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Gradient Index Lens Model Eye
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The index distribution of the crystalline lens is unknown exactly. In this research, the published
values of the optical parameters and optical properties of the human eye are used to estimate the
index distribution of the crystalline lens. Relaxed and accommodated (2D, 4D, 6D, 8 D, 10 D)
model eyes with the lens of gradient index (GRIN) distribution are designed by using these
predicted results. Compared with the homogeneous lens model eye, it is concluded that, during
accommodation, GRIN lens contributes to reducing the spherical aberrations of the eye, and
improves the image quality not only on the optical axis but off-axis with little change of
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asphericity of the lenticular surfaces.
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mometer), A —7 2% %> (ORBSCAN™) 7 ¥ DHilR
WEHElEIC X D, ABEORT, #E O ELE, KR
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oz, ZOLD REIEMED S, KRFEIL R D KA
RS Z2HE L, GRIN (gradient index) V> X% b
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REMZ in vivo O Brown'® 0l E S 13 K SR R
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E7RTH T, x EAKFETTME, vl vz V& EERSTET
HD. 2 TIPSO FLER 1.60 mm kx5,

KRB OBITRE 1407 LFEET 5, K (1) OX
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NFERDEITS L KA ZE» SRET 2, HEREINT WD
FHEWC XD, FEFEIRE, REOLFEROEHTIIE 60D T,
BREINZEIZ 77 A (He'?) Th 5, KEiknei, &mEoOIE
BREMRBOBEIEM (Howcroft'®) E~4F AT, Ldd,
HIEERERB OB KR E W L6, KEER, %
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Fig.1 The power (a) and the asphericity (b) of the
model eye changes with orders @ of index distribution and
index n, of cortex of crystalline lens. Power of 60 D and
plus spherical aberrations can be obtained when « and #,
is 3 and 1.34 respectively.

122,3,4, EOETFEIF 1336 (BA L HEI R,
1.340,1.350, 1.360 & W T w3, fREAROJETST & BRI
FrzhZh Fig. 1(a), (b) W@rd, KEEDZE R
7 1.336~1.360 O#FFIC A LT % & &, BEAIROEIIIIE
60 D722 &9 BIRITrERSARE o TIEHCH 5 (Fig. 1
(a)) 7%, Fig.1(b) &b, HERBERG3 O JEH &R o Bk i
WFERT 7 A TH DML RT3, BITRIMHD
KEx 3, KEOREITEL 1340 T 20058y TH % =
bbb, IOk E, SR OKEEO T ERS A &
Pierscionek® OHEIEE % X U8 Liou® o HEBIME & o g 1%
Fig.2 ® LS wmahTw b, Moore™® SfEAIC & D
HanzXz&LmAN o 2 XIt/K &R T35 1%
Fig. 3 icmahTw3,

(c) FEERMIFRIEL

Howecroft!® 23 in vitro THITE L 72K SL AT, oIk
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Refractive index

1.37 | - <O - Pierscionek(1989)
136 —— New Model
—{— Liou Model(1997)
1.35
1.34
1.33
0 0.2 0.4 0.6 0.8 1

Normalized distance from nuclear to capsule of lens

Fig. 2 Comparing the predicted gradient index distribu-
tion of crystalline lens of the new model eye to the mea-
sured results by Pierscionek® and the predicted results by
Liou®.

Refractive index

Fig. 3 Two-dimensional gradient index distribution of
crystalline lens of the new model eye at 0 D of accommoda-
tion. Z axis is the distance from the vertex of anterior
surface of lens along the optical axis, X axis is the dis-
tance from the center of the index distribution of crystal-
line lens.

BREREIE# 2 h—313 L =10 TH > 72. Liou® #8
Brown'® @ in vivo OHLLES & BT O fi 22 0 FElfE
6 B 7o IEBRIFRBOE, BRI —0.94, RE+0.96 Th-
7. WIEOREES LAAZEOFET 5 C &b oKEEDH
BREFRBEREVEHBATLEH T2 LB FHEIND
(Smith®”), 4RI &E OIFKERL G ¥ e ki) &
L, FEARER O BREINEE 2 EHIE £ —BT % & 5 ki
AT O JEERE (R B E —0.5 Lo 7z, Fig 4 1 IXIEFEiRE
D, MEFLAEEICHE S BREINAEDOZ L 2R L Tw b,

2.1.3 HiFE, W, R

Koretz'” 1z & % &, ABERTE 2 & /KSEEBHE £ TORE
HEAERD I & D A& A e <, 7.60mm Th 5. KEED
A3 40 RTOFHE 3.98 mm £ viz72 9, HiEOE
SF312mm iz %, BiEAK, WO EFTEI1.336
WS, MBI - 12.80 mm OBKE L T 5,
FEFMERAERIAR D /¥ 5 # — % — |3 Table1 & Table2 T
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Fig.4 Spherical aberrations of model eyes and of real
eyes change with the pupil diameter.
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Fig.5 The vertical section of the new model eye. The
values are shown in Table 1 and Table 2.

