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array manufacture, and AO (Adaptive optics), etc. In 2005, the project 
named “New Measuring Equipment for Living Human Eye Retina 
Resolution Imaging and High Order Aberration” jointly conducted by 
Chengdu Institute of Optics and Electronics and Mai Ke Company were 
evaluated by Chinese Academy of Sciences in Chengdu. This project 
developed two equipments, namely, Living Human Eye Retina Self-
adapative Optical Imager and Hatmann Measuring Instrument for 
Human Eye Aberration which is the first objective human eye aberration 
measuring instrument based on Hatmann principles in China. The 
instrument can measure both high order and low order human eye 
aberration, calculate 65 Zernike aberration coefficients, human eye 
point spread function, and Strehl modulation transfer function. 

In 2006, Nanjing Aeronautics and Astronautics University and Suzhou 
Liu Liu Visual Technology Co. Ltd. jointly developed subjective aberration 
equipment. In 2007, a combination of objective and subjective visual 
optical analysis system was proposed by Shanghai Jiaotong University 
[9]. In 2008, University of Shanghai for Science and Technology creatively 
proposed objective and subjective combined human eye aberration 
measuring method based on information fusion technology [10,11]. It 
was a method including both subjective and objective measurement in 
the optical path. More human eye aberration data were obtained by the 
method of information fusion and more positive results were achieved.
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Abstract
This paper mainly discusses the system design and establishes the experimental system which conducts real-

time off-axis measurement of the human eye’s aberration. The target is installed in the optical path of human eye 
objective measuring system. When observing the target, the human eye adjusts itself to a relaxing state so as to 
conduct measurement. The target being observed conducts movement vertical to optical axis within its field range, 
and then realized the off-axis aberration measurement. Research data show that only when normal incidence of the 
light occurs can changes the human eye’s aberration which caused by measuring errors be minimized. Data from 
all the objects reveal that second order aberration has the largest proportion among all the aberrations and does 
not show significant change within the increased off-axis angle in the vision field. Third order aberration increases 
with the increase of off-axis angle in the vision field. Fourth order aberration shows no obvious increase except the 
first item. High order aberrations for fifth order and above do not change much with the increase in off-axis angle in 
the field range. Meanwhile, the proportion of fifth order or above aberrations is the smallest among all the objects’ 
aberrations. The study results demonstrate that it is the aberrations of the former four orders that have a significant 
affect on human eye. With regard to off-axis aberration, third order and fourth order affect human eye imaging quality 
significantly. On the contrary, the high order aberrations of fifth order and above have a minor influence on human 
eye imaging quality. 

Keywords: Hartman shack sensor; Off-axis wavefront measurement; 
High-order Aberration; Visual 

Introduction
In the 1990s, human eye’s wavefront aberration measurement 

technology achieved rapid development. Williams DR etc. proposed 
two indirect wavefront aberration measurement methods, namely, 
interferometry and double optical path methods [1-5]. The former 
obtains human eye’s Modulation Transfer Function (MTF) by making 
use of interference that produces interference fringes with different 
aerial modulation degrees while the latter obtains MTF via irradiating 
ideal spherical wave into eye pupil, receiving wave-front information 
carrying aberration reflected from human eye via CCD (Charge 
Coupled Device), and analyzing its image. Instead of directly obtaining 
human eye’s WFA (wave-front aberration), the two methods can only 
obtain MTF function used for human eye imaging quality assessment. 
Also, the relatively complicated measuring equipment limits the further 
development of the two methods [6,7].

In early 1990s in Germany, Liang proposed measuring human eye 
WFA via Hartmann-Shack Sensor (HSS) [8], which has great influence 
on the visual measurement research. When pursuing his Doctor’s degree 
in University of Heidelberg, Germany, Liang attempted to measure 
human eye aberration via HSS in order to improve Ophthalmoscope 
resolution and succeeded. Liang’s team made some improvement and 
developed Hartmann-Shack Sensor (15 × 15 mm) composed of two 
groups of cylindrical mirror array vertically arranged. Such a method 
has now become the most frequently used technology in measuring eye 
aberration and has been wide applied to researches in visual science.

Institute of Modern Optics in Nankai University and Chengdu 
Institute of Optics and Electronics in Chinese Academy of Sciences are 
the two institutes mainly working on wave aberration measurement and 
correction. The former’s major research area is the measuring quality 
improvement of HSS, etc. while the latter has made fruitful research in 
areas such as principles of HSS measurement, wave-front sensor lens 
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The above mentioned measuring methods are all based on on-axis field 
of view. However, human eye aberration changes caused by off-axis field 
of view have certain impact on visual imaging [12-16]. Although research 
[17-21] has been done on aberration characteristics change within large 
field of view (plus or minus 50 degrees), research within small field of view 
has never been done. In spite of the fact that generally speaking, human eye 
has a relatively large view angle that can reach 150 degrees, the clear viewing 
area is within retina’s macular region, especially fovea centralis of macular 
region (corresponding angle being 6-8 degrees). The remaining areas have 
a very low resolution. Therefore, we mainly focus on characteristic changes 
of human eye WFA when the scope of off-axis field of view increased from 
0 degree to 5 degrees and 10 degrees.  

