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The common Hartmann-Shack wavefront sensor makes use of a lenslet array to sample in-parallel optical 
wavefronts. Here, we introduce a Hartmann-Shack wavefront sensor that employs a digital micromirror device in 
combination with a single lens for serial sampling by scanning. Sensing is analyzed numerically and validated 
experimentally using a deformable mirror operated in closed-loop adaptive optics with a conventional Hartmann-
Shack wavefront sensor, as well as with a set of ophthalmic trial lenses, to generate controllable amounts of 
monochromatic aberrations. The new sensor is free of crosstalk and can potentially operate at kHz speed. It offers a 
reconfigurable aperture that can exclude unwanted parts of the wavefront. © 2018 Optical Society of America 

OCIS codes: (010.1080) Active or adaptive optics; (010.7350) Wave-front sensing; 220.1010 Aberrations (global); (200.6046) Smart pixel systems; 
(280.4788) Optical sensing and sensors.  
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1. INTRODUCTION 
Quantification and correction of optical aberrations is essential in a wide 
range of applications including astronomy, free-space communications, 
lasers, microscopy and ophthalmology. Different methods have been 
developed to quantify aberrations including interferometry [1], 
Hartmann-Shack wavefront sensing (HS-WFS) and related methods [1-
4], curvature sensing [5], pyramid wavefront sensing (P-WFS) [6,7], and 
quasi-resonant sensing using surface-plasmon polaritons (SPP-WFS) 
[8]. Some of these methods can be coded into liquid-crystal spatial light 
modulators (SLM) to allow real-time tuning of sensing parameters 
[3,7,9] although the resulting speed is typically limited to 10’s of Hz. 
Relatedly, liquid-filled lenslet arrays have also been proposed allowing 
for increased flexibility when compared to conventional fixed lenslet 
arrays [10]. Digital micromirror devices (DMD) allow significantly 
higher modulation speed in the kHz range as binary elements. They 
have been used in applications that include retinal imaging [11], 
psychophysical vision testing [12], and lately also coded wavefront 
sensing [13].  

Here, we propose the use of a fast DMD for wavefront sensing using 
a single-lens HS. Serial sensing is used to avoid the use of a lenslet array 
and thereby increase the dynamic range of the DMD-HS-WFS. Others 
have proposed an adaptive spot search method to extend the range of 

conventional HS-WFS [14] or phase retrieval using serial sensing with 
mechanical translation of a subaperture [15]. A large dynamic range can 
benefit ophthalmic applications including the determination of ocular 
aberrations [16] and adaptive optics (AO) retinal imaging [17] with 
special relevance for patients having eye disorders. The option of 
excluding unwanted corneal reflections with the switchable DMD array 
is highly attractive since such reflections can easily mask backscattered 
light from the retina. Like the conventional HS-WFS, a camera is used to 
capture the point-spread-function (PSF) although a rapid quadrant 
position detector could suffice to determine the PSF centre-of-gravity 
(CoG) at higher speed (>100 kHz). The small pixel size of the DMD 
allows for up to approximately 100100-times denser sampling than a 
typical lenslet array. We discuss the principles of the sensor using 
numerical analysis in MatlabTM followed by an experimental proof-of-
principle verification, discussion and conclusions.  

2. EXPERIMENTAL SETUP 
A schematic of the setup used for testing and verification of the DMD-
HS-WFS is shown in Fig. 1. The DMD is a Vialux™ V-7001 VIS with 
1024×768 diagonally hinged micromirrors and 13.7 µm pitch (92% fill 
factor) that can tilt independently -12 and +12. The micromirrors 
allow redirecting reflected light at ±24 (optical angle) at a speed of 
22.727 kHz. The DMD is used for serial scanning of the incident 
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wavefront such that only a small part is sampled at any instant in time. 
This light is focused onto a position sensitive detector, here a ThorlabsTM 
DCU223M CCD camera with  = 4.65 µm pixel size. Thus, it operates as a 
conventional HS-WFS but with the parallel sensing lenslet array 
replaced by temporal sweeping of a reflective DMD cell that may consist 
of one or more adjacent micromirrors. 

