Wavefront O (xy) =) GZ(xY)
1=1
Wavefront error RMS= icf
Pupil function P(X,y) = A(x,y)exp(—l(TdJ(X, Y))
Point spread function PSF = |[FT(P(x,y))f

Modulation transfer function MTF = Re[FT(PSF)]
. 2
Strehl ratio R =eXIO[(—TT[ RMS’]

_ Max(PSFIntensity .. icdee
M ax( PS: I ntenSi tyAberraIionfree

Per for mance evaluating---Spatial performance

(12aibjets

0.1

0.09

0.08 |-

0.07 |-

0.06 |

0.05 17x17 array (221 lendle)
- r 0.38mmspadng

0.04 |

rmgum)

0.03 |-

0.02 |-

0.01 |

1::) lé 1‘4 1é 1‘8 26 22
Lensle number across 6.8mm pupil
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Timing sequencein AO system

Samplingperiod T(33ms):

Time
T 2T 3T 4T
R n_ m_
Readout Centroid TV
N Timedelay =21

Volltage\ Updat e mirror

Readout

Centroid

A

N

Voltage  Updatemirror

Performance evaluating---Temporal performance

Sensor
noise
Eye aberration :Sf:tin l”(s)
TS
o . o) ., [1-¢€
- ® Ts

> e— s

DM

¥(s)

Feaiback aontr d: V(M)T)=V((-1)T)+03V dtage((n)T)

C(eks
Sensor
noise

Eye aberration Residud aerraion JH(S)
&9 r(s)

1- e—Ts e—TS

Ts

" |0X

y(s)

Fromthismadel, thebandwidth is0.9Hz@?20Hz samplingrate,and 1.1Hz@

30Hzsamplingrate.

ChenL., Yoon G.,Hofer H.,, Singer B.,Doble N., Por ter J., and Willams D. R.," Adaptive optica system designh and
optimization for human eye", SPIE O ptoNorthest and |maging, 2001.
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System per for mance---Dynamic compensation

Aver agewavefr ont powea spectrum Wavefr ont disurbancer g ection
100 10 6subjects 20Hz framerate
’/Static compensation %:
107 g
1
7o
17 Dynamic \\ 2
compensatioh o
: Y, g l:).l *
0.17 I Baw, | &
' o
: g
1
0.0_L Ly T ’01 L Ll
10 0.1 1 1(

Temporal frequency (H2) Temporal frequency (Hz)

Model: 0.9Hz,Exper imentaldata: Q852

Hofer H, Chen L., Yoon G., Singer B, Yumauchi Y., and Williams, D., Optics Express, Vol . 8, No. 11, 2001.

System per formance---Aberration correction

GY'Y, 6.8 mm pupil, 550nm GYY, 6.8 mm pupil, 550nm

Wave aber raion Point spread function

19t 30Hz, &8mm pupil
g £
7 0.8{
Z
0.4-
d DMon
_—————————— - ==-_  O0lpm
% 0.5 1.0 1.5 2.0
Time(s

17



Static correction vs. dynamic correction

(68nm pupil)
E o8 1-
Sorl q JP JP  A=810nm
§ 0.6 1 0-8+ 1
E 0.5 o o6l
S 0.4 ®
o= 0.3 = 0.4
© © I
@ 0.2 — T
2 |—x—| B 0.2
0 0.1
E o [ ] ° -
Without Static Dynamic Without Static Dynamic
correction  correction  correction correction  correction  correction
—~ 0.3
£
= 1
Zo.2s Jc I, si0mm
o o= oos8 1
— T T
§O 15 'I' * o6
S 1 B
D 2 [
g 0.1 &3 04
U)OOS : 0.2 L
So
4
o o ,
Static Dynamic Static Dynamic
correction correction correction correction

AQO user interface

T & File it Devices

JACK_A00806

Blurb,228mn_0 45

. F,ﬂ,
J
o !

