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Abstract: Standard computer vision methods are usually based on powerful contact-less measurement
approaches but applications, especially at the micro-scale, are restricted by finite depth-of-field and
fixed working distance of imaging devices. Digital holography is a lensless, indirect imaging method
recording the optical wave diffracted by the object onto the image sensor. The object is reconstructed
numerically by propagating the recorded wavefront backward. The object distance becomes
a computation parameter that can be chosen arbitrarily and adjusted to match the object position.
No refractive lens is used and usual depth-of-field and working distance limitations are replaced by
less restrictive ones tied to the laser-source coherence-length and to the size and resolution of the
camera sensor. This paper applies digital holography to artificial visual in-plane position sensing
with an extra-large range-to-resolution ratio. The object is made of a pseudoperiodic pattern allowing
a subpixel resolution as well as a supra field-of-observation displacement range. We demonstrate an
in-plane resolution of 50 nm and 0.002 deg. in X, Y and 0 respectively, over a working distance range
of more than 15 cm. The allowed workspace extends over 12 x 10 x 150 mm?3. Digital holography
extends the field of application of computer vision by allowing an extra-large range of working
distances inaccessible to refractive imaging systems.

Keywords: position sensor; digital holography; image processing; instrumentation; measurement;
range finding; pseudo-periodic patterns

1. Introduction

Computer vision as a measurement system has grown considerably over the last ten years. At the
micro-scale, it is a particularly relevant solution because computer vision is intrinsically contact-less
and multi-directional. Many works have been reported using computer vision as a measurement
system to sense displacements at different scales, from micro-systems [1] to structural engineering [2,3]
and also to control microrobots [4-6], to assembly micro-parts [7], to determine position versus the six
degrees of freedom [8], to calibrate measurement systems [9] or to measure micro-forces by measuring
the deformation of flexible structures [10-14].

Both feature-based and area-based methods have been used at the micro-scale but area-based
methods are preferred because they are more accurate and more robust to noises [15]. Area-based
methods like least squares can achieve nanometer resolutions using regular 20x microscopes [15-18].
Nevertheless, the measurement range is limited to the field of view, limiting computer vision position
sensing of micro-objects to microscopy. It has been showed that direct phase measurements of a periodic

Sensors 2018, 18, 2005; d0i:10.3390/s18072005 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0003-0285-204X
https://orcid.org/0000-0003-3586-4696
https://orcid.org/0000-0003-3570-6196
http://www.mdpi.com/1424-8220/18/7/2005?type=check_update&version=1
http://dx.doi.org/10.3390/s18072005
http://www.mdpi.com/journal/sensors

Sensors 2018, 18, 2005 2 0of 19

pattern can also reach nanometers resolutions [19-21]. Associated to a spatial binary code, the range of
the measure can be extended to millimeters, far beyond the field of view [22,23]. These pattern-based
methods are able to measure the three degrees of freedom in the plane of the image (XY®). They have
been applied with success to the monitoring of live cell culture [24] and to microrobot calibration [25].

One major drawback of computer vision at micro-scale is the short depth of field that limits
out-of-plane measurements. Several solutions have been proposed such as depth-from-focus imaging
and confocal microscopy to reconstruct a topography of the scene. Scanning electron microscopy can
also be used to get very large depth of field. Anyway, all these methods require a scanning of the scene
that slows down the image acquisition rate. Moreover the working distances of these devices are very
short and this reduces considerably the interest of a contact-less measure.

Lens-less imaging systems like digital holography can be used in place of refractive devices
to address the focusing issues [26-28]. Digital holography offers a means for recording the phase
and amplitude of a propagating wave front on a solid-state image sensor [29]. Then, by numerically
propagating the recorded wavefront backward or forward at particular distances of interest [30,31],
different characteristics can be extracted, typically three-dimensional surface or optical thickness
images, but also polarization state and intensity distributions. Several recording and processing
schemes have been developed to assess diverse optical characteristics that make digital holography
a very powerful method for metrological applications [32-37].

In this paper, we propose an original approach that combines digital holography and
pattern-based methods. Pattern-based methods provide in-plane measurements with nanometer
resolutions and millimeter ranges, whereas digital holography enables large and tunable working
distances releasing depth-of-field limitations.

The paper starts with a presentation of digital holography as a lens-less imaging system.
Then, in-plane position sensing is introduced. The actual performances of the approach are finally
evaluated using a dedicated experimental setup.

2. Digital Holography as a Lens-Less Vision System

Holography is well known for allowing volume perception of imaged objects thanks to its unique
ability to preserve parallax. Principles remain however mysterious to many people and holograms are
often considered as almost magical. Better understanding requires a few key-points to be clarified:

e Holography does not record an image of the object but instead the propagating wavefront
diffracted by the object onto the hologram plate.

e  Holography uses interferences with a reference laser beam to record the amplitude and phase of
the propagating wavefront rather than intensity as in usual imaging methods.

o  The 2D distribution of light intensity received by the hologram plate produces, after development,
thickness (or surface height) variations that behave as a diffraction grating.

e  Then, while illuminated by a laser beam similar to the reference beam used at the recording stage,
the hologram diffracts the same wavefront as that diffracted by the object at the recording stage.
To an observer’s eye, or another imaging device, the distribution of light received is as if the
recorded object was still in place.

Originally, holography is based on the use of photosensitive layers with high definitions down to
10nm over areas larger than 1 m?. A huge amount of information is therefore recorded that allows an
outstanding quality of restitution. However, the chemical process necessary for development is time
consuming and most often requires hologram manipulation. These practical modalities as well as the
analog character of holography restrict considerably its use in instrumentation. Digital holography
was developed to circumvent these limitations. The following presentation is voluntary limited to
the basic principles to focus on unique application abilities of digital holography through the case
of position sensing with a numerically highly-tunable working distance. Interested readers will find
advanced details in extensive literature (see for instance: [29,31-34,38-44]).
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2.1. Specificities of Digital Holography

Digital holography replaces chemical photosensitive layers by electronically-interfaced solid-state
image sensors. Despite the physics being exactly the same, the characteristics of solid-state image
sensors induce significant differences. On the one hand, solid-state sensors make holograms
numerically available. Then, from the knowledge of the reference beam wavefront, object restitution
can be performed numerically by back-propagating the recorded wavefront at any distance of the
sensor. This suppresses all processing constraints and provides digital holography with versatile and
real-time specifications that are of great interest for instrumentation. On the other hand, hologram
definitions allowed by solid-state sensors are much lower than that allowed by photosensitive layers.
This results directly from the few millimeter extension of solid-state image sensors and from their pixel
size of a few microns. Despite continuous technological improvements, these dimensional limitations
set supplementary conditions to the application of digital holography:

o  The object size is limited, more or less to the same size as the image sensor itself.