The light used is a spatially filtered and expanded beam from a HeNe 
laser ( = 632.8 nm wavelength) truncated to a 3.0 mm diameter. A 140 
actuator Boston MicromachinesTM Multi-3.5 deformable mirror (DM) 
operated in closed-loop AO with a ThorlabsTM HS-WFS 150-5C is used 
to generate controllable amounts of Zernike aberrations across the 
beam of light.  The truncation is necessary since the AO system can only 
manipulate the wavefront within the active area of the DM. A series of 
PSF images are captured with the CCD for each reflective DMD cell using 
an achromatic lens having fL = 50 mm focal length. Two 4f telescopes 
with unit magnification using sets of 150 mm and 200 mm focal length 
achromatic lenses project the pupil plane from the DM to the DMD and 
to the entrance pupil of the CCD detector. This gives a direct relation 
between the sampled wavefront and the position of the PSF. Thus, when 
no aberrations are present all PSF images will be centred (reference 
images) and aberrations will translate the position of the PSF images in 
the same way as a conventional HS-WFS with a lenslet array. An iris with 
an 8 mm large opening (to avoid truncation) is used to block unwanted 
light (-24) from the DMD whereby only the binary sampled part of the 
beam (+24)  is captured at any instant. 

 

 
 

Fig. 1.  (a) Schematic of the system used to verify the operation of the 
DMD-HS-WFS with serial scanning of a reflective DMD cell consisting of 
one or many adjacent micromirrors; (b) raster scanning of the 
wavefront (phase wrapped onto - to +) with the DMD cell; (c) CoG 
determination of the PSF for each sequentially active DMD cell.  The 
DMD is tilted horizontally and vertically to compensate the 24 
reflection angle. All lenses are antireflection-coated achromatic 
doublets. 

3. NUMERICAL MODEL 
To verify the operation of the method, simulated DMD cell raster 

scans have been performed with adjustable parameters prior to the 
experimental realization. Thus, wavefront aberrations are introduced 
across the incident beam as individual or linear combinations of Zernike 

polynomials 
i

Z . Only DMD cells where the illumination covers at least 

50% of their area are included to ensure that focal spots are not 
significantly altered by uneven illumination, such as the partially 
illuminated cell at the rim of the beam shown in Fig. 1(b), which is more 
prone to diffraction and lower signal-to-noise ratio in the captured PSF.  

The wavefront aberration in the pupil plane 
WA

  is expressed using 

polar coordinates ( , )r   and a series expansion including up to the 4th 

Zernike radial order as 
 

( , ) ( , )WA i i

i

r k c Z r  =     (1) 

 

where 
2

k



=  is the wave number and 

i
c  are Zernike coefficients. 

The PSF is captured with the detector (CCD) for each position of the 
sampling DMD cell of size w w  scanned across the beam. Thus, the 

sampled PSF in cartesian coordinates ( , )x y  is related to the wavefront 

aberration at the pupil via a Fourier Transform (FT) as 
 

( ) ( )

2

0 0

PSF( , )

FT rect rect , exp ( , )WA

x y

x x y y
P x y i x y

w w



 − −    
    

    

   (2) 

 

for an active DMD cell centred at 0 0( , )x y . The rect function equals 

unity within each cell and zero outside of it. The profile of the beam is 
described by the pupil function P  which here equals 1 inside and 0 
outside of it, but it can easily account for the actual intensity profile too. 
Due to the high filling factor of the DMD, diffraction by the micromirror 
pitch has been omitted in Eq. (2).  It produces weak diffraction orders at 
±2.65 (and beyond) corresponding to a 9.2 mm shift at the lens and is 
effectively blocked by the iris. It can be included in the calculation by 
subdividing each DMD cell into an array of rect functions representative 
of the active micromirrors but for simplicity this will not be done here. 

Eq. (2) can be expressed using convolutions * of sinc functions as 
 

 

( ) ( )

( ) ( )

( ) ( ) 

0

0

2

PSF( , )

exp 2 sinc

exp 2 sinc

FT , exp ( , ) .

x x

y y

WA

x y

i f x f w

i f y f w

P x y i x y

 

 



− 

− 


  (3) 

 

where the spatial frequencies ,x y

L L

x y
f f

f f 
= =  are determined 

by the imaging lens fL and the CCD coordinates. The peak of the sinc 
functions are centered at the origin and are narrowest when w is large. 
In turn, when w is small (such as when the DMD cell consists of a single 
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micromirror at a time) the spatial width of the sinc functions widens. If 

2 Lfw



= , which for the chosen system parameters corresponds to 

13 mm, the peak of the sinc functions would be confined to a single CCD 
pixel. When chosen smaller, the peak spreads across more pixels. In this 
study w = 0.6 mm and w = 0.3 mm have been chosen to spread the 
sampled PSF across the central pixels of the CCD. The same relation can 
also be used to optimize sensing with a quadrant detector of a given size. 

The raster scanning via the coordinates 0 0( , )x y  modifies 

sequentially the DMD phase factors in Eq. (3) thereby sampling the PSF. 

