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This study proposes an accurate method for reconstructing the corneal surface profile. By applying a
constant velocity to the projection grating along the grating plane, a series of sampling points of the
sinusoidal wave, which behaves in the manner of heterodyne interferometric signals, can be recorded
using a CMOS camera. The phase distribution of the moiré fringes can then be obtained using the IEEE
1241 least-square sine fitting algorithm and two-dimensional (2D) phase unwrapping. Finally, the
corneal surface profile can be reconstructed by substituting the phase distribution into a specially
derived equation. To validate the proposed method, the corneal surface of a pig eyeball was measured.
The measurement resolution was approximately 3.5 um. Because of the introduction of the Talbot effect,
the projection moiré method, and heterodyne interferometry, this approach provides the advantages of a
simple optical setup, ease of operation, high stability, and high resolution.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The refractive power of the cornea is more than two-thirds of
the total refractive power of the human eye; therefore, a slight
variation of the corneal surface can drastically affect normal
human vision. Accurate reconstruction of the corneal surface
profile can thus provide essential information for vision diagnosis.
Various optical methods have been proposed for this purpose.
Placido-disc topography [1-3], which involves analyzing reflected
images and using the spherical approximation algorithm, is the
most common technique used for reconstructing the corneal
surface profile. However, this approach can incur height estima-
tion errors at the same curvature, and the test edge yields a lower-
quality measurement result. Other methods, such as the slit
scanning method [4,5] and the Scheimpflug imaging method
[6,7], have also been proposed. These methods can be used to
acquire information on the corneal thickness and the profiles of
the anterior and posterior corneal surfaces. However, during the
measurement process, fringe projection scanning or rotating
camera scanning is required, which renders the process time-
consuming and may generate fixed-position errors. Although the
described methods demonstrate the benefits of structural simpli-
city and ease of operation, the accuracy of measurement and
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resolution tend to be limited by fluctuations in the light intensity
of the test. Therefore, this study proposes a simple approach for
reconstructing the corneal surface profile based on the Talbot
effect, the projection moiré method, and heterodyne interfero-
metry. A linear grating is obliquely illuminated by an expanding
collimated light, and a self-image of this grating can be generated
and projected onto the corneal surface. The deformed grating
fringes are imaged onto the second grating to form the moiré
fringes. If the first grating is moved at a constant velocity along the
grating plane, then a series of sampling points of the sinusoidal
wave, which behaves in the manner of heterodyne interferometric
signals, can be recorded using a CMOS camera. The phase
distribution of the corneal surface can then be obtained using
the IEEE 1241 least-square sine fitting algorithm and two-
dimensional (2D) phase unwrapping. Finally, the corneal surface
profile can be reconstructed by substituting the phase distribution
into a special derived equation. This method demonstrates the
benefits of the projection moiré method, the Talbot effect, and
heterodyne interferometry, including simple optical setup, ease of
operation, high stability, and high resolution.

2. Principle

Fig. 1 shows the optical configuration of the proposed method.
For convenience, the z-axis is assigned as the observation axis of
the CMOS camera, and the y-axis is set perpendicular to the paper
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plane. A laser light at wavelength 1 passes through a beam
expander to form an expanded and collimated light, and then
impinges on a linear grating G; at an incident angle of « to the
normal of the grating plane. The self-images of grating G; can be
generated at the Talbot distances Zr and can be expressed as [8]
2

ZF%cosf‘(a), m=1,2, 3... 1)
where p is the pitch of the grating G,. After arranging the test
sample on the first Talbot distance (m=1) of grating G,, the
grating fringes are self-imaged on the sample and deformed by
the height distribution. The deformed grating fringes can be
expressed as

hixy) = 5 {1+ cos [2x- ooy 401 | @

where ¢ is the initial phase of grating G;, and 6(x, y) denotes the
phase of the height distribution on the sample, expressed as

%H(x, y)tan a. 3
In Eq. (3), H(x, y) is the height distribution on the sample. Eq. (3)
can be rewritten as

0(x,y) =

H(X> Y) = 6(X3y) (4)

_p
2ztan a

According to Eq. (4), 6(x, y) is a function of H(x, y); therefore, the
height distribution of the sample H(x, y) can be estimated by
accurately measuring the phase 9(x, y).
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Fig. 1. Optical configuration. MO: microscopic objective; PH: pinhole; L;: collimat-
ing lens; L,: imaging lens; Ls: camera lens; G; and G,: linear grating; M: motorized
translation stage; Z;: first Talbot distance; «: projection angle; F: focal length of
imaging lens; C: CMOS camera.

Fig. 2. The tested sample of the pig eyeball.

In the subsequent step, the deformed fringes are imaged at 1 x
magnification on the grating G, of a pitch p to form the moiré
fringes and are captured using a camera lens L3 on the CMOS
camera C. The captured fringes can be expressed as

IZ(X,Y)ZII(X,Y) xT
1 1 2 o 1 1 2n
Bl o).
(3)

where T is the transmission of the grating G,, and ¢, is the initial
phase of grating G,. Eq. (5) can then be expanded as

1 2 2
L(x,y)= Z{l + cos [§x+ 0(x,y) +¢1} + cos (F”x+ ¢2>

+% cos {%x +O0(X,Y) + ¢ + ¢2} +% os [0(x,y) + ¢p1—¢,] }
(6)

In Eq. (6), the second, third, and fourth terms are the high-order
harmonics, and the final term is a moiré fringe. The moiré fringes
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Fig. 3. Moiré fringes recorded by CMOS camera. (a and b) Moiré fringes at 0 s and
7/15s.
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Fig. 4. (a and b) The results from applying the 2D median filter to filter Fig. 3(a)
and (b).