PR S SN
Zernike Coef. Y "V -
‘
i) rromeln

18



Different pupil size version

6.8mm pupil, 221 lenslds, 97 actuators 6mm pupil, 177 lenslets, 69 actuators
5.1mm pupil, 121 lenslds, 57 actuators 4.3mm pupil, 89 lensles, 37 actuators

Error sources

*Wavefront sensing error: noise from background,
detector dark current, detector read noise, and photon
shot noise; Samplingerror

sTemporal error: computational timelag, Electrical
output bandwidth, Micr o fluctuation

s\Wavefront correcting error: DM fitting error, DM
stroke limitation, Mirror hyster esis, Mirror saturation

19



What can AO do for vision science?
AO for imaging retina

Adaptive optical system for retinal imaging

Interference fi lter

Krypton

Flash lamp _|

== CCD

P == Lendetaray

Wavefr ont
sensa

20



L ongitudinal chromatic aberration(L CA)

FY
F ] [ [1=1]
| -lt —
u a
1#‘ =0
=83 | osD
J’ -
il o
- 01y
a4
a8
A -am
_._# -10
S F ]
i £F]
18
11
o =00 L] s oo
Wl gp® =]

Bennett A. G. and Rabbetts R., Clinical Visual Optics, 1989.

Fixation target for imaging different
retinal location
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M agnification for imaging retina

(1degreeFQV)
Eye lens Off axis DM OffaXiS lens
mirror mirror
1
| [ | . ! |
T 1 }
=" e — — | g gy E—
| ' I ' | }
| ' | ' [ [
Foaus 167 120 1250 1250 125 600
length(mm)
plane(mm) 6.8 7043
Retinal
2155
olane(um) 300 2155

Magnification from r etinatother etinal imageplaneat science
camerais359.

Sciencq
camer &

10775

Retinal illumination Krypton flash lamp deliver ed 4msflash to
illuminate aretinal disk with 1 degr eed in diameter.

I maging detector Cooled back-illuminated CCD stiencecamer a(Roper
Sientific; Micr oM AX) 512x512, 24um squar epixels, max. framer ateof
3Hz

conedze at 1 deg r einawith 5umin diameter will cover 7pixels
Each pixd of sciencecamer awill recaveabout 2767 phaions @ 550nm

wavelength with Krypton flash lamp output 5.7mw/mm24msexposure
time. TheSNR of each pixel isabout41: 1.

22



L ayout of the electrical system

MicroMax

Mac > Camera ) CCD Camera
G4 Ke——— ] Boad Controller

Computer

Flashlamp Driver
Safety Shutter
Driver

Velmex
Motor Driver

PCI-DIO-% SLD Shutter Driver
"g’:‘: S Board
[ = DM Driver
Computer _

PentaMax
Camera CCD Camera
Board Controller

Pupil camera

User interfacefor retinal image

(JP, 1 deg retinal eccentridity)

Power spectum of retinal image: [20:14]

MATLAB Com|] ==—— Imaging information Average of Power Spectrum: [20:14]

ERIE
4 |%|@| 'ﬂl [ | =1 Statistic data of retinal image 5
average: 37 \
Maximum: 124 &
Average PS data o the last S frames 3 K

Frame14: 1.202
Framel3:1.118

Frame12: 1.158 \\
Frame11: 1.106 1

Frame10: 1.107

23



Adaptive optics enhances
retinal image quality

Withaut adaptive gotics With adaptivegptics With adaptivegptics
(gngleimag®) (gngleimage) (~I0imagesy

1degretinal
eccertricity

Increase in the power at the cone spatial
frequencies with dynamic correcaion

Ratioof | magePaver

0 10 20 30 40 50 60 70 80 90 100 110 120
Spatial Fr equency (cteg)

Thecontrag of theconesin ther etinal image incr eased by 30%
with dynamic AO oorrection. Thisallonsconeclassnginthe
retinasof livinghuman subjects

24



Color vision depends on three types of cones

100 -

S D [e]
o o o

Absorbance

N
o

o

340 380 420 460 500 540 580 620 660 700
Wavelength (nm)

Cone classing with AO

YY, 1 deg nasal-superior AP, 1.25 deg nasal MD, 1.25 deg nasal

%L =51+5 %L =51+3 %L =60%3
JC, 1.25 deg temporal JW, 1 deg temporal BS, 1.25 deg nasal
%L =66+4 %L =80 %L =94+3

Cour tesy Heid Hofer and Austin Roorda
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Prevailing modelsin color blindness

Replacement M odel

L oss Modd

Adaptive Optics hasdiscovered a
new form of color blindness

MM - Pr otanope
Functional lossof L cones

) )

Missingall L gene(s)

Joe Car rdl, Heidi Hofer & D avid Williams, Rochester
Jay & Maureen Neitz, Medica College d Wisconsin

NC - Deuter angpe
Functional and physical loss
of M cones

“LessS o
oone®?

