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Abstract 

Wavefront distortions are a common problem in optics (e.g. in the fabrication and control of ophthalmic 

lenses) and therefore require the measurement of the aberrations of an optical wavefront. This paper presents 

a non destructive experimental approach using a flatbed scanner wavefront sensing unit based on the 

Hartmann principle to image the optical wave front. An array of apertures is mounted at a distance of ≈ 57 

mm from the flatbed scanner for image sensing after a light irradiation (high power LED emitting 

monochromatic light at 520nm) source and collimation using an achromatic lens with a diameter of 80mm 

and a focal length of 500mm. A parallel beam of light is produced which casts the aperture array on the 

image sensor as a pattern of light spots. If an optical sample is placed between the collimating lens and the 

aperture array, each spot is displaced proportional to the average phase tilt over the corresponding aperture. 

The wavefront sensor measures the tilt over each aperture by comparing the measured positions of the 

deflected spots against the positions of the undeflected reference spots. The tilt measurements are then 

converted into a replica of the wavefront by performing a form of integration called wavefront 

reconstruction. The wavefront reconstruction method used and implemented in MATLAB uses fitting with 

Zernike polynomials. Hence the shape of the wave front is calculated. Our results demonstrate the flatbed 

scanner as an imaging device for a Hartmann wave front sensor for lenses with optical power ranging from -

15 diopters to +11 diopters. The presence of black stripes in the spot images has been circumvented using 

filter technique prior to image processing.  
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1. Introduction 

 
Wavefront sensing is an important technique in adaptive optics and optical testing [1]. It 

involves measuring the shape of the wavefront using a wavefront sensor. For common 

optical lenses, aberrations are considered as “lens errors” while in ophthalmic lenses (free 
form progressive lenses) aberrations are often desired since they are necessary to correct 

the aberrations of the eye. Therefore before reaching the customer, it is important for the 

manufacturer to ascertain that they serve the purpose they are intended for. Several 

wavefront measurement methods have been developed, for example, Hartmann method, 

Ronchi Test, Two-wave interferometers [2], Shack-Hartmann method [3], shearing 

interferometer [4], wavefront curvature sensor [5], and phase diversity [6]. In this paper we 

have used the Hartmann method to construct a wavefront sensor. 

 

The wavefront sensing technique dates back to the 20
th

 Century when it was first used in 

astronomy to test telescope lenses. It was invented by Johannes Hartmann [7] while 

working with the “Great Refractor” telescope in Potsdam in Germany.  
 

It was during his tenure as a Professor in Potsdam that Hartmann developed his now 

famous screen test. The “Great Refractor” an 80cm refracting telescope was meant to 
continue Potsdam’s leadership in the field of astronomical spectroscopy. However, the 
optics of the telescope were of inadequate quality to capture usable photographic images. 

Hartmann set out to identify the source of the problem with the telescope and rectify the 

situation. 
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 To test the optics of the telescope, Hartmann constructed a screen with a series of holes on 

in it, and placed the mask over the aperture of the telescope. Photographic plates were then 

inserted and exposed on either side of the focus. By connecting the corresponding spots 

from the two plates and knowing the distance between the locations where the plates were 

exposed, the concentration of rays in the neighborhood of focus could be determined. High 

quality optics would have the rays connecting the corresponding spots all crossing the 

optical axis at the same point while poor optics would result in variation in location for 

where these rays cross the optical axis. Using this technique, Hartmann was able to 

determine that the problem in the “Great Refractor” resided in the primary lens. After this 
lens was refigured, the 80cm telescope became usable and Hartmann went on to 

spectrographically identify calcium clouds with the system. He had just developed a 

method for testing lenses which was later named after him and which later would be used 

in other areas such as ophthalmology and adaptive optics. The Hartmann screen test is still 

used to this day, a statement of its simplicity and value [8]. 

 

1.2 Hartmann Principle 
 

A Hartmann wavefront sensor consists of an array of apertures mounted at a distance from 

an image sensor. Figure 1 represents a schematic of the operation of a Hartmann wavefront 

sensor. 

 

        
 
Figure 1 A schematic diagram of the Hartmann wavefront sensor principle of operation. (a) Shows an 

incident wavefront travelling along the optical axis illuminating an aperture array and the reference spots 

illuminating an image sensor. (b) Shows an incident wavefront as a result of a lens under test and the 

displaced measured spots illuminating an image sensor. 

 

A parallel beam of light illuminates the array of apertures whose image is in turn captured 

by the image sensor as a reference. To measure a given optic, the optic is placed into the 

parallel beam above the aperture array. An image of the displaced spots is captured by the 

image sensor. The displacement of the spots can be calculated and the results used to 

calculate the wavefront. 