If the wavefront is planar with a tilt x
  in the x  direction, it produces a 

translation sin( )L x L xx f f  =   of the PSF due to the shift 

theorem of the FT and a spot width set by the convolution in Eq. (3). The 
small-angle approximation of the sin function is valid for all angles 
considered in this study due to the small size of the CCD sensor with 
respect to the focal length of the imaging lens. In general, aberrations 
will shift the CoG of the sampled PSF. When w is small this will be 
encoded as a local tip/tilt in the same way as when using dense lenslets 
with a conventional HS-WFS. Indeed, Eq. (2) and Eq. (3) can easily be 
modified to describe a HS-WFS using a lenslet array by including a lens 
phase transfer function with each rect function. 

The PSF is recorded for each position of the DMD cell and for 

centroiding the CoG coordinates ( , )c cx y are calculated as 

 

, , , ,

, ,

, ,

, ,

;

m n m n m n m n

m n m n

c c

m n m n

m n m n

x I y I

x y
I I

= =

 

 
   (4) 

 

where ,m n
x  and ,m n

y  refer to individual CCD pixels ( ),m n of intensity 

,m n
I . More advanced centroiding methods could be used to reduce the 

impact of noise or to adapt the CoG estimation to, for example, a region 
of interest on the CCD with fewer pixels, a quadrant detector, and a noise 
floor cutoff.  

The least-square-estimate of the reconstructed Zernike coefficients 
est

c  is determined as 

 

1
est T T meas

c b
−

 =  A A A    (5) 

 

where A  is a tensor of Zernike polynomial derivatives, 
T

A  is the 

transpose of A , and 
1−

  
T T

A A A  is its pseudoinverse. The vector 

meas
b  consists of measured wavefront slopes determined by the 

translation coordinates of each PSF CoG with respect to that obtained 
using a planar reference wave. Other wavefront reconstruction 
methods are readily available both in terms of computing Zernike 
coefficients and in terms of direct reconstruction from the centroid 
displacement without a projection onto Zernike modes [18]. However, 
since the control loop of the AO system used operates directly with 
Zernike coefficients, and since Zernike coefficients are of special 
relevance for ophthalmic applications., this approach was chosen for the 
study. 

Simulated sensing and reconstruction of individual Zernike 
polynomials arranged according to the ANSI Z80.28-2010 standard are 
shown in Fig. 2 for two different DMD sampling densities. The quality of 

the simulated reconstruction in terms of the root-mean-square (RMS) 

Zernike reconstruction 
2

RMS i

i

c=  is very high for low-order 

aberrations and deteriorates only slightly with increasing aberration 
order. When using 10×10 DMD cells (1 cell equals 2222 individual 
micromirrors) the reconstruction is practically identical to the incident 
wavefront. For the 5×5 DMD cells (1 cell equals 4444 individual 
micromirrors) a slight deterioration can be seen such as an imperfect 

rotational symmetry for spherical aberration (
13

Z ).  

 

 
 

Fig. 2. Numerical simulation of DMD-HS-WFS of individual Zernike 
polynomials (excluding piston) with coefficients of 1 µm each scaled to 
the full scalebar using (a) 5×5 DMD cell (each 600×600 µm2) swept 
across the beam producing 25 sampled PSF’s; (b) 10×10 DMD cell (each 
300×300 µm2) producing 100 sampled PSF’s. The magnitude of the 
reconstructed wavefront RMS (in µm units) is shown below each map. 
Only PSF’s from DMD cells that are illuminated across more than 50% 
of their entire aperture have been included in the reconstruction. 

 
The diagram in Fig. 3 shows a comparison of the reconstruction 

when the incident illumination area covers at least 50% of each 
contributing DMD cell and the situation where only cells covered by 
100% have been included to avoid beam truncation.  

 

 
 

Fig. 3. Comparison of simulated sensing and reconstruction of 
individual Zernike polynomials with 1 µm coefficients with the DMD-
HS-WFS using 5×5 and 10×10 DMD cells and with inclusion of all 100% 
illuminated cells and those covered by at least 50%., respectively. 
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As can be seen, when only fully illuminated cells are included, the 

obtained RMS is closest to the expected with 10×10 cells. However, with 
5×5 cells a significant reduction in quality can be observed for some 
coefficients as this corresponds to just the central 3×3 cells in Fig. 1. 
Denser DMD sampling follows the beam periphery more closely and is 
therefore less affected. 