) )

Has“normal” genearray




Retinaimage of AMD Patient

WithautAO WithAO

Cour tesy Stacey Choi

What can AO do for vision science?
AO for psychophysical experiment

27



Visual Benefit of correcting
higher order aberrations

(Mean of 109 subjects)

5.7 mm pupil

1 35
- \ all mor_10d1romatic 5.7 mm pupil
g 0.84 aberrations corrected 3t 4 i
5 \ % mm pupi \
*é‘ 0.64 ‘\ only defocus and g 2.5F 3 mm pupil
= astigmati sm corrected |::> _--
Boa] \ g 2t .- -
> \ R
B \ >
s 0.2 - 1.5 ey

~ ~—_
0 —— -] 1 1 1 1
0 10 20 30 40 50 60 0O 4 8 12 16 20 24 28 32
Spatial fr equency (c/deg) Spatial fr equency (c/deg

Guirao, Porte, Williams, Cox, JOSA A, 2002

Adaptive optical system for psychophysical experiment

; 190mm N
"/

I ' \ / P Hot
— R 3% .
Fixaion / \""”0'
target %cp
ER B2
Pupil camera P M

Off-axis
—_ — P 4 Paraboli c mirrars

|SLD I GI >/ Hot mirror

Retinal
Cold mirror r ) imaging
P === Lendetaray - i
] [Fraso] gims
— ccb Wavefr ont
g sensa
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Visual acuity with letter E

Viaual acuity

Viaual dimulus Subject’stask

Visual acuity improved with AO

(@mm pupil ,white light)

0.05

ot 1<+ 20/20

-0.05 -

-0.1

0.15

-0.2

Dwithout AO
-0.25 | u
1 [ withAO_static
1 — —l<« 20/10
AP GYY HH
bjects
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Contrast sensitivity improved with AO

(6mm pupil ,white light)

=
o
(=]

Yy Correcting al GYY

aberrations

Correcting
monochromati

Contrast sensitivity

caberations
only
Correctlng defows

and,
1 10 100 1 10 100
Spatia frequency [c/deq| Spatia frequency [c/deg]

Correcting all GYY
aberrations 3 3 E

Visual benefit
o =N w (8] o ~N

® Correcting higher orde 3
monochromaticaberrations

OATEE S0 24 8 S, o4 8 12 1620 24 28 32
Spatia frequency [ c/deq Spatial frequency [ c/deg]

Yoon, G.Y.and Williams, DR., J. Opt. Soc. Am. A, 19, (2), 266- 275.4, (2002)

Adaptive optics can generateaberrations

Deliber ately
Blurred
Retinal
Image
\\Q\\\\\\\ Defor mableMirror
. ) Compensates
V_|sual ) \ \ for Eye sAber rations
Simulus and
y Additional Aber rations
AreAdded
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AO for accommodation experiment

Far dep

0.5D oD

Near step
-0.5D

Withaut higher or der aberr ations

With higher or der aberr ations

Chen L., Kruge P.and WilliamsD., " Accommodation without higher order monochromatic
aberrations', ARVO 2002.

DM produces step changes in defocus without

changing magnification
(Artifidal eye, 6nm pupil)

Fa gep Near step
M alte=e cross (550nm)
1deg FOV
06 01
05 o
g o4 801
3 03 2 5
02 0.3
o)
Q o1 8 04
0 -05
Ol 5 T 152 253 554 06

Time(sx)

0 051 152 253 354
Time(sx)
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One subject could not accommodate either with or
without higher order aberrations

(AP, @nmpupil, 550hm wavdength)

Acocommaodation tofar <ep Accommadationtonear gep
01 0.6
Without HO aberrations
0 05
~ 01 —~ 04 Ideal response
(o) With HO aberrations [a)
0 -02 % 03
é -0.3 g 02 With HO aberrations
Q 04 Ideal/re;ponse (@) 01 ithout HOJaber rations
-05 0« .
_ 0.1
0.6 0O 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time(s Time(s
Higher or der aberr ationsremoved : 95%
One subject required higher order
aberrationsto accommodate
(L F,emm pupil , 580nm wawdengh)
Acoommodationtofar gep Acocommadation tonear gep
01 06
Withaut HO aber rations
0 \ J 05
04 Ideal response
~-01 ~ &P
%-02 . % 03
' ith HO aberrations ) .
g .03 4 é 0.2 With HO aberrations
B 04 8 01
-05 0 Without HO aberrations
Ideal
o6 response o1
©0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time(s Time(®

