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ner’s disc.
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E

E
Front view Side view

A

R

D

C

C

Figure 4. Views of the Hartmann-Shack sensor developed at IFSC-USP in collaboration with Eyetec Equipamentos
Oftálmicos, Brazil. Parameters of the sensor are: E, width and height; A, depth of the non-lenticular base; D,
depth of each micro-lens; R, radius of each micro-lens, and C, micro-lens diameter.

Video

Light

Accommodation

Frame-grabber

PC

HS sensor

Stop

Eye

CCD

1 2

6

7

16 17

83

4
9

5
10

11

12

13

14

15

Figure 3. Optical configuration used to measure optical aberrations of the eye. An infrared source [1] with 200 µW
is focused towards the eye through spherical lenses [6] and [16]. A filament light source [5] is used to illuminate a
light diffuser, which is attached to a reticule containing a balloon picture [4] (this is simply a psychological advantage
that calls the patient’s attention during accommodation). This accommodation system shall be tested during the
second phase of this project, in which measurements will be made on human eyes. The image formed by lens [3]
and beam splitter [2] is located at a far point from the patient in order to induce the accommodation of the
crystalline. Approximately 1% of the incident light scattered at the back of the eye (retina) is reflected back to the
beam splitter [7], goes through spherical lenses [8] and [9], a stop [10] located at the focal point of lenses [9] and
[11] for elimination of undesired reflections at the cornea [17] and finally hits the Hartmann-Shack (HS) sensor [12].
A charge coupling device (CCD) [13] is placed on the focal plane of the HS micro-lenses, and attached to a “frame-
grabber” [14] installed in an IBM compatible computer, where the HS images are processed [15] and the optical
aberration is calculated.
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Figure 5. Principle of the Hartmann-Shack (HS) sensor. Upper diagram, A plane wave-front

hits a single micro-lens and focuses at a point P located over the optical axis and at a

distance f from the lens; for the same micro-lens an aberrated wave-front focuses at point

A, also on the focal plane but shifted away from the optical axis. Lower diagram, For a set of

micro-lenses, an aberrated wave-front will focus on unevenly spaced points (shifted away

from the optical axis of each micro-lens) over the focal plane. It is the quantification of the

individual shifts that allows one to determine the local slopes of the wave-front and then,

from this information, retrieve the entire wave-front surface. The x,y arrows to the right of

the upper diagram show the coordinate system directions (y is pointing upwards and x is

coming outside from the page) used according to Equations 7 and 8.

Figure 6. Hartmann-Shack image
obtained with our instrument for
an artificial mechanical eye cali-
brated with no aberration (zero
diopter), i.e., emmetropic.
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Figure 7. Results for all five measurements. A,
Hartmann-Shack (HS) images for all five aberrations
showing HS spots with superimposed “centers of
mass” (gray crosses) detected by our image process-
ing algorithm. B, Two-dimensional view of the wave-
fronts calculated from the Zernike coefficients retrieved
from the HS spots in A and from Equations 6-13. C,
Same as in B, but plotted as three-dimensional (x, y, z)
graphs. D, Zernike coefficient values for each aberra-
tion. Notice that for the plane wave-front they are all
zeros, as expected. These are the Zernike coefficients
which are added to Equation 9 in order to retrieve the
wave-fronts plotted in B and C.
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Table 1. Set of the first 15 Zernike polynomials.

Term Polar Cartesian Meaning

Z1 (x, y) 1 1 Constant term

Z2 (x, y) ��sin � x Tilt in x direction

Z3 (x, y) � cos � y Tilt in y direction

Z4 (x, y) �2 sin(2�) 2xy Astigmatism with
axis at ±45�

Z5 (x, y) 2�2 - 1 -1 + 2y2 + 2x2 Focus shift

Z6 (x, y) �2 cos(2�) y2 - x2 Astigmatism with
axis at 0 or 90�

Z7 (x, y) �3 sin(3�) 3xy2 - x3

Z8 (x, y) (3�3 - 2�) sin � 2x + 3xy2 + 3x3 Third order coma
along x axis

Z9 (x, y) (3�3 - 2�) cos � -2y + 3x2y + 3y3 Third order coma
along y axis

Z10 (x, y) �3 cos(3�) y3 - 3x2y

Z11 (x, y) �4 sin(4�) 4y3x - 4x3y

Z12 (x, y) (4�4 - 3�2) sin(2� ) -6xy + 8y3x + 8x3y

Z13 (x, y) 6�4 - 6�2 + 1 1 - 6y2 - 6x2 + 6y4 + 12x2y2 + 6x4 Third order
spherical aberration

Z14 (x, y) (4�4 - 3�2) cos(2�) -3y2 + 3x2 + 4y4 - 4x2y2 - 4x4

Z15 (x, y) �4 cos(4�) y4 - 6x2y2 + x4
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Figure 8. Differently shaped
wave-fronts leaving three types
of eye: myopic, hyperopic, and
emmetropic. This is simply an al-
ternate view of these common
eye aberrations, which are usu-
ally explained by drawing paraxial
rays from outside to inside the
eye. Here we do the contrary: a
point light source directed at the
retina generates a spherical
wave-front which leaves the eye.
Because the emmetropic eye is a
“perfect” optical system its re-
fractive power is such that a
spherical wave-front leaves the
eye paraxially, i.e., in the form of
a plane wave. The myopic eye
has a “stronger” than necessary
optical power so light rays leave
the eye in converging rays. The
opposite happens with the hyper-
opic eye, which refracts light less
than necessary.
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