e  The maximal angle between the interfering beams must remain sufficiently small to ensure that
fringes are sampled with at least two pixels per fringe, when off-axis setup is used.

e At the reconstruction stage, the object definition is limited proportionally to the reconstruction
distance. The achievable lateral resolution is given by the speckle grain size: A - d/h, where A is
the laser wavelength, d the distance from the image sensor to the reconstruction plane and # the
lateral extension of the image sensor, assuming 4 >> h. In a same way, the axial resolution of
restitution is given (d >> h), by the following equation:

Ooial = A4d* /W2, @

Despite these restrictions, digital holography constitutes a highly-sensitive interferometric method
working basically with the recording of a single interferogram. The fully-numerical processing of
digital holograms has led to numerous applications in diverse fields of instrumentation.

Figure 1 presents a typical setup used for the recording of off-axis digital holograms. The incident
laser beam is split to illuminate both the reference mirror and the object of interest. After reflection,
the beam reflected by the mirror and that diffracted by the target are recombined by the beam
splitter to interfere onto the image sensor. The reference mirror is slightly tilted to produce a mean
angle @, between the interfering wavefronts ¥y and Y. This technique, known as off-axis digital
holography, makes the retrieval of the object wavefront easier as explained below.
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Figure 1. Example of Michelson off-axis digital holography recording setup. BS: Beam splitter cube,
M: Mirror, z: Axial distance from object to image sensor. WD: Effective working distance.
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A key-point here is to notice that, instead of an image of the object, it is the propagating wavefront
incident on the image sensor that is recorded. The distance of the object does not impact the recording
quality, it only changes the actually recorded wavefront in accordance with light propagation laws.
Therefore, blur does not exist at the recording stage of digital holography that is a lens-less imaging
system. The object distance stands for a computation parameter that is numerically tunable over
an extended range. This specificity makes the range of working distances allowed by digital holography
incomparably larger than that allowed by usual refractive imaging devices.

2.2. Numerical Object Reconstruction

Digital holography records holograms resulting from the interference of a reference beam with
the wavefront diffracted by the object of interest. The recorded intensity distribution can be written as:

2
I(x,y) = |Awj(x, 4,2 = 0) + Aps(x,y,2=0)| , )

where Aobj(x, y,z=0)and A, f(x, y,z = 0) stand, respectively, for the object and reference complex
amplitude incident onto the image sensor, x and y are the lateral coordinates while the distance z is
counted from the image sensor plane (z = d at the object plane).

Figure 2a represents the object target made of an array of square dots and used for in-plane
localization by means of digital holography. Figure 2b depicts a typical digital hologram as grabbed
by the camera. As shown in the inset, the mirror tilt results in a set of parallel fringes distorted by
the irregularities of the wavefront diffracted by the object at a distance d. As observed in Figure 2c,
the Fourier spectrum of the recorded hologram is made of three separated lobes corresponding to
—1, 0 and +1 diffraction orders. Orders —1 and +1 carry complex conjugate information, whereas
order 0 is representative for the background intensity. Spectral filtering allows the extraction of the
+1 order that is used for further object reconstruction by the angular spectrum of the plane waves
approach [30,31,45]. After inverse Fourier transform of the +1 order, the object wavefront is obtained
by subtracting the a priori known contribution of the reference wavefront. The latter is provided by the
conception of the experimental setup, but supplementary characterization experiments are commonly
performed to adjust parameters and compensate for imperfections.

Once the wavefront associated with the object is obtained numerically, it is theoretically possible
to compute how it propagates at any distance, either forward or backward, by applying suitable wave
propagation laws. This property is responsible for the extended range of working distances allowed
by digital holography. The distance between the object and the image sensor is no longer a given
characteristic of the imaging device but a computation parameter than can be freely chosen within
an extended range. The limits to the working distance are tied to the image sensor dimensions as
specified in Section 2.1 provided that the coherence length of the laser source is sufficient. In this aim,
object reconstruction consists of back-propagating the object wavefront retrieved from the recorded
hologram at a distance z from the image sensor that matches the actual distance d of the object.
Numerically, this can be obtained by multiplying the +1 order by a propagator of plane waves
corresponding to the reconstruction distance z preliminary to apply the inverse Fourier transform.
Such a computation can be repeated for any set of distances d, either to find the most appropriate
distance value or to build an extended focus image of the object. Figure 2d presents the in-focus image
reconstructed by processing the hologram of Figure 2b at an optimal distance of 97.8 mm. (Please note
that Figure 2a,d do not correspond to the same target zones). More details on object reconstruction
algorithms applied to the same target can be found elsewhere [45]. Important issues related to wave
propagation algorithms are also discussed in [46], in the frame of a virtual optical propagator system
with the use of SLM (Spatial Light Modulator) to restore computed holograms. In our experiment,
digital holograms are recorded on a 5 Mp CMOS camera (IDS Imaging Development Systems GmbH,
Obersulm, Germany), with pixels of 2.2 pm. In this context, as it was widely discussed many years
ago [37,47], issues due to sampling effects and limited size of the sensor are taken into account in the
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propagation algorithms we used, and removed by zero padding and by a hyperGaussian filtering
process of the input digital hologram to propagate numerically.

Y dimension (mm)

s Sethe 5%

3 2 4 0.1 2 3 25 2 45 4 05 0 05
(mm) X dimension (mm)

Figure 2. Digital holography process. (a) object target, here a pseudo-periodic pattern used for accurate
in-plane localization; (b) off-axis hologram of the object, the inset shows the interference fringes;
(c) Fourier spectrum in log scale of the hologram, the discontinuous red circle shows the spatial
frequency lobe used for object reconstruction; (d) magnitude of object image reconstructed numerically
from the hologram (b). Data in white are used in Section 3.1.