Higher or der aberr ationsremoved: 95%
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4 subj ectscan accommodatewith or without
higher order aberrations

AP, 6Bnmpupil, 350hm wavdength)

Accommodationtofar €ep Accommaodation tonear gep
01
0 ith HO aberrations 06 Ideal response
01 Without HO 05
o o~ aberrations !
o 02 bt \N N
03 :
g 03 ithout HO
02 aberrations
g 04 'g
01
05 h HO aberrations
\ 0
06 Ideal response
0 056 1 15 2 25 3 35 4 01 o 05 1 15 2 25 3 35 4
Time(s Time(s

Higher or der aberr ationsremoved : 96%

AQ for image metricsto predict
subjectiveimagequality

Requireslenghysubj ective pr ocedure

Requiresalgor ithm totrandor m wave aber r ation
intooptimum valuesfor spher e, cylinder ,andaxis

Chen L., Por ter J,, Singer B, LlorenteL.,Nagy L.,and WilliamsD. R, " Predicting Subjective | mage Quality from
the Eye sWave Aberration", ARVO 2003.

Williams D.R., " Assessment of Optica Aberrations: Wawvefront Sensingand Adaptive Optics', ARVO 2002.
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RM S doesnot captur e subjective blur

Spherical Abe ration=014um

RMS=014pum

Spherical Abe ration=014um

Defaus=025um
RMS=0287pm

Strehl ratio does not capture
subjective blur

Deaus=-05um
Spherical _
Aberation 014um

Rms=0287pm
Srehl ratio=0158

Ddaus=05pm
Spheical

AberatiszJA”m

Rms=0287pm
Srehl ratio=0158




AQ for image metricsto predict
subjectiveimagequality

Goal:
Todevelop ametric that predictsthe

subjective effect of the eye’s wave aberration.

M ethods:
Blur matching with adaptive optics

Compar e subject matcheswith predictions
from different metrics

diag AO can present Zernikemodeto the eye

order

2nd
2% z z
astigmatism  defocus  astigmatism
3rd
2§ z3 7 3
trefoil coma coma trefail
4th
z4 2% 23 7 74
i nd i nd uadr afoil
quadr afail asste?gmaet‘%n spherical assefll:ama%rgm q
5th
z¢ 23 zi b3 z 2
] second secondar secondar secondar .
pentafoil ek Ry oncary oy pentafoil
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Amplitude(um)

0.7

05

03

-03

-05

-07

Blur matching

Sandard Aberr ation . Text Mode
Simulus

0.7+

’

054
0.34
0.1

T T T T T T T T T T T T T T
-0143 4 56 7 8 9 10 1112 13 1415 16 17 18 19 20

-03 -

Amplitude(um)

-05 4

Zer nikemaode o Zer nikemade

Neither RMSnor Strehl ratio
predictsthedata

0.8
2nd  3rd 4th 5th
0.7
T o Matching
2 RMSfitting result
% 05
© ~ °
> 4
N 0.47
[}
& W
> 0.3
SRfitting
023/@}/6_\
0.1 L L L L L L L :
4 6 8 10 12 14 16 18 20

Zernike modes
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Rochester sharpnessmetric

o

Retinal Image Neural
For mation Processing

\ '

. ):s

Point Sor ead Gaussian Neur al
Function Point Spr ead Fundion
o=1

Sharpness metric predicts better

Match Value (um)

0.8

2nd 3rd 4th 5th

0.1

' 1 1 ' 1 [ [ [
4 6 8 10 12 14 16 18 20

Zernike modesin OSA standar d
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Wave aberrationsfrom 4 Lasik patients

Wave aberrations gener ated with
adaptive opticsin asingleeye

Amplitude@m)

Subject Adjusts Amount of Defocusto Match
the Blur from Each Patient’s Wave Aberration

Stimulus

Patient wave aberration Stimulus Defocus
0.3 4

0.3
0.2 - %

0.2
11| || ~
o %0.1
CRTEEVRTOR A0 A0 A |
T O 34567891011511151617 19 20
-0.2 '60.1

o
-0.3 0.2
04 0.3 .
Zanikemade Zanikemade
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1.6 q

Metr icpr ediction (D)

0.2 1

1.4 4

1.2

0.8 1

0.6 1

0.4 1

Comparison of all threemetrics

(6Subjects
RMS | _
.. Wavefront Error Strehl Ratio
R2=0.49 161  R2=046
1.4+
° 0 1.2
.
0.8 °
0.6 -
0.2 ®
‘ ol |
0 0.5 o os

Matchingvalue(D)

1.8 4

1.6 1

1.4

1.2 9

0.8

0.6

0.4

0.2

Rocheger
Shar pness
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Doesthebrain compensateto the

eye' s optics defects?