 

 

 



1.3 Theory of Wavefront Measurement 
 

In optics and physics, a wavefront is the locus (a line or, in a wave propagating in three 

dimensions, a surface) of points having the same phase. Since infrared, optical, and 

gamma-ray frequencies are so high, the temporal component of electromagnetic waves is 

usually ignored at these wavelengths, and it is only the phase of the spatial oscillation that 

is described. 

 

 
 

  

 

Equation (1) shows a harmonic wave function  where  is the spatial coordinate and 

t is the temporal coordinate.  is the amplitude of the wave,  is the wavenumber (spatial 

frequency) and  is the angular frequency. A ray is the path taken by the wave energy in 

travelling from the source to the receptor. A plane wave can be viewed as a locus of 

parallel points having the same phase and a spherical wavefront is a locus of diverging 

points having the same phase. This is illustrated in figure 2. 

 

          
 
Figure 2 Representation of (a) a plane wavefront and (b) a spherical wavefront. 

 

The departures of the performance of an optical system from the predictions of paraxial 

optics are known as wavefront aberrations. The wavefront aberration , is defined 

as the distance in optical path length from a reference sphere to the wavefront in the exit 

pupil measured along the ray as a function of the transverse coordinates  of the ray 

intersection with the reference sphere centered on the ideal image point. It is not the 

wavefront but its departure from the reference spherical wavefront as indicated in figure 3. 

 

phase 



              

 
 
Figure 3 Wave aberration function for a distant point object. 

 

In ophthalmic optics, it is often desirable to measure the wavefront and calculate the 

aberrations associated with it. This is useful in quality control of a lens. By knowing the 

wavefront of a lens and hence the aberrations associated with it, we can be able to tell if 

the lens contains the required aberrations and power. It is worth noting that wave 

aberrations in ophthalmic lenses are desirable to cancel out the effect of wave aberrations 

of the eye which are to be corrected using the said lenses. 

 

We use the Hartmann method in this work. This method consists of sampling the 

wavefront or lens surface through the use of an aperture array. The basic concept behind 

this method is that a wavefront can be sampled in a number of locations across it in a 

predetermined fashion, and the wavefront can be reconstructed when the sample points are 

related to each other. The method is based purely on a geometrical optics approach. The 

premise is that a portion of the wavefront, when tilted relative to the ideal wavefront in that 

region, causes the light, to come into focus at a place other than the intended focus, or to 

intercept some plane at a location other than that which would be obtained with the light 

coming from the ideal wavefront and from that region. The converse can be used to 

determine the tilt error in a portion of the wavefront, by determining where the light from 

that region intercepts some plane and what difference there is between that intersection and 

the one expected from the perfect wavefront of interest. 

 

If the wavefront is sampled by a number of rays or beams, normal to it, ray deviations can 

be obtained at some recording plane. In our case, the recording plane is the image sensor of 

the flatbed scanner. A ray deviation is taken to be from the location at which the ray should 

have been recorded had the desired ideal wavefront been under test. The ideal wavefront 

does not need to be perfectly spherical but in principal can have any shape. The only 

deviations of interest are those from the wavefront, whatever its shape is. 

 

 



1.3.1 Location of the spot 

 

In measuring the wavefront using the Hartmann wavefront sensor, we first determine the 

location of the spots. We have taken the z-axis as the optical axis normal to the planes of 

the scanner’s image sensor and aperture array. The x-axis and y-axis are located in the 

plane of the image sensor. The sensor is calibrated by recording an image of uniform plane 

wave. The spots location are then determined from this image by calculating their centroids 

or first moments along both the x-axis and y-axis. The centroids are calculated using a 

standard algorithm as shown in equations (2) and (3) [9]. 

 

 

 

 

 

 

Where  is the intensity measured by the pixel in the  row and  column.  

and  are the minimum values of the row and column number respectively,  and 

 are the maximum values of the row and columns number respectively.  and  are 

the spacing of the pixels along the x-axis and y-axis respectively. The intensity used here is 

actually a threshold intensity value. If the intensity is above the threshold, the intensity at 

this pixel is set to zero. 

The average gradient or slope of the wavefront can be calculated from the displacement of 

the centroids of the spots. To perform any measurement, the Hartmann wavefront sensor is 

illuminated with a beam whose wavefront  is being measured and the position of 

the spots is determined from the scanner image using the centroid algorithm. In the flatbed 

scanner wavefront sensor, this is determined by measuring the spatial displacement of a 

spot from that due to a plane wavefront incident on the same aperture array.  

 

                              

  
 
Figure 4 A schematic diagram of the spot displacement on the sensor array due to the slope of the wavefront 

at the aperture array. 

