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Abstract—Optical parts, such as lenses or mirrors, are often
qualified by surface shape metrology. Wavefront measurements
allow for a more direct measurement of the performance of an
optical part. However, the dynamic range of current wavefront
sensors is not sufficient for measuring the wavefront generated
by high-NA optical parts. In this paper, a wavefront sensor is
combined with a mechatronic positioning system to overcome
these limitations by repositioning and reorienting the wavefront
sensor. Feedback loops are implemented to ensure a tangential
orientation of the wavefront sensor in every measurement position. An experimental setup is constructed and a measurement
strategy that compensates for tip and tilt between wavefront and
sensor is developed. It is demonstrated that this setup is capable
of directly measuring the wavefront of a high-NA optic.
Index Terms—Shack-Hartmann wavefront sensor, Dynamic
range extension, Optical metrology, Automatic optical inspection,
Quality management
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Fig. 1: Scanning wavefront sensor strategy. By increasing the
measurement distance, the wavefront curvature is sufficiently
reduced to be observable by the Shack-Hartmann sensor. To
compensate the incidence angle, the sensor is reoriented (angle
θ).

I. I NTRODUCTION
An increasing number of industrial application depends on
focused light, like laser material processing [1], advanced
microscopy techniques or high-precision optical displacement
sensing [2]. The technical quantity describing how strongly a
lens can focus light is the numerical aperture (NA), defined
as NA = n · sin α with n being the refractive index of the
medium and α the half opening angle of the focused beam
[3] (see also Fig. 1). The NA of an optical element is defined
by the design of the component, but the quality of the focused
spot can be degraded by aberrations, which are often caused
by misalignments or manufacturing errors [4].
To minimize optical aberrations, optical component design
moves from spherical parts, which are comparatively easy
to manufacture and align [5], to aspherical parts and even
freeform parts. While the quality of freeform parts is even
more challenging to assess than the classical, spherical focusing optics, there is a mutual characteristic [6]: The qualification relies on shape measurements of the optical component,
which are either collected by interferometric methods or by
coordinate-measuring machines (CMMs).
Interferometric methods offer sub-nm resolution and are
thus in widespread use for optical flats [7]. To measure highly
divergent wavefronts, however, null-elements are required,

which greatly reduce the universality of the measurement
tool as each new surface geometry requires a new nulllens. Additionally, the null-optic is an additional source of
uncertainty in the measurement process. Further, the interferometric approach suffers from a high vibration sensitivity,
which renders it difficult to use it in industrial environments.
The CMM is well suited for nearly any part shape, can
be equipped with tactile or non-tactile probes, and offers a
nm-resolution comparable to the interferometric approach [8].
Optical parts are typically measured with non-tactile probes,
as delicate coatings may be damaged by a tactile probe [9].
Compared to interferometric approaches, CMMs are typically
much slower, as the surface data has to be acquired point-bypoint or line-by-line.
To avoid the problems inherent to shape measurements, it
was proposed to directly measure optical part performance [6].
This can be achieved by measuring the shape of the optical
wavefront that is transmitted or reflected by an optical part
or system. A commonly used wavefront sensor is the ShackHartmann sensor (SHS), which is a camera-based sensor that
measures the shape of an incoming wavefront region in a
single shot [10]. As Shack-Hartmann sensors are small, robust,
fast and comparatively insensitive to vibrations, they are well
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suited for industrial environments [11]. Their capability to
characterize lenses bigger than the sensor aperture was recently demonstrated [12], [13]. This was done by manual, linear repositioning of the sensor and subsequent stitching of the
acquired wavefront subaperture images. However, the ShackHartmann sensor is limited when it comes to the measurement
of highly divergent wavefronts [14]. This is a problem when
evaluating focusing optics, as these require high numerical
apertures (NA) to create small, diffraction-limited focal spots.
Approaches involving null-optics to enable Shack-Hartmannwavefront sensing of high-NA lenses were also demonstrated,
e.g. [15], but these suffer from the necessity of a specific
null-optic and the additional uncertainties introduced by that
element.
A recently published approach bypasses the limitations of
the Shack-Hartmann sensor by mechanically repositioning the
sensor along the wavefront [16]. The idea is to increase
the measurement distance and thereby reduce the wavefront
curvature incident on the sensor (see Fig. 1). In this case,
only a part of the entire wavefront is observed in a single
wavefront image, such that the sensor needs to be moved to
multiple positions along the wavefront for collecting a number
of partial images. The collected data is then interpreted in
combination with the positioning data to obtain the complete
wavefront. However, the setup presented in [16] is only
partially automated, as the sensor positions and orientations are
pre-planned based on the expected wavefront shape, limiting
its applicability for arbitrary optics.
The contribution of this paper is the design and control
of a fully automated scanning setup to directly measure the
wavefront of a high-NA optical part. This is achieved by
automatically planning a measurement trajectory from an inital
alignment step, implementing feedback loops to orient the
sensor tangentially to the wavefront under test and stitching
the recorded subapertures together to form a representation of
the global wavefront.
II. S HACK -H ARTMANN WAVEFRONT SENSING
A. Sensor principle
A Shack-Hartmann sensor consists of a microlens array and
an image sensor [10]. The working principle is illustrated in
Fig. 2a. Each microlens produces a focused spot on the image
sensor, the position of the spot being dependent on the local
slope of the wavefront incident on the microlens. From the
recorded spot pattern, local slopes can be calculated via
tan(α) =