Fig. 4 show simulations with reconstruction of random aberrations 
of increasing RMS wavefront error (same aberration with scaled 
Zernike coefficients) including only DMD cells that are fully illuminated. 
Again, it can be noted that the low sampling density provides a fair 
approximation, but the denser sampling captures more details. 

 

 
 

Fig. 4. Numerical simulation of DMD-HS-WFS reconstruction of a linear 
combination of Zernike polynomials with random coefficients in the 
range 0 – 1 µm scaled with (a) ×1 (RMS 2.7668 µm); (b) ×5 (RMS 
13.8341 µm); and (c) ×10 (RMS 27.6681 µm). Reconstruction with 
DMD swept cells of 5×5 (each 600×600 µm2); 10×10 (each 300×300 
µm2); 20×20 (each 150×150 µm2) are shown. The magnitude of the 
reconstructed wavefront RMS (in µm units) is shown below each map 
(phase wrapped onto - to +). 

 
Fig. 4 also shows that the dynamic range of the sensor can, in 

principle, be very large. The reason is that there is no PSF crosstalk 
which limits the range of the conventional HS-WFS. The dynamic range 
is set by the f-number of the optics used to project the active DMD cell 
onto the detector (CCD) and the 24 reflection angle used to separate the 
sampled wavefront from the rest of the light at any instant. 

4. EXPERIMENTAL RESULTS 
An experimental verification was done with the system shown in Fig. 1. 
The results using a 5×5 DMD cell swept across the beam are shown in 
Fig. 5 for the same Zernike polynomials as shown in Fig. 2. The AO 
system consisting of the DM and HS-WFS was set to generate the 
individual Zernike modes. The DMD was raster scanned by software 
and images were captured manually (at low speed).  The limited stroke 
of the DM prevents the AO system from reaching the full Zernike 
coefficients for high-order modes. For comparison, the system was set 
to generate both positive and negative Zernike coefficients, i.e., 1 µm 
that were sensed with the DMD-HS-WFS and reconstructed with 
respect to a planar reference wave. Some asymmetry can be noticed 
caused by a slight offset in the DMD alignment with respect to the pupil 
of the AO system. This could be overcome either by pixelwise alignment 
of the DMD (it was aligned by visual inspection of the reflected light with 

circular projection images) or by postprocessing of the reconstruction 
pupil. The tilt of the DMD causes a slight deviation for the cartesian 
coordinates used which could be corrected using a rotated reference 
system [19]. Despite of the tilt, the large focal length of the telescopes 
ensures that the DMD is approximately conjugated to the pupil across 
the beam. 

  

 
 

Fig. 5. Experimental verification of the DMD-HS-WFS of individual 
Zernike polynomials (excluding piston) each scaled to the full scalebar 
and generated with the AO system with coefficients of (a) -1 µm and (b) 
+1 µm and sensed using 5×5 DMD (each 600×600 µm2) swept cells 
across the beam producing 25 sampled PSF’s. Only PSF’s from DMD 
cells that are illuminated across at least 50% of their apertures have 
been included in the reconstruction. The magnitude of the 
reconstructed wavefront RMS (in µm units) is shown below each map. 

 
For comparison, reconstruction was also made when including only 

DMD cells that are fully illuminated. The results of this are shown in Fig. 
6.  

 

 
 

Fig. 6. Experimental verification of the DMD-HS-WFS of individual 
Zernike polynomials (excluding piston) each scaled to the full scalebar 
and generated with the AO system with coefficients of (a) -1 µm and (b) 
+1 µm and sensed using 5×5 DMD (each 600×600 µm2) swept cells 
across the beam producing 25 sampled PSF’s. Only PSF’s from DMD 
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cells that are fully illuminated across their entire apertures have been 
included in the reconstruction. The magnitude of the reconstructed 
wavefront RMS (in µm units) is shown below each map. 

 
As expected, some of the Zernike modes are reconstructed with 

higher accuracy when using only fully illuminated cells. The lack of 
stroke of the DM used is noticeable in the reconstruction of the higher-
order modes as can be seen in the RMS values shown below each image 
map that fall short of the requested 1 µm. 

To verify the large dynamic range of the DMD-HS-WFS, a set of tests 
without the limited-stroke AO system but with a set of ophthalmic trial 
lenses was used to generate defocus. Fig. 7 shows the measurement 
results for these cases. The reconstruction is approximately linear in the 
range of -5D to +5D (R-squared of 0.9971) although the determined c5 
coefficients shown below each image map in Fig. 7 differ somewhat 
from the expected values of ±0.33, ±1.62 and ±3.25 µm calculated for a 
3.0 mm beam using the dioptric powers quoted by the lens 
manufacturer (MSDTM). 