2.3. Working Distance and Focus Determination

The reconstruction distance leading to the best-focused image has to be determined for each
position of the object along the z-axis. There are various techniques for defining image-formation
sharpness-criteria that apply to digital holography [48,49]. The advantage of digital holography is to
provide at different restitution distances the complex field diffracted from the z = 0 hologram plane.
Among the different reconstructed planes (Figure 3a), there is a z = d plane where the image is the
sharpest. In our experiments, this working distance can be tuned over an extended range of up to
15 ecm. Thus, in the plane of the hologram, the field diffracted by the object is recorded at a given
distance, and a first step of numerical reconstruction consists in identifying this distance corresponding
to the best focused image reconstruction.
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Figure 3. Focus variation: (a) object as reconstructed at different distances (B—F) of the image sensor
from hologram recorded at distance z = 0 (A); (b) normalized focus criterion versus reconstruction
distance. The curve maximum indicates the reconstruction distance d leading to the best in-focus image
reconstruction. Letters show the position of reconstructed images B-F. Secondary maximum results
from noise in the digital hologram recorded.
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Figure 3a represents five images reconstructed in amplitude, according to different distances z,
where only image D is in-focus. The sharpness of the image can be determined from multiple focusing
criteria such as the sum of the modulus of the complex field amplitude, the use of a logarithmically
weighted Fourier spectral function, the variance of gray value distribution, focus measure based on
autocorrelation, absolute gradient operator, Laplace filtering or wavelet-based approaches [48-50].
In this work, we opted for a criterion based on the spectral weight of the band-pass filtered spatial
spectrum of the reconstructed image. This approach is well suited when the angular spectrum
of the plane waves method is applied for reconstructing images in digital holography in terms of
computational time and accuracy in determining the focal plane. Indeed, for each spectrum of
the hologram (Figure 2b), multiplied by the propagator at a given distance z, the focus criterion is
determined, after a band-pass filtering of the order 4-1. This consists of summing logarithmically the
high frequency spectral components of the filtered spectrum of the restored amplitude distribution.
When the focus criterion is at a maximum, the focus of the reconstructed image is optimal. The curve
in Figure 3b represents the normalized focus criterion as a function of the reconstruction distance z
over a range of more than 25 mm with a pitch of 1 mm. We observe a main maximum at z = 97.8 mm,
corresponding to the best-focused reconstructed image and fitting with the actual distance as measured
manually. Despite noise remaining significant in the digital hologram recorded and generating
secondary peaks on the curve in Figure 3b, the distance obtained from the main peak is correct, and
this method would allow an automated determination of the optimal reconstruction distance [28,51,52].
In this example, the precision of the estimate of d depends on the axial resolution given by Equation (1),
and is about 800 um in this case. However, maximum curve approximation methods can be applied to
optimize focus distance detection. It should also be noted that digital holography gives access to the
complex amplitude of the diffracted field, and, unlike conventional imaging, it is possible to exploit
the real and imaginary part of the reconstructed field distribution to refine the focus criterion. For
example, in the case of a pure amplitude object, the imaginary part of the reconstructed image will be
zero when the image is in focus.

3. Application to In-Plane Position Sensing

3.1. Position Sensing

Basically, as a vision system, digital holography is compatible with most visual measurement
methods. We choose to emphasize its unique capabilities, especially a highly tunable working distance,
through the case of in-plane position sensing. The high-performing approach used in this paper
was developed in our laboratory [23,45,53]. The method is based on a pseudo-periodic pattern fixed
onto the moving target. The pseudo-periodic pattern is made of a thin aluminum layer deposited
onto a glass substrate and micro-structured in a clean room by photolithography. After aluminum
etching, we obtain a periodic frame of dark dots (lack of aluminum) contrasting with the bright,
reflective, aluminum background as can be observed in Figure 2c. Certain lines and columns are
missing, thus distorting the periodic frame in a unique manner. The distribution of missing lines and
columns corresponds to an absolute encryption of line and column indexes with respect to the whole
pattern that is much larger than the vision-system field-of-observation. Thanks to this absolute position
encoding, any partial zone of the pattern observed can be localized in an absolute way within the
whole pattern. The encoding is based on linear shift register sequences and makes the allowed range
of lateral displacement independent of the field of observation of the vision system used [23,24,45].

The coarse but absolute position determination allowed by the binary encryption of line and
column indexes is combined with a high-resolution but relative position determination based on
pattern periodicity [23,24,45,53]. The method, based on phase computations, exploits the narrow
spatial frequency band associated with the pattern periodicity to filter out noises outside this band
as well as to perform data averaging over the entire image. The resulting performances are highly
sub-pixellic with a typical lateral resolution of a thousandth of a pixel.
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Figure 4 presents intermediary signals used for both high-resolution and coarse position detection.
Figure 4a depicts the intensity profile along pattern direction A; after summation along A, as plotted
in Figure 2c. The signal periodicity used for relative but high-resolution measurement is clearly visible.
Figure 4b presents complementary information through the local magnitude associated with the
pattern frequency that allows the identification of the missing columns necessary for coarse position
determination. A similar processing is applied in the perpendicular direction by inverting A; and A, to
obtain complementary u, v positions. We note the coordinates x, y when referring to the image pixel
frame and u, v when referring to the pattern directions. The angle between the x,y and u, v coordinate
systems determines the pattern orientation with respect to the image pixel frame. The latter is also
obtained by means of phase computations. Furthermore, to release the /2 ambiguity affecting this
determination of pattern orientation, supplementary line and column indexes are identified in order to
detect the direction of increasing distances with respect to the reference corner of the whole pattern.
More details on the retrieval of the in-plane orientation can be found elsewhere [23,24,53].
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Figure 4. Intermediary signals used for both high-resolution and coarse position detection: (a) intensity
profile along direction A of Figure 2c after summation versus direction A;. The periodicity leading to
high-resolution appears clearly; (b) the local magnitude at the pattern frequency allows the localization
of the missing lines with respect to pattern direction A;.

Once reconstructed numerically, the images of the pseudo periodic pattern observed by digital
holography are processed to determine their position with respect to the image sensor. Results obtained
provide with a high-accuracy the position of the pseudo-periodic pattern that corresponds exactly
to the center of the image sensor as well as the pattern orientation with respect to the sensor pixel
frame. The a priori knowledge of the period of the pseudo-periodic pattern, 150 um in our case, allows
the conversion of line and column indexes into actual positions and displacements without requiring
any calibration procedure. Details on image processing involved can be found elsewhere [23,45,54].
They are not described here to save room for emphasizing on performances allowed by digital
holography used as a visual-based position sensor.

The ultimate positioning resolution permitted by processing periodic pattern images is discussed
theoretically elsewhere on the basis of numeric simulations [55]. This paper provides an abacus
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determining the resolution that can be expected as a function of the pattern period, the quantization
depth of the camera and of the number of periods present in the field of observation. The effect of
Gaussian noise on positioning resolution is also discussed. These results were obtained for a vision
configuration using white light and a refractive imaging system. In our case, imaging is based on
digital holography that involves laser illumination and speckle noise in the numerically reconstructed
images rather than white light illumination and Gaussian noise, respectively. Nevertheless, the impact
of these differences on the expected resolution is not significant as long as the speckle grain size
(A - d/h) remains small in regard to the pattern period as it is the case (less than 5 pm versus 150 um).
From the abacus provided in this previous paper, an ultimate lateral resolution of about one nanometer
can be expected in our digital holography application using a period of 150 um and a camera with
a 8 bit quantization. The experimental resolution achieved will be discussed in regard to this theoretical
value in Section 4.2.