Hartmann-Shack Measurement Principle and Zernike 
Wave-front Reconstruction

HS method is the most widely used approach in measuring human 
eye WFA. HS Principle is a WFA measuring method firstly proposed by 
Hartmann and later improved by Shack. The basic principle of Zernike 
is dividing a complete wave-front into several small areas via lens arra. 
The irradiating wave-front leaves a series of focal points on the focal 
plane while passing the lens array [22-26].

WFA’s local slope can be measured by the HSS. Complete WFA can 
be obtained by restructing algorithm using local slope, which can be 
presented via Zernike polynomial as follows:
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In the equation, “n” means the highest number order of the 
reconstructed Zernike polynomial. Here, ka  is section k of Zernike 
polynomial coefficient. Zk is section k of Zernike polynomial. Partial 
derivative of wave-front slope on subaperture can be shown as:
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Gx and Gy means slopes in x and y directions, respectively. Suppose 
wave-front sensor has m subaperture, wave-front restructuring is done 
using the first N section of Zernike polynomial. 
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The above equation is shown in matrix form:

G=Z·A                                                    (4)

Here, G is wave-front slope vector. Z is matrix reconstruction of 
2 m×N, the volume of which is decided by the number of micro lens 
in wave-front sensor and measuring area. A is coefficient vector of 
Zernike polynomial in order N. Minimum norm solution of vector A in 
the least square can be calculated by means of generalized inverse Z+ of 
wave-front matrix reconstruction Z, which is calculated by wave-front 
vector G measured by HSS.

A=Z+·G                                                  (5)

Complete wave-front can be achieved by calculate the coefficient 
vector A of Zernike back to wave-front polynomial expansion.

Building Measuring System
The experimental system establishment of off-axis measurement of 

human eye aberration requires realization of objective measurement 
which without regard to human being’s subjective influence. The 
measurement is done via information reflected by human eye and 
subjects’ adaptive cooperation. There is an observing object in the 
system which moves within certain field of view. Accordingly, human 
eye moves with the object within the field. In this way, human eye 
aberration in different off-axis angles can be measured and the 
aberration can be analysed. The system is a complex combination of 
optics, mechanics and electronics which requires coordination of each 
section. Figure 1 is the schematic diagram of human eye aberration off-
axis measuring system based on HSS.

Figure 1 Components in Schematic Diagram Human Eye Off-axis 
Measurement include laser, spatial filter (aperture), lens, PBS (Polarized 
Beam splitter), HSS, movable target object, etc.

Human Eye Aberration Off-axis Measurement 
Experiment

Human eye off-axis WFA is different from the simulated eye. 
Because it is impossible to fix human eye on the dividing readout panel, 
off-axis measuring system is set in the measuring optical path, that is, 
swing the object perpendicular to the direction of the optical axis while 
the tested eye moving follow with the movement of the object. In the 
experiment, Figure 2 is set-up according to schematic diagram 1. 

Experiment

In living human eye off-axis measurement, several sets of data were 
measured and 4 sets were randomly drawn for research and analysis. 
The data are the following: 

Analysis

1. According to Figure 3, LZY’s WFA diagram and Zernkie 
coefficients, right eye’s RMS changes from 0.305 Waves to 
0.757 Waves, and then to 0.802 Waves; Meanwhile, Figures 4 
and 5 show LZY’s left eye’s RMS changes from 0.555 Waves to 
0.596 Waves, and then to 1.198 Waves. There is a significant 

Figure 1: Schematic Diagram Human Eye Off-axis Measurement.
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Figure 2: Systematic Diagram of Actual Optical Path.
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Figure 3: LZY Right Eye’s WFA Diagrams with Angles being 0°off-axis 5°and 10° Zernike Coefficient.
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increasing trend of aberration with the increase of off-axis 
angles. However, when comparing the data of right eye’s off-
axis 5 degrees and off-axis 10 degrees, no significant increase 
is found, which illustrates the relatively uniform difference 
of right eye aberration with little change when off-axis angle 
becomes wider. 

2. According to HSS Original Imaging On-axis and Off-axis of 

Figure 6 and Figure 7, human eye’s imaging quality significantly 
lowered with the increase of off-axis angles. What’s more, image 
disk on the left side of the diagram gradually blurs and then 
disappears. This is mainly because when doing the experiment, 
human eye moves gradually from right to left, thus the light 
irradiating into the left side slowly decreases. Visual image caused 
by light’s reaching retina and passing visual cell is the clearest 
only when light source is irradiating vertically and the image 
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Figure 4: LZY Left Eye’s WFA Diagrams with Angles being 0 ° off-axis 5° and 10° Zernike Coefficient.