RENTW2, HAEROWERIX Fig.5 KRITWw5,
2.2 FRETRHRELAR

MEFLEE IS T IS O L ~OL L g & D ZE(h T B 432,
JERASEAEE N 4mm O L &, EERERL LT
DT (Fig. 4), SENIEFLER I 4 mm & EE L TR %=
1To 7z, FRERFO AERTTE 2> & KA ERE £ TOMEMEIEIE
P OBAR L7 U < 7.60 mm & § 5, KEEEOIR
BLUHBORES O ABHRENC L DAL, MIEOES I
KELEDBEAHDE L SKRD S b,

2.2.1 RRECREIR KL E GRIN €7V
MEFAEOEITREZ 0D T2, 20k, Kk
{RHTE O HH R ZE 5.50~6.50mm ThH 5 & Wbl b,
FERAET — 7 3FEERI R TWR Y, SRR R
O AREEHT, BEOMEFENFEL 2D LREL,
Ivanoff?” @ %2 {5 6.00 mm % > %, HRJEHT /14370 D
WHRDEIWKBEDEAZHRD 2 & 450 mm 1278 5,
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Accommodation (D)

Fig. 6 The radii of curvature and thickness of the lens of
the new model eye at 0D, 2D, 4D, 6D, 8D, 10D of
accommodation.
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Spherical aberrations (D)
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Fig. 7 The spherical aberrations of the new model eye
and of the real eyesat 0 D, 2 D, 4 D, 6 D of accommodation.

e OFMEIE Table 2 RSN T w5, FEIRE, Kk
EHOBEMCHE S, BB ARy 7 T 508, Hif
WX B A DB IERAIR C R U 148 &9 5. MR
HilK, Moore!® J7 2 3 D Ji #T 2 73 46 vl BEAE 2, 13 1.82
mm &85,

2.2.2 BHFFRFASAE GRIN €7V

FEFRETRE 2> & FoE FHETRE £ T, KA RE O R L
JE AT HTEET R D | REB TS 2 LIRES 5, 1
IR DOIRER IIAZE & 35, FRENCHE S KEEDOHITE O i
FEFEB IO e 1 REBERE b DKM O iR
A L EADZAGE Fig. 6 TRENTW S,

IREROEAE % D BRI 3K AEDORETNIC LD, 77 A
5 A F AR L, FEMRES 15~3.0D DL &, KH
INZERIFIZXY 2 ic7% 5 (He'®, Atchison®), XET VT
W&, AKERRRTE OFEEREREUE, RENC L 2 BKHEINZEDZ
{bA% He'® OSEMIEIC H 5 & 512, Fic 2D D & X ICERE
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Table1 Parameters (constant to accommodation) of the model eye.

GRIN (or Homogeneous) lens model eye

Radius of curvature of anterior surface of cornea (R,)
Asphericity of anterior surface of cornea (@)

Radius of curvature of posterior surface of cornea (R»)
Asphericity of posterior surface of cornea (Q,)
Thickness of corneal center (d,)

Refractive index of cornea (#;)

Refractive index of aqueous and vitreous humor (#,)
Eye length (L)

Retinal radius of curvature (&)

7.77 mm
—0.18
6.40 mm
—0.60
0.50 mm
1.376
1.336
24.00 mm
—12.80 mm

Table 2 Parameters (variable during accommodation) of the model eye.