 



The average gradient or the slope of the wavefront over the aperture diameter along the x-

axis and y-axis are calculated using the following equations. 

 

 

 

 

 

 

where  is the distance between the aperture array and the image sensor. 

 

2. Wavefront Reconstruction 

 
In optics, wavefront reconstruction is the retrieval of an entire wavefront from the data 

obtained from the wavefront sensor measurements. Having obtained the slope or gradient 

of the wavefront, reconstruction can be done using different methods. In this work we use 

linear integration and Zernike polynomials wavefront fitting. 

 

2.1 Linear integration 
 

Linear integration is the simplest of wavefront reconstructors. The computer begins at one 

edge of the wavefront sensor data and defines the wavefront height at each integration area 

as zero. The height of the wavefront in the next integration area along the scan direction is 

calculated as the previous wavefront height plus the slope of the previous integration area 

times the aperture separation [9]. Mathematically, this is given in the x-direction by, 

 

 

  

where  is the wavefront surface and  is the aperture separation. This is also performed in 

the y-direction using the formula below 

 

where the indices  and  are the row and column positions of the wavefront height in the 

integration matrices respectively. After the integration is performed along both axes, the 

wavefront is found by summing both individual scans:  

 

 
 

 

2.2 Zernike polynomials wavefront fitting 
 

Zernike polynomials form a complete set of functions or modes that are orthogonal over a 

unit circle and are convenient for serving as a set of basis functions [10]. This makes them 

suitable for accurately describing wave aberrations as well as for data fitting. They are 

usually expressed in polar coordinates, and are readily convertible to Cartesian 

coordinates. These polynomials are mutually orthogonal, and are therefore mathematically 

independent, making the variance of the sum of modes equal to the sum of the variances of 

each individual mode.  



 

Zernike polynomials are normally expresses in polar coordinates  where 

 They are defined as [11] 

 

 

 

For a given   can only take values of –  

 

Each polynomial has three components: the normalization factor, a radially dependent 

polynomial, and an azimuthally dependent sinusoid. A double indexing scheme is used 

where  is the highest power or order of the radial polynomial and  is the azimuthal or 

angular frequency of the sinusoidal component. 

 

 

 

is the normalization constant factor and 

 

 

 

is the radial polynomial. In this work, the data from the Hartmann wavefront sensor 

represents the slope of the wavefront as a function of x and y. The definitions for x and y 

in the Cartesian coordinate system is given by 

 

 
 

In such cases, it is desirable to express the Zernike polynomials in rectangular form. The 

formula for Zernike polynomials in rectangular coordinates is given by [11] 

 

 

 

where  and . 

 

Equation (13) is only valid for  and  must be replaced by  when 

. The parameters  and  are given in Table 1. 

 
 

 

 

 

 

 

 

 

 

 



Table 1 Shows the p and q values in equation (13). 

       

 
 

The wavefront  is expressed as a weighted sum of the Zernike Polynomials. 

 

 

 

 

 

where, 

 is the polynomial order of expansion, 

 is the coefficient of the  mode in the expansion, and  is equal to the RMS 

wavefront error of that mode. For convenience purposes, in handling our data from the 

Hartmann wavefront sensor, we shall express the wavefront in rectangular coordinates and 

use the single indexing scheme: 

 

 

 

 

 

 refers to the highest mode number included in the expansion. 

Finally, using the data obtained from the Hartmann wavefront sensor, the wavefront can be 

fit to a Zernike polynomial expansion where the expansion coefficients are determined 

using the least square estimation as outlined below [12]. 

 

 

 

 

 



 

where  is the coefficient of  mode in the expansion. 

 

Let, 

 

 

 

 

Equations (16) and (17) can be expressed in matrix form. 

 

 

 

or,  

 

 
 

 

The least squares estimate of  is given by 

 

 

 

where  is the matrix transpose of . 

 

 

 

 

 



3. Experimental Procedure 

 
The Hartmann wavefront sensor built in this work uses the principle discussed in section 1.2 of this 

paper. We have replaced the typical CCD sensor array normally used in commercial wavefront 

sensors with a flatbed scanner. The set up is shown in Figure 5.  

                               
 
Figure 5 A schematic of the flatbed scanner wavefront sensor. 