3.2. Experimental Setup and Actuators Used

The experimental setup used is depicted in the photograph of Figure 5. It is made of a Michelson
interferometer illuminated by a 632.8 nm He-Ne laser beam. The laser beam is expanded to produce
an almost uniform intensity distribution over a diameter of about 1 cm. The camera is a y-eye USB2
UI-1480-SE-M from IDS-Imaging (Obersulm, Germany) with 2560 x 1920 pixels with 2.2 x 2.2 um?
area. The pseudo-periodic pattern used as mobile target presents a periodic frame with a period of
150 um (cf. Figure 2c). The encryption of the absolute position is based on 6-bit words with three
lines (resp. columns) per bit. The unambiguous determination of the absolute position requires the
decoding of three consecutive positions; i.e., 8 bits or 24 periods. A correct position measurement
thus requires the observation of a minimum area of 3.6 x 3.6 mm? that corresponds to 1.6% of the full
pattern size of 28 x 28 mm?.

During experiments, the pseudo-periodic pattern was successively fixed onto the following
servo-controlled actuators from Physik Instrumente (Karlsruhe, Germany):

e M-037.DG rotation motor; range of 360 deg., 2.10~% deg. minimum incremental motion and
0.012 deg. backlash.

e  Twocrossed M-111 micro-translation stages with 15 mm range, 50 nm ultimate incremental motion,
0.1 pm incremental repeatability and 2 pm backlash.

e P-615.3CD piezo-controlled nanocube with 350 x 350 x 250 um® XYZ range with 1 nm resolution
used along the YZ axis.

The allowed working distance range was explored manually by shifting the Z-distance between
the pseudo-periodic pattern and the camera by means of a manual translation stage (25 mm range)
and by fixing the holding part to next mounting holes (1 inch apart). In this way, in-plane position
measurement tests were repeated at various Z-distances between the pseudo-periodic pattern and the
camera. The actual Z-distance was measured manually with a millimeter resolution that is acceptable
in regard to the depth-of-focus of reconstructed images. The working distance WD corresponds to this
Z-distance but counted from the distal face of the beam splitter cube that determines the closest target
position allowed (in practice, Z — WD = 62mm).

At every working distance tested, hologram recordings were synchronized with computer-controlled
displacements using Matlab routines (R2014b, MathWorks Inc., Natick, MA, USA). Whenever possible,
internal sensors of actuators were read at each position explored to provide reference position values
for evaluating measures obtained by digital holography. Recorded holograms were post-processed for
reconstructing the corresponding images of the pseudo-periodic target and then for determining the
in-plane position associated. Finally, the series of measures obtained in this way are compared with the
control inputs applied and positions read from internal sensors to evaluate the performances achieved
in position sensing by digital holography.
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He-Ne Lase

Figure 5. Photograph of the experimental setup. After expansion, a 632.8nm He-Ne laser beam
illuminates the pseudo-periodic pattern (PPP) and the reference mirror (M). Reflected beams interfere
onto the camera sensor after recombination by the beam splitter (BS). Ac: servo-controlled actuator,
MT: manual axial translator.

4. Results and Working Distance Range

Two series of experiments were carried out for exploring the method capabilities to retrieve,
respectively, in-plane rotations and in-plane displacements. In each case, several working distances
were tested by shifting the holding part on the optical table. The range of working distances explored is
limited to about 10 cm in the case of rotation because of setup configuration. For lateral displacements,
we arranged the optical devices in a slightly different way to allow the exploration of more than 15cm
of working distance range. Results are presented in the following sub-sections.

4.1. In-Plane Rotation

Figure 6a compares the reconstructed in-plane orientations to the reference angles provided by the
internal sensor of the rotation actuator at a distance of 99 mm. The full 27t range was explored by steps
of 2 deg. Results show a mean angle mismatch of ~90 deg. that results from the initial orientation of the
pseudo periodic pattern on the motor. The 27t jump is due to the combination of the initial orientation
of the pattern and from the mismatch between the unambiguous ranges of our detection method
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| — 7t, +7t] and of the motor internal sensor [0, 360]. This jump is easily unwrapped and we observe the
measurement error plotted in Figure 6b by using the motor internal sensor as a reference. The angle
deviation presents some random parts and some more systematic errors at specific positions. This was
attributed to a positioning error due to backlash induced by successive back and forth adjustments
by the servo-control loop that result in cyclic errors. The method works satisfactorily with a linearity
of 0.31 % and a standard deviation of 0.219 deg. at this particular working distance of 99 mm. Table 1
summarizes the results obtained in rotation for the diverse working distances tested. It shows that
the level of performance decreases very slightly when the working distance increases despite the
resolution of the reconstructed images decreases with distance (cf. Equation (1)).
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Figure 6. Results from rotation measurements with 2 deg. increments. (a) reconstructed angle (red)
versus angle given by the internal sensor of the actuator (blue) at a distance of 99 mm; (b) angle
deviation from actuator internal sensor after unwrapping; (c,d) XY displacements produced by rotation
with respect to the center pixel of the camera at distances of 99 mm and 159 mm.
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Figure 6¢,d present the (x,y) pattern displacements produced by the rotation at two different
working distances of 99 mm and 159 mm. The radius of the circle observed corresponds to the distance
of the actual center of pattern rotation from the optical axis defined by the normal of the image sensor
at its central pixel. This radius is the same across the different experiments because the optical axis
was almost perfectly perpendicular to the lines of mounting holes on which the holding part was
successively fixed.

Table 1. Data from rotation measurement tests.

