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Abstract: To realize a simplified keratometer, we proposed a design proposal based on corneal reflex imaging. Six
pointolites which arranged in a regular hexagon were used to emit parallel light to the surface of a cornea and were
reflected by the cornea. Then the image was captured by a telecentric optical system in the object space to a CMOS
camera. In order to obtain the corneal curvature, the distance between two pointolites located on the regular hex-
agonal diagonal in the corneal reflection images were calculated by using the center of gravity algorithm. The im-
aging quality, measuring range and measuring precision of the system were theoretically analyzed, and the Ziess’s
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model eye and human eyes were used to conduct experiments to verify the theoretical analysis results. The expe-
riment results have shown that the precision of the measurement error is £0.02 mm and the measurement range is
from 5.5 mm to 11.6 mm (30 m'to 60 m™*in diopter of cornea). The research will provide technical supports for the
design and optimization of automatic keratometer.

Keywords: keratometer; reflection imaging; telecentric system; image processing
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Fig. 1 Principle of the measurement system. (a) Principle of the corneal curvature measurement;

(b) Arrangement of the measuring cursor

1l

I

B2 gt RER

s =

Fig. 2 Principle of the imaging system
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Fig. 3 The schematic illustration of the optical system. Where, D Eye; @ Collimating lens; @ Aperture; @ Measuring cursor; ®
Beam splitting cube; @ LED to fix eyes; @ and ® Cylindrical lens; @ Stop. The marked angle numbers are intersection angles
between the parallel light and the main optical axis. The figure shows only two of the six cursors
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Fig. 4 The design structure of the optical system
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Table 1 Parameters and their intervals of the elements used in the optical system
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Fig. 5 MTF curves of imaging system corresponding to different curvature radius. (a) R=5.5 mm; (b) R=7.18 mm; (c) R=11 mm
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Fig. 6 Field curvatures and distortions curves of imaging system corresponding to different curvature radius. (a) R=5.5 mm; (b)
R=7.18 mm; (c) R=11 mm

(a) 0BJ:0.000, 0.000 mm 0BJ:0.429, 0.723 mm 0.8500 (b) 0BJ:0.000, 0.000 mm OBJ:0.547, 0.947 mm 0.8500

20.00 @ @ 20.00 @,—

IMA:0.000, 0.000 mm IMA:-0.162, -0.280 mm IMA:0.000, 0.000 mm IMA:-0.206, -0.357 mm
0BJ:0.858, 0.000 mm OBJ:-0.858,0.000 mm OBJ:-0.429, -0.743 mm 0BJ:1.094, 0.000 mm OBJ:-1.094,0.000 mm OBJ:-0.547,-0.947 mm
IMA:-0.323, 0.000 mm IMA:0.323,0.000 mm IMA:0.162, 0.280 mm IMA:-0.412, 0.000 mm IMA:0.412,0.000 mm IMA:a.EOS, 0.357 mm

OBJ:0.429, 0.743mm  OBJ:-0.429, 0.743 mm OBJ: 0.547 0.847mm  OBJ:z 0.547,0.947 mm

IMA:-0.162.76,280 mm IMA:0.162, -0.280 mm IMA:-0.206, 0357 mm IMA:0.206, -0.357 mm
Field 1 2 3 4 5 6 7 Field | 2 3 4 5 6 7
RMS radius : 2.111  3.098 3.098 3.098 3.098 3.098 3.098 RMS radius : 2.111 3.587 3.588 3.588 3.587 3.587 3.587
Airy diam  :9.627 Airy diam  :9.627

(C) 0OBJ:0.000, 0.000 mm 0OBJ:0.796, 1.378 mm [*'0.8500
400 | @ @-’
IMA:0.000, 0.000 mm IMA:-0.300, -0.520 mm
0OBJ:1.592, 0.000 mm OBJ:-1.592,0.000 mm OBJ:-0.796, -1.378 mm
@ ® 5

IMA-0.600, 0.000 mm [MA:0.600,0.000 mm [MA:0.300, 0.520 mm
OBJ:0.769 -1.378mm  OBJ:-0.796, 1.378 mm
IMA=0.200, 0520 mm  IMA:0.300, -0.520 mm

Field S 2 3 4 5 6 7

RMSradius: 2.111  4.759 4.761 4.761 4759 4.726 4.759
Airy diam  :9.627

B7 RFEREAAERE GEFZETEGL B, (@) R=5.5mm; (b) R=7.18 mm; (c) R=11 mm
Fig. 7 Spot diagram curves of imaging system corresponding to different curvature radius. (a) R=5.5 mm; (b) R=7.18 mm; (c)
R=11 mm
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Table 2 The distance (L) of two points on a regular hexagonal diagonal in the corneal curvature measurement system ob-
tained under different curvature radius (R)