 

We used an incoherent green LED emitting monochromatic light at 520nm. The human 

eye has a photopic sensitivity at around 550nm. Opthalmic lenses at Carl Zeiss Vision 

GmbH are designed at a wavelength of 546nm hence the choice of the LED. We mounted 

the LED on a brass heat sink to dissipate away heat. An achromatic lens with diameter of 

80mm and a focal length of 500mm was used for collimation of light from the LED. An 

achromatic lens is designed in a way to limit the effects of chromatic and spherical 

aberrations. The aperture array (Hartmann grid) was made of 1.5mm thick stainless steel 

with apertures diameter of 1.5mm and a pitch of 5mm. The grid’s area was 100mm by 

100mm and 19 by 19 apertures. A canon Lide 200 series flatbed scanner was used as an 

imaging sensor. The imaging sensors for this type of scanner are Contact Image Sensor 

(CIS). As the name implies, CISs place the image sensor in near direct contact with the 

object to be scanned as opposed to using mirrors to bounce light to a stationary sensor, as 

is the case in conventional CCD scanners. We modified the scanner by deactivating the 

internal illumination by use of a switch to prevent the internal illumination of the scanner 

interfering with the LED illumination. To drive the scanner and store the images of the 

apertures we used a Pentium PC. 



                                 
 
Figure 6 A photograph of the wavefront sensor set up (Courtesy of Carl Zeiss Vision GmbH). 

 

The achromatic lens was clamped on the rail 500mm from the LED. Hartmann grid was 

then clamped of the rail below the collimating lens. The distance between the Hartmann 

grid and the scanner was maintained at a distance of about 57 mm. We took a reference 

image to test the proper alignment of the system. We adjusted the system manually until 

the reference image was symmetrical about the center of the Hartmann pattern.  

 

3.1 Software 
 

To find the spots and their centroids we used a program developed at Carl Zeiss Vision 

GmbH. We however wrote MATLAB programs for filtering the images, reconstructing the 

wavefront using linear integration and Zernike polynomials fitting and plotting the 

wavefronts. The block diagram below summarizes the wavefront reconstruction using the 

software mentioned above.  

 



 
 

 
Figure 7 A block diagram showing how the software functions. 

 

4. Results and discussion 

 

      
(a)                                                                        (b) 

 
Fig 8 shows (a) the reference image taken using the flatbed scanner and (b) the reference image after 

filtering. 

 

The reference image we obtained using the flatbed scanner contained some stripes as 

shown in figure 8a, we circumvented the problem by filtering the image and the result 

thereof is shown in figure 8b. 

 

 

 

 

 



We measured single vision lenses and reconstructed the wavefronts as shown in the 

images below. 

 

               
Figure 9 Wavefront of a spherical lens with optical power of -6 diopters reconstructed using (a) linear 

integration (b) Zernike polynomials wavefront fitting. 

 

In figure 9 (a), the wavefront reconstructed using linear integration does not look like that 

of a spherical lens. Linear integration is very fast but the results obtained using linear 

integration is very often a distorted wavefront as seen in figure 9 (a). In figure 9 (b) one 

can easily tell that the wavefront is that of a negative spherical lens. In the Zernike 

representation of the wavefront, the tilt can be easily eliminated by setting the 

corresponding coefficients to zero. This is however not possible in the wavefront 

generated by linear integration. Therefore the representation of the wavefront using 

Zernike polynomials is more convenient. 

 

 
 
Figure 10 Wavefronts of images spherical lenses (a) -2 diopters and (b) +2 diopters. 

 

In figure 10, wavefronts of two spherical lenses with equal and opposite optical power are 

shown. The wavefronts are flipped upside down relative each to other as expected. 

 

 



 
 
Figure 11 Wavefronts of prismatic lenses of power: (a) +2 diopters (b) +3 diopters (c) +4 diopters and (d) 

+5 diopters respectively.  

 

Figure 11 shows the wavefronts of prismatic lenses with optical power of +2, +3, +4, and 

+5 diopters. The wavefront of a prismatic lens is a tilt about the x and y directions. As 

depicted in figure 11, increase of optical power of the prismatic lens is shown by the 

increasing tilt. 
 

5. Conclusions 

 
Our main aim of the work presented here was to investigate the feasibility of the use of a 

flatbed scanner as an imaging device in the construction of a Hartmann wavefront sensor. 

We have shown that it is possible to use a flatbed scanner as an imaging device in place of 

the usual CCD array normally used in commercial wavefront sensors. Using the software 

we developed in this work we have successfully demonstrated wavefront reconstruction 

using linear integration and Zernike polynomial fitting. From our results we have shown 

that reconstruction using linear integration is not a convenient way of representing the 

wavefront, on the other hand, representation of the wavefront using Zernike polynomials 

has been shown to be a more convenient way of representing the wavefront. It was 

possible to measure lenses with power ranging from -15 to +11 diopters. Though we have 

successfully shown that a flatbed scanner can be used as an imaging device in 

constructing a wavefront sensor, its image quality needs improvement to stand a chance of 

replacing the already commercially available state of the art device. 
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