Experim. WD (mm) Experim. Z (mm) Reconst. Distance (mm) Standard Deviat. o (deg.) Linearity J/R (%)

20 82 82.5 0.201 0.2
37 99 97.8 0.219 0.3
97 159 156.2 0.267 0.3
121 183 183.0 0.229 0.3

The allowed angular resolution was explored by applying a square signal to the actuator with
decreasing amplitudes from 0.01deg. to 0.001 deg. Figure 7a presents the results obtained with
an amplitude of 0.002 deg. at extreme working distances explored in rotation; i.e., 82 mm and 183 mm.
The square excitation is clearly visible on the reconstructed signal despite distorted amplitude and
slight drifts. Similar results were obtained for the other working distances tested. A resolution of
0.002 deg. is therefore demonstrated over a full working distance range of more than 100 mm. Figure 7b
presents complementary results with the angles retrieved experimentally while square signals of
decreasing amplitudes were applied to the rotative actuator at a distance of 183 mm. As expected,
the visibility of the square shape decreases with the reduction of the signal amplitude. It is perfectly
visible for amplitudes of 0.005 deg. and 0.003 deg., disturbed by noise for an amplitude of 0.002 deg.,
and hardly recognizable for an amplitude of 0.001 deg. In all our experiments with an amplitude of
0.001 deg., we observe the presence of the excitation square signal in the results obtained but with
a level of non-random noise that makes result interpretation ambiguous. This noise is suspected to
come from the actuator of which minimum incremental motion is only fivefold smaller and of which
servo-control induces back and forth motions resulting in backlash errors. Despite us being convinced
that the intrinsic resolution capabilities of the method are below 0.002 deg., we claim this resolution
that was clearly demonstrated with the devices used.
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Figure 7. Cont.
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Figure 7. Resolution in rotation observed from measurement tests with: (a) steps of 0.002deg. at

distances of 82 mm and 183 mm respectively; (b) steps of 0.005, 0.003, 0.002 and 0.001 deg. at a distance
of 183 mm.

4.2. In-Plane Displacements

The extended measurement range of the method was explored by applying a kind of spiral
trajectory to the crossed linear motors (M-111). Figure 8a,b present the reconstructed trajectories
for the extreme working distances of 82 mm and 234 mm. The trajectories cover an area of about
12 x 10mm? to be compared with the image sensor size of 5.6 x 42mm? (ratio 5). This extended
lateral measurement range is allowed by the binary code encrypted in the pseudo-periodic pattern
that makes the allowed displacement independent of the field of view of the camera.

Figure 8c,d present the deviation of the reconstructed (x,y) positions from the values returned by
the internal sensors of the actuators. These deviations are quite large and were attributed to the stack
of motors that converts out-of-plane spurious motions into in-plane displacements. For instance, for a
motor thickness of 2 cm, an out-of-plane rotation of the supporting motor of 0.1 deg. induces a 35 um
lateral displacement of the external surface of the supported motor.

The lateral resolution capabilities of the method were explored with a more accurate actuator
(P-615.3CD) and by applying a square signal of decreasing amplitude, successively along the X and
Y directions. Results are reported in Figure 9 and are similar in X and Y directions. The square
signal is clearly visible for amplitudes of 0.15 um (Figure 9a) and 0.10 um (Figure 9b). The square
signal is present but less clearly visible for an amplitude of 0.05 um (Figure 9¢c). However, if we
perform a Fourier transform of the reconstructed signal, a peak is observed at frequency 0.25 which
corresponds to the excitation signal frequency (Figure 9¢). The presence of this spectral lobe confirms
that oscillations observed in Figure 9c are related to the excitation signal applied. A supplementary test
was performed with an amplitude of 0.02 um (Figure 9d). In this last case, the excitation signal is no
longer visible in the reconstructed displacements. In the corresponding Fourier spectrum (Figure 9f),
peaks are still detected at the expected frequency but with a magnitude that is no longer distinguishable
from background noise. Thanks to this set of experimental results, a lateral resolution of 0.05 um can
be claimed. This resolution is 50 times larger than the ultimate resolution discussed theoretically in
Section 3.1. Such a ratio between theory and experience is common, especially in the sub-micrometer
range where environmental disturbances due to thermal and mechanical drifts are no longer negligible.
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Figure 8. Reconstruction of extended lateral displacements. Reconstructed XY trajectory at (a) 82 mm
and (b) 234 mm. XY deviations from actuator sensor values at (¢) 82 mm and (d) 234 mm.
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Figure 9. Results of resolution test along X (red) and Y (blue) directions at a median distance
z = 151 mm. Steps of (a) 0.15 um; (b) 0.10 um; (c) 0.05 um, (d) 0.02 um; (e,f) power spectrum of the data
series with steps of (e) 0.05 um and (f) 0.02 um. The frequency of the input command applied is of
0.25 frame 1.

No optimization of digital data processing was carried out in our proof-of-principle experiments
and it takes about 2 s to process each hologram using Matlab. However, the high-speed reconstruction
of digital holograms, up to 150 fps, was demonstrated by different groups. It is notably the case of the
DHM (Digital Holographic Microscope) developed and commercialized by Lyncée Tec SA (CH-1015
Lausanne, Switzerland). Such fast processing tools could be applied to our position sensor to speed up
the measurement rate beyond 100 fps.

5. Conclusions

This paper explores digital holography as a vision method for sensing applications. In comparison
with usual refractive imaging systems, digital holography requires a laser light source and
an interferometric setup that may be seen as supplementary requirements that are too demanding.
We agree that, for usual vision needs, conventional refractive imaging systems are preferable.
However, digital holography presents specific features that may extend the field of application of visual
methods. We deal in this paper with the property of digital holography to comply with a large range of
working distances. Indeed, digital holography is based on the recording of the optical wave incident on
the image sensor, whatever the distance of the diffracting object of interest. Therefore, all requirements
tied to the use of refractive lenses, especially the working distance, are canceled in digital holography.
The only restrictions are tied to the allowed definition of holograms as defined by the speckle grain size
and that forms a criterion analogous to the numerical aperture of refractive lenses (cf. Equation (2)).

The unique capabilities offered by digital holography are highlighted in Figure 10, which
superimposes two in-plane trajectories reconstructed at extreme working distances more than 15cm
apart. The allowed measurement volume is about 12 x 10 x 15 mm? and is compatible with resolutions
of 0.05 um and 0.002 deg. for in-plane displacement and in-plane orientation, respectively. To the best
of our knowledge, no other imaging system would allow the same level of performances. For imaging
purposes, resolutions in the nanometer range require some kind of super-resolution methods to
overcome the diffraction limit. This is different in position sensing applications where averaging across
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the observed field provides an additional means to increase the amount of information that results in
improved resolutions [19]. The use of pseudo-periodic pattern as in this paper is an efficient way to
implement such averaging processing by rejecting noise outside the narrow bandwidth associated
with the dot distribution. Combined with digital holography, the method results in unique capabilities
allowing lateral resolution in the nanometer range together with a working distance range of more than
15 cm. In comparison, usual refractive imaging systems would require a tradeoff between resolution
and working distance range. Indeed sub-micrometer resolution requires high magnification objectives,
at least 10x, of which working distance is limited to a few millimeters to be compared with 15cm
using digital holography.