∆x
fL

(1)

with ∆x the displacement of a spot from its reference position,
fL the focal length of the lenslet and α the wavefront slope
(adapted from [17]). The local slope map is then used to
reconstruct the wavefront shape [10]. Shack-Hartmann sensors
offer a high measurement speed, are relatively robust to
vibrations and have sub-wavelength resolution down to 0.01 λ
[11].
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Fig. 2: Principle of a Shack-Hartmann sensor. a) Working
principle and labeled components of a SHS. b) For a large
global tilt of the incident wavefront, spots leave their assigned
sensor regions. c) For large local curvature, multiple spots are
registered in the same sensor region.
B. Limitations
Two wavefront characteristics limit the Shack-Hartmann
sensor’s dynamic range: wavefront slope and wavefront curvature [14].
Wavefront slope describes the average angle between incident wavefront and sensor aperture. If this angle is too
large, the focused spots form outside their assigned regions
on the sensor chip (see Fig. 2b)). To ensure that spots are
registered within their respective sensor regions, the maximum
admissible incidence angle is limited to
αmax =

PL
2 · fL

(2)

(with lenslet pitch PL as in Fig. 2a)). For typical ShackHartmann sensor parameters (PL = 100 − 200 µm, fL =
3 − 10 mm), αmax is only a few degrees (1-5◦ ).
Wavefront curvature describes the local variation of wavefront slope. If the curvature is too high, multiple spots may
be formed in the same segment of the sensor, making the
assignment of spot to lenslet ambiguous (see Fig. 2c)). Efforts
to solve this problem by advanced spot assignment algorithms
have been reported, e.g. by [18]. These algorithms typically
rely on prior knowledge of the main encountered aberrations
and cannot compensate for the optical degradations that also
accompany high curvatures and slopes incident on the sensor.
C. Scanning Shack-Hartmann Sensor
To perform a wavefront measurement on a highly-divergent
optic without using a nullifying element (and thus avoiding
additional cost, inconvenience and aberration), a scanning
Shack-Hartmann sensor (scanning-SHS) system is proposed.
The limitations of a static SHS, discussed in the previous
section, can be avoided by increasing the measurement distance and scanning along the wavefront generated by the
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Fig. 3: First 15 Zernike polynomials and the related optical
aberrations.
optic under test. Figure 1 illustrates the related tradeoffs.
Increasing the distance reduces the curvature incident on the
sensor aperture. However, to measure the complete wavefront,
multiple measurements are now necessary. A pure translational
scan perpendicular to the optical axis would result in high
incidence angles at the outer positions, again exceeding the
dynamic range of the Shack-Hartmann sensor. By reorienting
the sensor tangentially to the wavefront, the incidence angle
can be kept within limits. Effectively, the opening angle α is
compensated by the stage angle θ.
D. Zernike decomposition
The so-called Zernike polynomials [19] are a set of base
polynomials that are orthogonal on the unit disk. Any wavefront on a spherical aperture can thus be decomposed into its
Zernike components. Their use is widespread in optics because
the individual polynomials can be related to typical aberrations
from optics theory, such as the Seidel aberrations. Figure 3
displays the first 15 Zernike polynomials Znm in the standard
ordering (by radial degree n and azimuthal degree m). The
polynomials relevant for this paper are labeled accordingly.
III. S ETUP AND MEASUREMENT STRATEGY
A. Experimental setup
To implement the scanning-SHS measurement system, an
experimental automatic setup consisting of three translational
stages and one rotational stage was designed. This four degreeof-freedom setup allows for scanning along an arbitrary trajectory in space, though the re-orientation of the sensor is limited
to one degree of rotational freedom. Figure 4 shows the setup
as designed in SolidWorks and as realized in the lab. The xaxis is mounted on the optical table, the z-axis is mounted on
top of the x-axis. The rotation stage is mounted onto the x-zstack and the y-stage is mounted on top of the rotation stage.
The Shack-Hartmann sensor is mounted onto the y-stage. The