Figure 5: LZY Change of RMS When Left Eye being Off-axis.
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quality is affected when irradiating aslantly. Also, image quality 
is sharply lowered because there are fewer photoreceptor cells on 
retina’s edge. This demonstrates image obtained when irradiating 
vertically is comparatively uniform with higher quality and lower 
aberration. With the increase of deviating angles, brightness on 
each spot on the sensor becomes nonuniform and image quality is 
lowered. Thus it shows bigger RMS. That is the case with WJJ’s HSS 
image (Figure 8 and Figure 9).

3. According to the Figures 10-12, WJJ’s WFA diagram and 
Zernkie coefficients, right eye’s RMS changes from 0.790 Waves 
to 1.041 Waves, and then to 2.767 Waves; Meanwhile, Figures 
13 and 14 show WJJ’s left eye’s RMS changes from 1.440 Waves 
to 1.849 Waves, and then to 2.435 Waves. There is a significant 
increasing trend of aberration when being off-axis and the 
corresponding Zernike coefficient is bigger compared with 
that of LZY. That is to say, WJJ’s off-axis aberration affected by 

On-axis                 off-axis 5degree            off-axis 10degree
Figure 6: LZY HSS Original Imaging When Right Eye is On-axis and Off-axis.

 
On-axis                 off-axis 5degree            off-axis 10degree

Figure 7: LZY HSS Original Imaging When Left Eye is On-axis and Off-axis.

 

 
On-axis                 off-axis 5degree            off-axis 10degree

Figure 8: WJJ HSS Original Imaging When Left Eye is On-axis and Off-axis.

On-axis                 off-axis 5degree            off-axis 10degree
Figure 9: WJJ HSS Original Imaging When Right Eye is On-axis and Off-axis.
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measuring error is much bigger than that of LZY. In addition, 
higher-order aberration (4th order and above) is also bigger. 
Therefore, to individual subject, measuring error caused by off-
axis irradiation is very significant.

4. Figures 15-18 show the Comparasion of first 2nd-4th order 
Zernike coefficients with LZY and WJJ’s left eyes and right 

eyes in different angles. Aberration varies from different 
subjects with significant difference at 2nd order aberration. For 
all subjects, 3rd order aberration increases with the increase 
of field of view. 4th order aberration increases with the 
increase of off-axis angle of field of view. There is no obvious 
change except significant change in the first section of 4th 
order. When it comes to 5th and 6th order aberration, there is 
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Figure 10: WJJ Right Eye’s WFA Diagrams with Angles being 0 °off-axis 5° and 10° Zernike Coefficient.

Figure 11: WJJ Change of RMS When Right Eye being Off-axis.
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Figure 12: Change of RMS When Right Eye being Off-axis
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Figure 13: WJJ Left Eye’s WFA Diagrams with Angles being 0° off-axis 5° and 10° Zernike Coefficient.

no obvious change, so no comparison is made. All the above 
clearly indicate it is the first four order aberration that have 
great influence on human eye, within which the 3rd and 4th 
order aberration increases significantly with the increase of 
off-axis angle of field of view.

5. It can be concluded from the above data that off-axis aberration 

(3rd order and above) increases sharply with the increase of off-
axis angle within the degrees between 0-10.

6. It should be noted that although normal human eye has a 
large view angle, the clear observation area of human eye 
is in retina’s macular area, especially its fovea centralis with 
the remaining area’s resolution being very low. Therefore, 
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the measurement is carried out in the field of view between 
0-10 degrees. It can be observed either in small angle off-
axis measurement (Figures 6-9) that human eye’s imaging 
quality in peripheral field is lowered dramatically with the 
increase in off-axis angle. Besides the density decrease in 
photoreceptor cells in peripheral field, the reason for it is 
because field of view cannot be fully enlarged by off-axis 
aberration (3rd order and above) caused by light as off-axis 
equals non-normal incidence.

Conclusion
In conclusion, for all subjects, 2nd order aberration makes up the 

biggest percentage in individual aberration and shows no obvious 
change with the increase in off-axis visual angle. 3rd order aberration 
increases with the increase in off-axis visual angle. 4th order aberration 
shows no significant change except the obvious increase in first section. 
Concerning the 5th order aberration and above, there is little change 
with the increase in off-axis visual angle and therefore can be ignored. 
Moreover, to individuals, the data are small, which fully indicates 

Figure 14: WJJ Change of RMS When Left Eye being Off-axis.
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Figure 15: LZY Comparasion of first 2-4 Order Zernike Coefficients with Different Right Eye Off-axis Angles.
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Figure 16: LZY Comparasion of first 2-4 Order Zernike Coefficients with Different Left Eye Off-axis Angles.
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human eye is mainly affected by aberration of the first four orders while 
the 5th order and above has little influence.

In addition, because vision is caused by light’s reaching retina and 
passing visual cells, the picture taken is the clearest only when light 
source is irradiating vertically while image quality will be seriously 
affected when irradiating slantly. 
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