Though HOA exigingthe eyealwaysblur theretinal image,
our subjectiveimpressonisthat thevison world isalways

shar p and clear ,suggegingthat thebrain might compensate
thdar subjectiveblur influence.

WaveAber ration

Arta P, Chen L., FernandezE.,Singer B, Manzanera S, and WilliamsD., “Adaptive opticsfor vision: The eye’s

Angle=0 deg
Factor =1

Simulus
550nm wavd ength
1degree FOV

Rotated Aberr ation

Angle=45 deg

Factor =0.6

adaptation to itspoint gread function”, The 4thinter nationd Wavefront congressin Sen Francisco(2003)
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W ave aberration rotated counter clockwise
(MC, 6mm pupil)
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180 225 270 315

PSF rotated counter clockwise
(MC, 6mm pupil)

0 45 90 135

180 225 270 315
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The brain does compensateto
the eye’soptics defects

0.9+

s o8 Blur increased
5 0.7 20~40%

(] 0.6

2 os] /

8 0.4+

=

@

(0] 45 90 135 180 225 270 315 360
Rotated angle

Error bar isthe standar d error fr om 5 subjects The subjective blur of the
retinal image increased when the PSF was rotated.

Summary

* Rocheder’s realtime AO gygem for vison sience
— 97actuator defor mable mirror
— 221 lendet for wavefr ont measur ement
— realtimecampensation up to30Hz
— Closd loop bandwidth085Hz

* ThisAO ygem cangr eatly reducetheaberrationsinthe
gyetoachievenearly diffraction-limited per formance.
— Highreolutionretinal imagescan beobtained automatically and
quickly
— AO canimprovevisual per for mance
— Therear e anumber of applicationsof adaptiveopticsfor badc

<ience(olor vidon) and medical(laser refractivesur gery, and
diagnogsand treatment of retinal diseases).
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AO systemsfor vision in theworld

GROUP TYPE | DM FOV | PERFORM ANCE IM AGI NG| PSY. EXP.
Rochester | Conventional| 97 XineticsDM| 1 <0.1pum rms, =6.8 mm|Yes Yes
37 MEMS ~0.17pumrms, e=6.8 mn{ Yes No
Houst on Confocal 37 XingicsDM| 1, 2.5] ~0.12umrms, @=7mm |[Yes No
SLO
I ndiana Coherence | 37 XindicsDM| 1 ~0.13umrms, =6.8 mn| Yes No
Gated OCT
San Diego | Conventionall 19 Membrane | 1 >0.5um P-V, =8 mm |No N/A
LLNL Phor optor BMC MEMS |1 System under testing No Yes
LLNL Conventional] LC-SLM 1 System under testing No Yes
(UCD)
Chengdu, | Conventionall 37 DM 1 0.18umrms, @=6mm Yes No
China
Russia Fundus 18 Bimor ph 15 <0.15um rms, ¢=5mm |[Yes No
Murcia. Conventionall 37 Membrane | 1 0.12umrms, =43 mm|No Yes
Spain
LC-SLM 0lpmrms, @=4.7mm |No N/A
Imperial Conventionall 37 Membrane |1 >0.1ym rms, @=4.8 mm [ N/A N/A
College UK plustilt mirror
Paris Conventionall 13 act. mirror |1 ¢=7mm N/A N/A

Future AO systemsfor vision

L ar gedynamic range, high sensitivity wavefront sensor

L ow cost, high str oke wavefront cor rector

eCompact system

*Friendly user interface

«Combine AO with other imaging modalities
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Retinal Imaging with BMC MEM S
Without AO With MEM SAO

6regderedimagesfor eachcae
FOV ~025°, 75um onther etina

DobleN., Yaon G, Chen L., Bierden P., Singer B, Olivier S., and WilliamsD. R, Optics letters Vol. 27 Na 17, 2002.

MEMSin AO Phoropter
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High stroke segmented piston tip/tilt array
(IrisAO)

A rigid, singlecrystal-silicon mirror is assembled onto a surface-micromachined parallel-plate
actuator. The actuator is devated 60 microns above the surface of the substrate because of
bending causad by residual stressesin the nidkd -polysilicon bimorph flexure.

The End