GRIN (Homogeneous) 0 D

GRIN (Homogeneous) 10 D

Depth of aqueous humor (d,)

Radius of curvature of anterior surface of lens (R,)
Asphericity of anterior surface of lens (Q,)

Radius of curvature of posterior surface of lens (/)
Asphericity of posterior surface of lens (Q)
Thickness of lens (ds)

Refractive index of capsule of lens (#,)

Refractive index of nuclear of lens ()

3.12mm (3.12 mm)
12.40 mm (12.40 mm)

3.98 mm (3.98 mm)

2.60 mm (2.60 mm)
6.00 mm (6.00 mm)

—0.5 (—22.0) —1.2 (—438)
—8.10 mm (—8.10 mm) —6.00 mm (—6.00 mm)
0.0 (0.0) 0.0 (0.0)

4.50 mm (4.50 mm)
1.340 (1.444)
1.407 (1.444)

1.340 (1.449)
1.407 (1.449)

INFERY oIk 2 Lok 3, Fig. 7 136 £F 5 Bk
WEDZEERLTnE, 0~3D ORTI, FHiCES
BAUAR O BRI D 2 1B 1k He' & Atchison o i 52
HoOFHIEH D, Lrb, He'® OFHEIEE DFEH/NE D
23, 6DICx % &, HRAAROERTE N A He'® o S HI{E &
DEPKRE %5 TW5, KPFFEOBAIR T, FETH
WEFLEDZLIZ L s EARE L7243, R 8L T,
HETCHEY, BENZLL, BILE LN 5, BEILED
NS NE B ERENZE DR A IC TS 5, HEC A
O MEAREOZAEFE T, BRER O BRI S 13528
EDEDINSSRDLEEZONS,
223 B ARRAIR

KA DB DE LG 2 P2 720, ¥J—1
¥ A% OFEBIIR & FE LU, SFEREO/, ®REO
H R, IS FAERREED GRIN BAEIR & —3 & ¢,
JEHTEIE GRIN v > ZORITH EAETH 2 L 51Tk
%, AREMREE OIEBRE R EUE GRIN v > X O HE & [H
Yo (BKm) &3 2. AKEAERRTE O IEBRE R EU3 S
T2 FATRRED GRIN AR OBREINGE LW Cic s % &
IICHRD B, B— L v AFEMIRD K85 A — & — % Table
1 & Table 2 127nd, FEICHES GRIN > ZEHRIE &
— b > AR O K SLARHTE O FEBR I (R ¥ D 251k % Fig. 8
IR,

30%& 6% (2001)

O &8
5+
2
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o
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e
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90 —8— GRIN
p —o— Homogeneous
-25
0 2 4 6 8 10

Accommodation (D)

Fig. 8 Comparing the asphericity of anterior surface of
GRIN lens to the homogeneous lens at 0D, 2D, 4 D, 6 D of
accommodation.

3. *E =3
3.1 KIBFEBEITESTH

FAEEETE ORRE T, MAEREIERERE O E IR T
bo, 12720, ARKEEFIEKEOEFTEZEIL—0.04
T, FEHTE O RITERZE 0.376 & D I35/ & L, KE
INZEAORZEIAT L D IEF NS v eFz 6N L, KiF
FEDOBRIIR T L, AT O FEERTEM R AR O Hu &
JEIIER D JE 2> & HEHI L 72 Liou® @€ TV ER U L —0.6
ZHWTWS, AEZEOIFERKEBE 2L 21T, BEAR
DI % FERIE D BRI & —B S ¥ B 7201, Kb
PRI OFEBREREL D ZE 2 2 LB D 5, KEARTIA & A
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—=O—GRIN(Visual axis)
09 1 h\Y —o—GRIN (5°)
08 I ! % ——GRIN (10°)
B 1\ % e Homogeneous (Visual axis)
""(71‘ 0.7 1 Homogeneous (5°)
g 06 | Homogeneous (10°)
B
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Spatial frequency (cycle/deg)

Fig.9 The MTF of both the GRIN lens model eye and the
homogeneous lens model eye on visual axis and off visual
axis at angles of 5 degrees and 10 degrees on nasal side.

BEKORITEZE+0.04 T, MEZEEHOREFTTZS 5
TWabDT, AEEROIFIREREBDLI~ A 7 A HFNITKE
WIS, IREEFEROBREINEE 7 7 A A, @i, X
SLAHITE O FEERE (R B~ 4 F A HFNC K E WIT E, AREK
HFEROBKEWNZE L~ A F AAMNC 25, ZDie, KB
O A TE O FEERE (R DS Q> —0.6 ThiLE, KELERT
I DOFEBRERE R Q> —051272 5 L 5 IZBRE T 5 LEH
b5, Vol AABEEREOIEEREEEE L, AREAEHTH DI
RERBS AR 2o, KR BRI B L O
ROMPE ) EHCHERITE 2 EEZ 6N 5,