It gradually fails as the size of the PSF on the camera becomes very 
large and the CoG expressed by Eq. (4) less accurate. This could be 
improved with better centroiding methods [20-22] or with a sensor 
having higher bit depth than the 8-bit CCD used which is prone to 
saturation. Indeed, the potential large dynamic range can be 
appreciated from the simulation in Fig. 4 with even a low sampling 
density. This was also verified numerically with defocus up to c5 = ± 1000 

µm (not shown here).  
 

 
 

Fig. 7. Experimental verification of the DMD-HS-WFS reconstructing 
defocus generated by ophthalmic trial lenses in place of the AO system 
using from -10 to +10 diopters. All maps have been adjusted 
individually to the full scalebar that include 2 phase wrapping when 
the defocus is largest. The wavefront was determined by use of a 5×5 
DMD cell (each 600×600 µm2) swept across the beam producing a total 
of 25 sampled PSF’s. Only PSF’s from DMD cells that are illuminated 
across at least 50% of their apertures have been included in the 
reconstruction. The number below each map show the reconstructed 

Zernike defocus coefficient, 
5

c  expressed in µm units.  

5. DISCUSSION 
The serial wavefront sensing with the DMD-HS-WFS rather than 
parallel sampling of the entire wavefront as with a conventional HS-
WFS solves the problem of crosstalk between adjacent focal points since 
only one PSF is sampled at any instant in time. The analysis in Fig. 4 and 
Fig. 7 demonstrate the potential of the sensor for large aberrations. The 
reconstructed Zernike defocus coefficients up to ±5D are in fair 
agreement with the expectations. Differences may relate to inaccuracies 
in the ophthalmic trial lenses and the wavelength used, mounting and 
centration inaccuracies, or edge diffraction by the truncation of the input 
beam. The DMD could be used to truncate the beam rather than the iris 
but this would increase straylight. Also, a current-tuneable lens or a 
larger-stroke DM could be used to vary the amount of defocus induced 
to eliminate the variation caused by mounting errors of the trial lenses. 

The use of a fast centroiding method with a quadrant detector [21] or 
binary phase modulation [23] could allow high-speed wavefront 
sensing. The potential speed limit with different DMD cell sampling 

densities is shown in Table 1. The higher speed offered by binning of 
micromirrors in larger DMD cells may allow tracking of rapid aberration 
changes as well as oversampling by partially overlap of the DMD raster 
scan cells. Other methods than the simple CoG used here could be used 
to determine the most appropriate centroiding algorithm for a given 
application to increase speed and accuracy. Truncation and noise would 
become relevant in low-light applications requiring, for example, 
intensity-weighted noise suppression or an iterative determination 
[21,22].  

 
Table 1. Scanning speed limit for a 22.727 kHz DMD. *If using two 

detectors with both the +24 and -24 reflection angles the indicated 
limit could double. 

DMD 
cells 

5×5 10×10 20×20 768×768 

Sensing 
limit* 

909 Hz 227 Hz 57 Hz 0.039 Hz 

 
The possible dense sampling of the wavefront at intervals given by 

the DMD pixel pitch may prove useful for extreme adaptive optics [24], 
branching at phase singularities [25] or lithography [26]. Speed may be 
a limiting factor although faster DMD’s (at 32 kHz) are becoming 
available. The size of the detected PSF is inversely proportional to the 
DMD cell size and thus detector noise and DMD diffraction may become 
an issue at very high sampling densities. A more compact system would 
be required to limit the width of the captured PSF’s. A larger reflection 
angle DMD (34 optical angle is available) with rectangular tip/tilt can 
benefit such a design. The quasi-confocal detection offered by the iris 
that filters unwanted light may find useful applications to separate light 
from guide stars at different depths of use in microscopy [27] and 
ophthalmology aided by the large dynamic range that may also benefit 
myopia [28] and highly-aberrated keratoconus studies and animal 
retinal imaging [29].  Finally, the DMD allows removal of unwanted light 
in the pupil plane such as reflections from the anterior eye in 
ophthalmology or bright stars in coronagraphy.  

6. CONCLUSIONS 
Quantification and correction of optical aberrations is essential in a wide 
range of fields. We have introduced a DMD-HS-WFS that uses raster 
scanning of the pupil with reflective DMD cells that probe a wavefront 
sequentially by sensing local tilts without the use of a lenslet array and 
thus without crosstalk. The sensor can potentially operate at kHz speed 
with few sampling points and switch to lower speed with denser 
sampling when required. We have provided a numerical analysis of the 
sensor and an experimental proof-of-principle. 
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