can be extracted by filtering the high-order harmonics, and can be
expressed as

I(x,y) =Io(x,y) + r(x,y) cOS [0(X, ) + 7], )

where y(x, y) is the visibility of the signal, and n=¢; —¢, is the
relative phase induced by the relative displacement between two
gratings. When a motorized translation stage M moves the grating
G, along the grating plane at a constant velocity v, the time-
varying phase can be induced and expressed as

2nvt
=" =24t ®

where f;, is the heterodyne frequency resulting from the time-
varying phase. Each pixel of the CMOS camera records a series of
sampling points of the sinusoidal waves. These sinusoidal waves
behave in the manner of heterodyne interferometric signals.
Therefore, the light intensity at the CMOS camera C can be
expressed as

I(x,y) =1o(x,y) + r(x,y) cos [2af nt + O(x,y)], C)
To obtain ¢(x, y), Eq. (9) can be rewritten as

I(x,y) = Acos (2zft) + Bsin 2xft) + C, (10)
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Fig. 5. Wrapped phase distribution of the corneal surface of the pig cornea.

where A, B, and C are real numbers, and the relationship between
A, B, and 9(x, y) can be shown as

0(x,y) = tan ! (%B> (11)

The terms A and B can be estimated using the least-squares sine
wave fitting algorithm. Substituting A and B into Eq. (11) yields the
corresponding phase 6(x, y) of the pixel. The phase distribution of
the sample can be obtained by applying this procedure to each
pixel and using 2D phase unwrapping. The sample surface profile
can then be reconstructed using Eq. (4).

3. Experimental results and discussions

The proposed method was validated by using it to measure the
corneal surface of a pig eyeball, as shown in Fig. 2. The experiment
setup included a diode laser at a wavelength of 473 nm, two linear
gratings at a pitch of 0.2822 mm, an imaging lens with a focal
length of 200 mm, a motorized translation stage (Sigma Koki/SGSP
(MS)26-100) with 0.05 pm resolution to produce a heterodyne
frequency f;,=2 Hz (v=0.5644 mmy/s), and a CMOS camera (Basler/
A504k) with an 8-bit gray level and 1280 x 1024 image resolution.
For convenience, the projection angle was 30°, the frame rate of
the camera f;=30 fps, the exposure time At=0.033 s, and the total
recording time AT=1s to record the interferometric signals at
different time points. To improve the visibility of the projected
grating fringes, fluorescein was used to stain the corneal surface.
The experimental results are displayed in Figs. 3-6. Fig. 3(a)
and (b) shows the moiré fringes recorded by the camera at 0's
and 7/15s, respectively. Fig. 4(a) and (b) shows the results
obtained after applying the 2D median filter to filter Fig. 3
(a) and (b), respectively. Fig. 5 displays the phase distribution
estimated using the least-squares sine fitting algorithm. Using 2D
phase unwrapping and Eq. (4), the corneal surface profile can be
reconstructed, as shown in Fig. 6. To prove the feasibility of
proposed method, the identical vertical principle meridian of the
corneal surface was extracted from the experimental results
shown in Fig. 6 and the side view of the cornea shown in Fig. 7.
The side view of the corneal sample in x-z plane was captured
using the CMOS camera with the same magnification of the
camera lens Ls. The vertical principle meridian of the corneal
surface could be drawn along the boundary where the light
intensity decreases substantially from the black part to the gray
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Fig. 7. Side view of cornea.

part, and was used to be the reference data. Fig. 8 shows the
vertical principle meridians extracted from the experimental data
and the reference data. The experimental data exhibit the same
height trend as that of the reference data and, consequently, can
prove the feasibility of proposed method, despite the reference
data providing an unsmooth curve because of considerably lower
resolution.

According to Eq. (4), the measurement height error AH can be
expressed as

oH

oH oH
AH= ‘ﬁAp‘—l—‘%Aa‘—i—‘%AH‘. (12)
where Ap is the grating pitch error, A« is the projection angle
error, and A is the phase error. The grating pitch error Ap is
caused by grating fabrication. The gratings are fabricated by
applying chromium plating onto a glass substrate by using a mask
laser writer. The grating pitch error Ap is approximately 0.1 pm.
The projection angle error A« is introduced according to the axis

alignment error and the resolution of the rotary stage for
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Fig. 8. Vertical principle meridians of cornea surface from experimental results and
reference data.

alignment. Considering that the axis alignment error in the
experiment is 0.05°, and the resolution of the rotary stage is 10/,
the projection angle error Aa can be estimated at approximately
0.22°. The phase error A4 is introduced according to the sampling
error [9]. Considering that the visibility of the moiré fringes is 0.3,
the stability of light intensity resulted from the stability of the
light source and the vibration of the grating is 1%, and according to
heterodyne interferometry, the phase error Ad can be estimated at
approximately 0.9°. By substituting the experimental conditions,
Ap, Aa, and A@ into Eq. (12), the measurement height error AH is
approximately 3.5 um. This error analysis indicates that the
proposed technique yields high accuracy and high resolution.

4. Conclusion

This study proposes a simple method for reconstructing the
corneal surface profile. The proposed method was validated by
using it to measure the corneal surface of a pig eyeball. The
measurement resolution was approximately 3.5 um. The proposed
approach demonstrates the benefits of the projection moiré
method, the Talbot effect, and heterodyne interferometry, includ-
ing simple optical setup, ease of operation, high stability, and high
resolution.
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