Az =151 mm

Y (mm) -5 5

X (mm)

Figure 10. The same in-plane trajectory reconstructed at extreme working distances separated by more than 15cm.

In this paper, we do not discuss the measurement of the object distance Z that could be retrieved
numerically with a low resolution (about 1 mm) from best focus determination. We only adjusted the
correct Z distance to perform three degrees of freedom position measurements (in-plane) at diverse
working distances within a 15 cm range.

Beyond the unique measurement capabilities reported in this paper, two major directions could be
explored further. On the one hand, digital holography is an interferometric method that provides phase
maps. The latter could be used to address out-of-plane rotations or to follow the z-displacements of
the object provided that 27t ambiguities are monitored properly [21]. On the other hand, we processed
in this paper in a sequential manner by first reconstructing the object image and second by retrieving
position from the patterned image obtained. However, the position information is already present in
the digital hologram and one may try to retrieve an in-plane position without reconstructing the object
image. This may result in a significant reduction of the computation cost and in releasing the necessity
to determine the object distance Z.

Finally, digital holography has been explored for a restricted number of applications, notably biological
imaging and particle image velocimetry, and remains poorly known in other engineering communities.
Hopefully, this paper may draw the attention of computer vision and position sensing communities on the
unique capabilities offered by digital holography.

Author Contributions: M.A.V. performed experiments. M.]. dealt with digital holography aspects, G.]J.L. with
robotics ones and P.S. with position encryption and image processing ones. All authors wrote the paper.

Funding: Miguel Asmad was supported by Student Grant Huiracocha Program-PUCP (Pert1). This work was
also supported by ROBOTEX (ANR-10-EQPX-44-01) and Labex Action (ANR-11-LABX-01-01).

Acknowledgments: The authors would like to thank Gilles Bourbon for clean room assistance and the RENATECH
technological network and its FEMTO-ST facility MIMENTO.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2018, 18, 2005 17 of 19

References

1. Kim, Y.S,; Yang, S.H.; Yang, K.W.; Dagalakis, N.G. Design of MEMS Vision Tracking System Based on a Micro
Fiducial Marker. Sens. Actuators A Phys. 2015, 234, 48-56. [CrossRef]

2. Feng, D.; Feng, M.Q.; Ozer, E.; Fukuda, Y. A vision-based sensor for noncontact structural displacement
measurement. Sensors 2015, 15, 16557-16575. [CrossRef] [PubMed]

3. Zhang, D.; Guo, |.; Lei, X,; Zhu, C. A high-speed vision-based sensor for dynamic vibration analysis using
fast motion extraction algorithms. Sensors 2016, 16, 572. [CrossRef] [PubMed]

4.  Gan, J.; Zhang, X.; Li, H.; Wu, H. Full Closed-Loop Controls of Micro/Nano Positioning System with
Nonlinear Hysteresis Using Micro-Vision System. Sens. Actuators A Phys. 2017, 257, 125-133. [CrossRef]

5. Shang, W,; Lu, H.; Wan, W,; Fukuda, T.; Shen, Y. Vision-Based Nano Robotic System for High-Throughput
Non-Embedded Cell Cutting. Sci. Rep. 2016, 6. [PubMed]

6. Liu, J.; Gong, Z; Tang, K.; Lu, Z,; Ru, C.; Luo, J; Xie, S.; Sun, Y. Locating End-Effector Tips in Robotic
Micromanipulation. IEEE Trans. Robot. 2014, 30, 125-130. [CrossRef]

7. Tamadazte, B.; Marchand, E.; Dembele, S.; Le Fort-Piat, N. CAD Model-Based Tracking and 3D Visual-Based
Control for MEMS Microassembly. Int. J. Robot. Res. 2010, 29, 1416-1434. [CrossRef]

8.  Liu, J; Zhang, Z.; Wang, X; Liu, H.; Zhao, Q.; Zhou, C.; Tan, M.; Pu, H.; Xie, S.; Sun, Y. Automated Robotic
Measurement of 3-D Cell Morphologies. IEEE Robot. Autom. Lett. 2017, 2, 499-505. [CrossRef]

9.  Wu,D,; Chen, T; Li, A. Ahigh precision approach to calibrate a structured light vision sensor in a robot-based
three-dimensional measurement system. Sensors 2016, 16, 1388. [CrossRef] [PubMed]

10. Cappelleri, D.]J.; Piazza, G.; Kumar, V. A Two Dimensional Vision-Based Force Sensor for Microrobotic
Applications. Sens. Actuators A Phys. 2011, 171, 340-351. [CrossRef]

11. Wang, X.,; Ananthasuresh, G.K.; Ostrowski, J.P. Vision-Based Sensing of Forces in Elastic Objects.
Sens. Actuators A Phys. 2001, 94, 142-156. [CrossRef]

12. Wei, Y.; Xu, Q. An Overview of Micro-Force Sensing Techniques. Sens. Actuators A Phys. 2015, 234, 359-374.
[CrossRef]

13. Sugiura, H.; Sakuma, S.; Kaneko, M.; Arai, F. On-Chip Measurement of Cellular Mechanical Properties
Using Moiré Fringe. In Proceedings of the IEEE International Conference on Robotics and Automation
(ICRA), Seattle, WA, USA, 26-30 May 2015; pp. 3513-3518.

14. Chang, RJ.; Shiu, C.C.; Cheng, C.Y. Self-Biased-SMA Drive PU Microgripper with Force Sensing in Visual
Servo. Int. J. Adv. Robot. Syst. 2013, 10, 280. [CrossRef]

15. Kokorian, J.; Buja, F; van Spengen, WM. In-Plane Displacement Detection With Picometer Accuracy on
a Conventional Microscope. . Microelectromech. Syst. 2015, 24, 618-625. [CrossRef]

16. Ya’akobovitz, A.; Krylov, S.; Hanein, Y. Nanoscale Displacement Measurement of Electrostatically
Actuated Micro-Devices Using Optical Microscopy and Digital Image Correlation. Sens. Actuators A Phys.
2010, 162, 1-7. [CrossRef]

17.  Gao, ].; Picciotto, C.; Wu, W.; Tong, W.M. From Nanoscale Displacement Sensing and Estimation to Nanoscale
Alignment. . Vac. Sci. Technol. B Microelectron. Nanometer Struct. 2006, 24, 3094. [CrossRef]