Fig. 4: The presented experimental setup as designed in
SolidWorks and as constructed in the laboratory.
rotational axis of the rotation stage is in the plane of the lenslet
array of the Shack-Hartmann sensor.
The position-controlled linear stages (VT-80 stages from
PI Physik Instrumente, Braunschweig, Germany) have a resolution of 500 nm and bidirectional repeatability of 10 µm.
Maximum travel range in the X-, Y- and Z-direction is 200, 50
and 100 mm, respectively. For the highest divergent wavefront
imaginable (opening angle of 180 degrees, NA = 1 in air), a
half-circular trajectory with 100 mm radius could be scanned.
The rotation stage (RM-3 model from Newmark Systems Inc.,
California) offers continuous rotation, a resolution of 0.29 arc
seconds and a bidirectional repeatability of 45 arc seconds.
The Shack-Hartmann Sensor (HR-2 model from Optocraft,
Erlangen, Germany) has 85 × 53 lenslets arranged on a
rectangular grid with 130 µm pitch. Its measurement rate is
up to 20 Hz and it was calibrated in the factory for red
light with the wavelength λ = 635 nm to offer an off-theshelf resolution of 0.01 λ. Its focal length is 3.346 mm,
suggesting a maximum incident wavefront angle of 1.13◦
(following Eq. 2). Through an advanced, proprietary spotassignment algorithm, the sensor actually accepts angles up to
10◦ , however, this is still insufficient for the high-NA optics
modern high-performance applications require.
B. Measurement strategy
To automate the setup, the following measurement procedure is implemented (also illustrated in Fig. 5). First, the
rotational stage is set to 0◦ , so that the Shack-Hartmann sensor
axis is roughly parallel to the optical axis of the system.
Then, the sensor is automatically moved perpendicular to the
optical axis in x-direction (refer to Fig. 4). After every step,
a wavefront measurement is recorded and the T iltX Zernike
coefficient is extracted. From the size of this coefficient, the
size and direction of the next step are calculated. This is
repeated until the value of the T iltX -component is below the
sensor noise. The same process is then repeated with the ytranslation stage for the T iltY -component.
After these steps, the sensor is positioned orthogonal to the
wavefront, though not necessarily parallel to the optical axis of
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the other and in each position, it is oriented tangentially to the
wavefront by minimizing the T iltX - and T iltY -components.
This is achieved for T iltX and T iltY in the same way, so it
is exemplarily discussed in detail for T iltX (see also Fig. 6).
From the automatically preplanned trajectory, the rotational
stage orients the sensor to an initial value θinit = θi . A
wavefront image is recorded and the T iltX Zernike coefficient
is extracted. The coefficient is multiplied by a factor k and
subtracted from θinit , resulting in θnew . The rotational stage
moves to θnew and the process is repeated until the observed
T iltX is below the sensor noise. The factor k is determined
in a preliminary experiment (data not shown) as the inverse
value of the linear relation between positioning angle θ and
observed T iltX coefficient. The value for k was reduced by
30% to add a safety margin to avoid overshooting. The T iltY
component is compensated in the same fashion as T iltX , but
with the translation stage moving in y-direction.
In summary, this setup allows to automatically find and
scan along the “equator” of any roughly spherical wavefront.
For freeform optics, generating non-rotationally symmetric
wavefronts, the setup can easily be extended to include a
second rotational stage for full spherical scanning.

Record wavefront image and
sensor position.
Set n = n+1

Fig. 5: Flowchart of the employed measurement strategy. After
an initial rough alignment, a starting position is acquired, a
trajectory is planned and in each measurement position, the
sensor is automatically oriented tangentially to the wavefront.
CZ

Z#

init

new

set stage
to position
corr

record image

k = 0.01

Zernike analysis

DAQ

TiltX

Fig. 6: Flowchart of the feedback loops employed in the
measurement strategy. The recorded wavefront is decomposed
into its constituent Zernike modes. The T iltX component is
then used to recalculate the desired θ-position.
the optic under test. In this position, another wavefront image
is recorded and the wavefront radius rest is calculated from
the Def ocus Zernike coefficient. A circular scan trajectory
is calculated from the estimated wavefront radius rest , scan
range θmax and step size θstep . The scan range is chosen to
match the NA of the optic under test (θmax = arcsin(NA))
and the step size is chosen to ensure an overlap region of about
50% between subsequent measurements.
θi = −θmax + (i − 1) · θstep

(3a)

xi = xinit − rest · sin(θi )
yi = yinit

(3b)
(3c)

zi = zinit + rest · (1 − cos(θi ))

(3d)