R/imm 5.5 6 6.5 7 7.5 8
L/mm 0.429 0.465 0.5 0.534 0.569 0.602
R/mm 8.5 9 9.5 10 10.5 11
L/mm 0.636 0.669 0.701 0.733 0.765 0.796
10.5+
£ 9.5
£
4
8.5
7.5
6.5
55 1 1 1 1 1 1 1 1 1 1 ]
0.429 0.500 0.569 0.636 0.701 0.765
L/mm

B8 Ak EFEA AR L TN RS AR LA EGIER 09X & th
Fig. 8 The relationship between the radius of curvature of the cornea and the distance between two points of light on
the hexagonal diagonal in the corneal reflection image
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Table 3 Measurement accuracy (A) of corneal curvature measurement system at different radius of curvature (R)

R/imm 5.5 7.18 7.8 8.7 11

Alm'™ 0.056 0.034 0.029 0.024 0.016
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Fig. 9 Corneal reflex image. (a) Corneal reflex image of artificial eye; (b) Corneal reflex image of human eye
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Fig. 10 The results of simulated eye
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Fig. 11 Reflection images of a spherical mirror with different curvature. (a) R=5.5 mm; (b) R=6 mm; (c) R=7 mm;
(d) R=9 mm; (e) R=10 mm; (f) R=11 mm
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Table 5 Comparison of corneal curvature measured by
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Table 4 Results of curvature of glass sphere two instruments
/mm /mm IOL-Master /mm /mm
5.5£0.02 5.540.02 7.8+0.02 7.8+0.02
7.88+0.01 7.87+0.02
6:0.02 6.02£0.01 8.610.01 8.62+0.02
740.02 6.99+0.02 8.7120.02 8.7+0.02
040,02 6.98£0.02 7.85+0.01 7.85+0.02
7.83+0.02 7.84+0.02
10£0.03 10.010.02 7.730.01 7.74+0.01
11£0.03 11.010.02 7.82:0.01 7.8320.01
7.8410.02 7.84+0.02
7.7120.02 7.710.02
850 nm

i

850 nm

850 nm LED
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Corneal reflex image

Overview: The paper summarizes previous research results on corneal curvature measurement. Based on previous
studies, a simplified corneal curvature measurement system is proposed. The system uses the corneal reflection prin-
ciple to measure the curvature radius of the corneal anterior surface. The specific measurement method employs six
pointolites which arranged in a regular hexagon to emit parallel light to the surface of a cornea and are imaged by the
cornea. Then the image is captured by a telecentric optical system in the object space to a CMOS camera. In order to
obtain the corneal curvature, the distance between two pointolites located on the regular hexagonal diagonal in the cor-
neal reflection images are calculated by using the center of gravity algorithm. We introduce the measurement range,
measurement accuracy and other design indexes of the system, as well as the related parameters of the optical imaging
system. We also performed image quality analysis of the imaging system. In the aspect of error analysis, we also made
some theoretical analysis. We believe that the measurement error of the system is mainly determined by the accuracy of
image algorithm to the image processing of corneal reflection, and we have given the theoretical calculation results in
this aspect. We built a corneal curvature measurement system to further verify our theoretical analysis. We firstly cali-
brate the parameters of the system and then do repeated validation to get the repeated error. In addition, we measured
the glass spheres with different curvature radius to verify that the system could accurately measure the curvature radius
within the measurement range. Finally, we measured the corneal curvature radius of human eyes. The results showed
that the system can quickly and accurately measure the corneal curvature radius of human eyes. We select the LED with
a wavelength of 850 nm as the illumination source. The main consideration is that the near-infrared optical system can
penetrate well. Although the human eye is not very sensitive to light at 850 nm, it has a certain effect on stabilizing the
eye position of the test subject. In addition, the 850 nm LED process is mature, easy to obtain, and inexpensive. The
whole optical system is simple, the device is few, the difficulty of assembly and adjustment is greatly reduced, and the
imaging system adopts the object-distance optical path, which avoids the problem that the center of gravity of the image
changes and the measurement result deviates.

Citation: Chen P, Wang C, Zheng G, et al. Optimization design and realization of a keratometer|[J]. Opto-Electronic En-
gineering, 2019, 46(1): 180373
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