18. Zimmermann, S.; Tiemerding, T.; Fatikow, S. Automated Robotic Manipulation of Individual Colloidal
Particles Using Vision-Based Control. IEEE/ASME Trans. Mechatron. 2015, 20, 2031-2038. [CrossRef]

19. Yamahata, C.; Sarajlic, E.; Krijnen, G.].M.; Gijs, M.A.M. Subnanometer Translation of Microelectromechanical
Systems Measured by Discrete Fourier Analysis of CCD Images. J. Microelectromech. Syst. 2010, 19, 1273-1275.
[CrossRef]

20. Gao, W. Precision Nanometrology; Springer Series in Advanced Manufacturing; Springer: London, UK, 2010.

21. Sandoz, P. Nanometric position and displacement measurement of the six degrees of freedom by means of
a patterned surface element. Appl. Opt. 2005, 44, 1449-1453. [CrossRef] [PubMed]

22. Masa, P; Franzi, E.; Urban, C. Nanometric Resolution Absolute Position Encoders. In Proceedings
of the “13th European Space Mechanisms and Tribology Symposium—-ESMATS 2009’; Vienna, Austria,
23-25 September 2009; pp. 1-3.

23. Galeano-Zea, ].A.; Sandoz, P,; Gaiffe, E.; Pretet, ].L.; Mougin, C. Pseudo-Periodic Encryption of Extended

2-D Surfaces for High Accurate Recovery of Any Random Zone by Vision. Int. ]. Optomech. 2010, 4, 65-82.
[CrossRef]


http://dx.doi.org/10.1016/j.sna.2015.08.006
http://dx.doi.org/10.3390/s150716557
http://www.ncbi.nlm.nih.gov/pubmed/26184197
http://dx.doi.org/10.3390/s16040572
http://www.ncbi.nlm.nih.gov/pubmed/27110784
http://dx.doi.org/10.1016/j.sna.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/26941071
http://dx.doi.org/10.1109/TRO.2013.2280060
http://dx.doi.org/10.1177/0278364910376033
http://dx.doi.org/10.1109/LRA.2016.2645145
http://dx.doi.org/10.3390/s16091388
http://www.ncbi.nlm.nih.gov/pubmed/27589752
http://dx.doi.org/10.1016/j.sna.2011.06.014
http://dx.doi.org/10.1016/S0924-4247(01)00705-1
http://dx.doi.org/10.1016/j.sna.2015.09.028
http://dx.doi.org/10.5772/56643
http://dx.doi.org/10.1109/JMEMS.2014.2335153
http://dx.doi.org/10.1016/j.sna.2010.05.014
http://dx.doi.org/10.1116/1.2375089
http://dx.doi.org/10.1109/TMECH.2014.2361271
http://dx.doi.org/10.1109/JMEMS.2010.2067445
http://dx.doi.org/10.1364/AO.44.001449
http://www.ncbi.nlm.nih.gov/pubmed/15799113
http://dx.doi.org/10.1080/15599611003660395

Sensors 2018, 18, 2005 18 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Galeano, J.Z.; Sandoz, P.; Gaiffe, E.; Launay, S.; Robert, L.; Jacquot, M.; Hirchaud, F; Prétet, J.L.; Mougin, C.
Position-Referenced Microscopy for Live Cell Culture Monitoring. Biomed. Opt. Express 2011, 2, 1307-1318.
[CrossRef] [PubMed]

Tan, N.; Clévy, C.; Laurent, G.J.; Sandoz, P.; Chaillet, N. Accuracy Quantification and Improvement of Serial
Micropositioning Robots for In-Plane Motions. IEEE Trans. Robot. 2015, 31, 1497-1507. [CrossRef]

Dubois, E,; Schockaert, C.; Callens, N.; Yourassowsky, C. Focus plane detection criteria in digital holography
microscopy by amplitude analysis. Opt. Express 2006, 14, 5895-5908. [CrossRef] [PubMed]

Ferraro, P.; Grilli, S.; Alfieri, D.; Nicola, S.D.; Finizio, A.; Pierattini, G.; Javidi, B.; Coppola, G.; Striano, V.
Extended focused image in microscopy by digital holography. Opt. Express 2005, 13, 6738—6749. [CrossRef]
[PubMed]

Hong, A.; Zeydan, B.; Charreyron, S.; Ergeneman, O.; Pané, S.; Toy, M.E; Petruska, A.J.; Nelson, B.J.
Real-Time Holographic Tracking and Control of Microrobots. IEEE Robot. Autom. Lett. 2017, 2, 143-148.
[CrossRef]

Schnars, U.; Jiiptner, W. Direct recording of holograms by a CCD target and numerical reconstruction.
Appl. Opt. 1994, 33, 179-181. [CrossRef] [PubMed]

Goodman, J. Introduction to Fourier Optics; W. H. Freeman: New York, NY, USA, 2017.

IAroslavskii, L.P.; Merzliakov, N.S. Methods of Digital Holography; 1zdatel Nauka: Moscow, Russia, 1977.
Schnars, U.; Falldorf, C.; Watson, J.; Juptner, W. Digital Holography; Springer: Berlin/Heidelberg, Germany,
2015; pp. 39-68.

Zhang, T.; Yamaguchi, I. Three-dimensional microscopy with phase-shifting digital holography. Opt. Lett.
1998, 23, 1221-1223. [CrossRef] [PubMed]

Cuche, E.; Bevilacqua, F; Depeursinge, C. Digital holography for quantitative phase-contrast imaging.
Opt. Lett. 1999, 24, 291-293. [CrossRef] [PubMed]

Indebetouw, G.; Klysubun, P. Imaging through scattering media with depth resolution by use of
low-coherence gating in spatiotemporal digital holography. Opt. Lett. 2000, 25, 212-214. [CrossRef]
[PubMed]

Seebacher, S.; Osten, W.; Jueptner, W.P. Measuring shape and deformation of small objects using
digital holography. In Laser Interferometry IX: Applications; International Society for Optics and Photonics:
Bellingham, DC, USA, 1998; Volume 3479, pp. 104-116.

Jacquot, M.,; Sandoz, P.; Tribillon, G. High resolution digital holography. Opt. Commun. 2001, 190, 87-94.
[CrossRef]

Bryngdahl, O.; Wyrowski, F. Digital Holography—Computer-Generated Holograms. Prog. Opt. 1990, 28, 1-86.
Yaroslavsky, L. Digital Holography and Digital Image Processing: Principles, Methods, Algorithms; Springer:
Berlin/Heidelberg, Germany, 2013.