HEHI L 72 GRIN v > X E O TR IT T EAK & DZED
TP 004 THEDOIHL, H—L rADEER01LLE
DRFREND B, D72, GRIN v > XD FRMHE K
X, 7VANVKERBEER T S L, L AL DD
DIz, 2O EIE Purkinje O 3 K 4R DB B>
SHHHeNTHY, £HROFREbFZOSND, BED
IOL 3 —EITRLy v X TH Y, IRNKHIZ & 2 8L
BEHVREMND 555, GRIN B IOL 24 1iF, ZDRKRA
WErhd eEzohs,

B—Vv X GRIN v > X LR, BEABFRLTH S
2, FEREIFHES 28 5120%, H—Lv > XORITERIZ
GRIN VY XD ERAME BKEH) LDbm T34
B Do Te, HIFTESRIIAKSEORITI % LT 2137256
EELTVWAZ bbb,

3.2 B &5

Ivanoff?? MEMFERIC & 5 &, FER, KEAFTTHEHO
BRI 1 RBIBIIc R b T 2 b O b X, STEEIE
ez T2b0bH D, HIEFHEIEHHBEBIC T > T
WhEWwS, FRENCHE v, RWTSE O KA RTE O &1k
(Fig. 6) 3% BEIc 2> THB Y, F72, FAHKF6D O
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L&, AUSEOKREEORH, BRIOMEERIZLZN
770 mm, 6.56 mm T®H - 7z DIZX L T, Brown? o
EfEE, FhZEh, 7.10mm & 650 mm Th -7z,

%7z, GRIN BERUAR 3 3 HT A 5 FEBRE R B O 221053
INE L0505 —12 LRRWEHTEHT 2 DI L,
GRIN AR & [7] CEREINZE %2 & D — L v XREARO
Vv AHTE O FEBREFR B —22.0 20 5 —4.8 & LW HiPH I
FALE L NENH -7 (Fig. 8).

3.3 &M

AR O FE SR 1IEMTE (medulation transfer func-
tion)*® & W T, T 21T o 7o, BERARE R & AR
BEL, ARy NFYATITIT0%RD, Ihk7—) 1%
42z 2 Lizk b, OTF (optical transfer function) %
B3,

H(v) :%ﬁ exp (—2ziv,) (3)

K (3) BaxHAEEEEAFEAAOOTF 2R L Tk
D, |HW)|»xBFEOMTF %25, vikx FADOZER
FAWE, N AV BROBRELR, tRES, x ik
MR b FENRRD x B TH 5. y H b EERICKD %
ZEMMTES, SEAWIEEREIL 00K TH 5, BEFL
B 4 mm, FEFEIREF, GRIN v > XHEIR & #5—1v >
AR oW E Otihihst &8 57), Sahihst s s,
100D MTF & Fig. 9 i&m L CTw 3, Jeifl BTk, H—1
YADIERE R ERELS T2k (Fig.8), M
HE L CHEEOFHREELEONEY, Fig 9 @Ry &
S0z, Kl 55 st (0% b HENE) B&RETO
MTF X GRINB X RBIFTH Y, H—1 > A MTF D
BEBTHEETH 2, P L b LOKBHRMER I
GRINZEID b OB E W EHETEns,
34 5 *®

OB L UPRY A V-7 07 x5 — N (Stiles-Craw-
ford) ZhER, KEEEFEROKER L E2FRT 5 LED
H5b.

4., & & &

FRI NI € MRONEER &Y S KEERDE
WERSFEWET 2 FEEREL, EEREL GRIN
VX Ed D, FHEHEEEIC G T E SRR R L
Jo. H— Vv o AEBIR & g OFER, GRIN V> X3
HRFIZ 8T, FEERERBERE(EZ2 52 %<, KM
INZEBRBT 2B bholz, 72, GRIN V> X8
SEHl E2 T2 <, Fig. 9 25 S e X 51 EEs
DFEEREME, BICEI E TORBBBIEICDESELTnwE 2



Lnbol:, SSICERIEED L Z Lk, &k
IR DA EE D 7212 2RI E S AR 22 5 T % D 9»
, GHNNCHBETE 2 L5 s D 2 L 2HRL
7ows, KPR TIRZE L7 GRIN v > ZBHEIAR % F v T,
RS2 Cld e <, FHATRFIRER G O FS GG 2 o
5ZEHTELZ DS, RAEFEROMNMN, %8R
JFEBEBR OGN, EABCAIL - FHEoS A AEC 72 5 &
bivs,

KGRIz B2 D, NRHEH 7 0 7T A% THEELG 20D
T2 AEXEA (KR O EIMISFER I S BILEH L BiF £ 7,
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