Then, the sensor is moved to one measurement position after

C. Wavefront stitching
With the setup, a number of wavefront images, referred to
as subapertures, is recorded. As the sensor position is known
for each subaperture, the wavefront data can be transformed
to its corresponding position in a global laboratory system.
Due to mechanical uncertainties and sensor misalignments,
the subapertures might deviate from their correct positions
causing errors in the wavefront reconstruction. To minimize
the misalignments and reconstruct the wavefront, a stitching
algorithm is used [20]. In this algorithm, an error function
based on rigid body transformations is set up, which is
minimized in order to correct the misalignments.
IV. R ESULTS AND D ISCUSSION
A. Repeatability of self-alignment
To evaluate the mechanical stability of the scanning setup
and the reliability of the feedback loops, measurements on a
wavefront generated by an Olympus DPlan 10x microscope
objective illuminated by the uncollimated end of a singlemode-fiber-coupled 635 nm laser diode were performed. The
variation between the acquired subapertures was evaluated
by comparing the Zernike components extracted from the
subapertures for 100 runs. In each run, the sensor was moved
along the same trajectory but self-aligned anew in each position. Figure 7 shows the results of these measurements.
The uncertainties also already include the influences of the
mechanical stage uncertainties. The variation in the low- and
high-order Zernike coefficients is below the sensor resolution
of 0.01 λ, which justifies the assumption that a repeatable
wavefront measurement can be conducted after automated selfalignment.
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Fig. 7: Results of the repeatability measurements. Mean values
and standard deviations of sub aperture Zernike coefficients
over 100 runs are shown. The sensor was set to 15 positions
on a circular trajectory from -21◦ to +21◦ degrees and automatically self-aligned in each position.
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Fig. 8: Result of an automatic wavefront measurement along
a great circle. a) Stitched subapertures, the size of a single
subaperture image is marked by a red rectangle. b) Remaining
shape after subtraction of a fitted sphere.
B. Stitched high-NA wavefront
With the setup described in Section III, the wavefront created by a Motic 20x microscope objective (EC Plan, NA 0.45,
corrected for infinity and 0.17 mm specimen cover glass) was
investigated. The objective was illuminated by the collimated
exit of a fiber-coupled 635 nm laser diode. A scan over the full

opening angle of the objective (NA= 0.45 → α = ±26.74◦ )
was performed in 15 steps.
Figure 8a displays the resulting stitched wavefront. The
stitched wavefront was projected along the optical axis into
the XY-plane to resemble the commonly used wavefront
images of a single, static Shack-Hartmann sensor. The general
wavefront shape matches the expectations and was automatically acquired and stitched even though the divergence of
the wavefront exceeds the measurement range of the ShackHartmann sensor by far.
To evaluate the quality of an optic under test, the measured
wavefront has to be compared to the desired or the design
wavefront. For a focusing optic, such a reference wavefront
closely resembles a sphere, therefore a sphere was fitted to the
measurement data as a first reference. Figure 8b presents the
deviations of the measured wavefront from the fitted sphere.
The rms-deviation from the sphere is 1.32 λ or 0.84 µm.
C. Zernike reconstruction of global wavefront
The collected data can also be used to fit a global wavefront
from Zernike polynomials. Figure 9a displays a 3D representation of the fitted wavefront. Figure 9b presents the Zernike
coefficients that make up the wavefront shown in Fig. 9a.
The T iltX - and T iltY -components are close to zero while the
Def ocus-component is quite pronounced, as is expected from
the focusing optic under test and the setup of the experiment.
The higher-order aberrations are indicators for the quality of
the optical component. The main components measured are
V ertical astigmatism (primary and secondary), V ertical
quadraf oil and P rimary spherical aberrations.
In summary, it is demonstrated that the fully automated,
Self-Aligning Scanning Shack-Hartmann Sensor is capable of
measuring a highly divergent wavefront by stitching a set
of recorded subapertures, utilizing the positioning data, to
represent the global wavefront, allowing further analysis such
as a Zernike decomposition.
V. C ONCLUSION
In this paper, a measurement system based on the concept
of a Self-Aligning Scanning Shack-Hartmann Sensor was
designed and implemented in order to obtain highly-divergent
wavefronts. The repeatability of the self-alignment procedure
was investigated, with the subaperture image uncertainties
being within the range of the Shack-Hartmann sensor accuracy.
The measurement of a wavefront with a numerical aperture
of 0.45 (corresponding to an opening angle of ± 26◦ ) was
recorded by automatic repositioning and orienting of a ShackHartmann sensor and subsequent stitching of the individual
subapertures.
Two ways of analyzing the resulting global wavefront image
were investigated: Subtraction of a spherical reference surface
from the measurement data and decomposition of the recorded
surface into its Zernike components. Further research is primarily aimed at identifying the benefits and drawbacks of the
evaluation strategies for different use cases. The comparison
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with a reference surface is an indicator for optical component
quality and may thus be used in manufacturing of optical
elements while the Zernike decomposition can serve as an
indicator for optical system alignment and may be employed
in automatic alignment schemes.
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