Kreis, T. Handbook of Holographic Interferometry: Optical and Digital Methods; John Wiley & Sons: Hoboken, NJ, USA, 2006.
Kreis, TM.; Adams, M.; Jiiptner, W.P. Methods of digital holography: A comparison. In Optical Inspection
and Micromeasurements II; International Society for Optics and Photonics: Bellingham, DC, USA, 1997;
Volume 3098, pp. 224-234.

Pan, G.; Meng, H. Digital holography of particle fields: Reconstruction by use of complex amplitude.
Appl. Opt. 2003, 42, 827-833. [CrossRef] [PubMed]

Grilli, S.; Ferraro, P; De Nicola, S.; Finizio, A.; Pierattini, G.; Meucci, R.  Whole optical wavefields
reconstruction by digital holography. Opt. Express 2001, 9, 294-302. [CrossRef] [PubMed]

Poon, T.C. Digital Holography and Three-Dimensional Display: Principles and Applications; Springer:
Berlin/Heidelberg, Germany, 2006.

Sandoz, P; Jacquot, M. Lensless vision system for in-plane positioning of a patterned plate with subpixel
resolution. JOSA A 2011, 28, 2494-2500. [CrossRef] [PubMed]

Davis, ].A.; Moreno, I.; Cottrell, D.M.; Berg, C.A.; Freeman, C.L.; Carmona, A.; Debenham, W.H. Experimental
implementation of a virtual optical beam propagator system based on a Fresnel diffraction algorithm.
Opt. Eng. 2015, 54, 103101. [CrossRef]

Jacquot, M.; Sandoz, P. Sampling of two-dimensional images: Prevention from spectrum overlap and ghost
detection. Opt. Eng. 2004, 43, 214-224.

Fonseca, E.S.R.; Fiadeiro, P.T.; Pereira, M.; Pinheiro, A. Comparative analysis of autofocus functions in
digital in-line phase-shifting holography. Appl. Opt. 2016, 55, 7663-7674. [CrossRef] [PubMed]


http://dx.doi.org/10.1364/BOE.2.001307
http://www.ncbi.nlm.nih.gov/pubmed/21559142
http://dx.doi.org/10.1109/TRO.2015.2498301
http://dx.doi.org/10.1364/OE.14.005895
http://www.ncbi.nlm.nih.gov/pubmed/19516759
http://dx.doi.org/10.1364/OPEX.13.006738
http://www.ncbi.nlm.nih.gov/pubmed/19498690
http://dx.doi.org/10.1109/LRA.2016.2579739
http://dx.doi.org/10.1364/AO.33.000179
http://www.ncbi.nlm.nih.gov/pubmed/20862006
http://dx.doi.org/10.1364/OL.23.001221
http://www.ncbi.nlm.nih.gov/pubmed/18087480
http://dx.doi.org/10.1364/OL.24.000291
http://www.ncbi.nlm.nih.gov/pubmed/18071483
http://dx.doi.org/10.1364/OL.25.000212
http://www.ncbi.nlm.nih.gov/pubmed/18059832
http://dx.doi.org/10.1016/S0030-4018(01)01046-X
http://dx.doi.org/10.1364/AO.42.000827
http://www.ncbi.nlm.nih.gov/pubmed/12593486
http://dx.doi.org/10.1364/OE.9.000294
http://www.ncbi.nlm.nih.gov/pubmed/19421300
http://dx.doi.org/10.1364/JOSAA.28.002494
http://www.ncbi.nlm.nih.gov/pubmed/22193262
http://dx.doi.org/10.1117/1.OE.54.10.103101
http://dx.doi.org/10.1364/AO.55.007663
http://www.ncbi.nlm.nih.gov/pubmed/27661596

Sensors 2018, 18, 2005 19 of 19

49.

50.

51.

52.

53.

54.

55.

Langehanenberg, P.; Kemper, B.; Dirksen, D.; von Bally, G. Autofocusing in digital holographic phase
contrast microscopy on pure phase objects for live cell imaging. Appl. Opt. 2008, 47, D176-D182. [CrossRef]
[PubMed]

Toy, M.E,; Kiihn, J.; Richard, S.; Parent, J.; Egli, M.; Depeursinge, C. Accelerated autofocusing of off-axis
holograms using critical sampling. Opt. Lett. 2012, 37, 5094-5096.

Memmolo, P; Distante, C.; Paturzo, M.; Finizio, A.; Ferraro, P,; Javidi, B. Automatic focusing in digital
holography and its application to stretched holograms. Opt. Lett. 2011, 36, 1945-1947. [CrossRef] [PubMed]
Dogar, M,; Ilhan, H.A.; Ozcan, M. Real-time, auto-focusing digital holographic microscope using graphics
processors. Rev. Sci. Instrum. 2013, 84, 083704. [CrossRef] [PubMed]

Sandoz, P.; Bonnans, V.; Gharbi, T. High-accuracy position and orientation measurement of extended
two-dimensional surfaces by a phase-sensitive vision method. Appl. Opt. 2002, 41, 5503-5511. [CrossRef]
[PubMed]

Sandoz, P.; Zea, ].A.G. Space-frequency analysis of pseudo-periodic patterns for subpixel position control.
In Proceedings of the International Symposium on Optomechatronic Technologies, ISOT 2009, Istanbul,
Turkey, 21-23 September 2009; pp. 16-21.

Guelpa, V.; Laurent, G.J.; Sandoz, P,; Zea, ].G.; Clévy, C. Subpixelic measurement of large 1D displacements:
Principle, processing algorithms, performances and software. Sensors 2014, 14, 5056-5073. [CrossRef]
[PubMed]

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1364/AO.47.00D176
http://www.ncbi.nlm.nih.gov/pubmed/18594573
http://dx.doi.org/10.1364/OL.36.001945
http://www.ncbi.nlm.nih.gov/pubmed/21593944
http://dx.doi.org/10.1063/1.4818285
http://www.ncbi.nlm.nih.gov/pubmed/24007070
http://dx.doi.org/10.1364/AO.41.005503
http://www.ncbi.nlm.nih.gov/pubmed/12224773
http://dx.doi.org/10.3390/s140305056
http://www.ncbi.nlm.nih.gov/pubmed/24625736
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Digital Holography as a Lens-Less Vision System
	Specificities of Digital Holography
	Numerical Object Reconstruction
	Working Distance and Focus Determination

	Application to In-Plane Position Sensing
	Position Sensing
	Experimental Setup and Actuators Used

	Results and Working Distance Range
	In-Plane Rotation
	In-Plane Displacements

	Conclusions
	References

