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HIGHLIGHTS

® A low-cost simultaneous-phase-shifting system is implemented to analyze phase samples.
® The optical components were recovered from recycled electronic devices.

® Results of optical phase recovery from 2, 4, 7 and 9 interferograms are presented.

® An Interferometric system for measurement the dynamic phase profile is described.

® The dynamic method presented can be applied to several interferometric systems.

ARTICLE INFO ABSTRACT

Keywords: In this research, we present the results obtained with a simultaneous phase-shifting interferometric system. This

Simultaneous phase shifting interferometry system is implemented with recovered optical components from recycled electronic devices from computer’s

Optical metrology DVD readers, LCD displays and commercial projectors. Such devices are beam splitters, diffraction gratings,

Dynamic phase measurements mirrors, lenses and linear polarizers. These components were characterized by measuring their characteristics

Polarization phase shifting technique like transmittance, reflectivity and period of the gratings employed in order to verify its potential usage in
dynamic interferometric measurements systems. The implementation is based on a Polarized Michelson inter-
ferometer (PMI) coupled with a 4-f system with a 2D diffraction grating. The system is capable of generate up to
nine interferograms with comparable intensities and independent phase shifts that are modulated by polariza-
tion. We report the usage of four, seven, nine and two interferograms captured simultaneously and the pro-
cessing of the interferograms is done by using conventional methods for extraction of the optical phase for each
case, with the four-step algorithm for four steps, the symmetric algorithm of (N + 1) phase steps for 7 and 9,
when using two interferograms the relative optical phase is calculated by means of the Vargas-Quiroga method.
We analyze the temporal stability of the system by capturing 40 frames and showing its variation in each pixel to
prove the repeatability of the proposed system. Related experimental results obtained for static and dynamic
transparent samples are presented.

1. Introduction optical phase processing that can be codified by either spatially or
temporally [10,11]. In spatial techniques, a single interferogram or a

Interferometric techniques allow performing high precision mea- series of interferograms with known phase shifts are enough to extract
surements at diverse scales and contactless [1-6], which is very useful the phase information by applying spatially processing tools such as
in several areas such as manufacture [7], biomedical [8] and funda- Fourier transform, wavelet transform, genetic algorithms or phase step
mental research [9]. Most of this measurement systems are based on the algorithms to process the spatially modulated data [12-14] to later be
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Fig. 1. Recovered optical components. (a) Parts of the PC from which the optics were recovered (b) Recycled components. (c) Projector and LCD display. (d)
Projector lenses and polarizer sheet. 1: Gratings. 2: Micro-Lens. 3: Cubic Beam splitter. 4: Beam splitter. 5: Mirrors. 6: Lenses. 7: Polarizer sheet (500 mm X 300 mm).

associated to known physical parameters of samples under study
[15,16]. Several authors have reported dynamic measurement systems
[17-22] by using diffractive elements [23,24], pixelated masks [6,7,25]
or coupled interferometric systems that generate n-independent phase
shifts from which is possible to calculate the optical phase [6,25]. In
previous reports, phase gratings and 4, 5, 7 and 9 phase steps have been

Fig. 2. Diagram of the experimental setup. Laser
operating at A = 532nm. SFS: Spatial Filter
System. Ly: Collimated lens. P;: Linear Polarizers.
M;: Mirrors. MO: Microscopic objective. Lyo:
Collimated lens. BS: Bean Splitter. QWP: Quarter
Wave Plate. G(i,v): 2D-Grating. L, L. Lens of 4-
fsystem. L3. Imaging lens. PA: Polarizer array. I;:
Simultaneous patterns. CC: CMOS Camera. PO:
Phase object. f = 100 mm.

used, the interferometer consisted of a double window system so the
interferograms are generated by the superposition of the replicas of
each window generated by the phase grating. Such systems have the
disadvantage that the separation of the double window must be de-
signed according to the period of the grating and the focal length of the
lenses [23,24]. Our proposed system does not have this disadvantage, it
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Fig. 3. 2D-grating. (a) Diffraction orders. (b) Simultaneous patters. The lines represent the patterns used to process the optical phase, for convenience only the four

patterns shown by the dotted line have been used.

consists of a Polarized Michelson interferometer (PMI) that generates
the base interferogram, so the coupled 4f system with 2D grating only
replicates the base pattern, therefore, it does not suffer the aforemen-
tioned disadvantages and it is only limited by the diffraction properties
of the recovered gratings. Other authors report systems that use pixe-
lated masks [6,25], and assume that these systems have higher re-
solution because they take advantage of all camera pixels; but in reality,
they do presents spatial resolution limitation reducing the resolution
down to a quarter. That would be almost the same loss in the case of
having 4 separate images simultaneously filling the entire detector field
because each interferogram would take advantage of all the pixels. Due
to the advantages of these systems, some authors have used them for
quantitative phase imaging based on interferometry, digital holo-
graphic microscopy [26-28], particle field holography, micrometrology
among others [22,26-33], successfully allowing them to analyze mi-
crobiological samples “in vitro” [26-29] and neuronal activity [29].
These techniques have proven to be highly valuable in cell morphology
analysis, allowing access to cellular characteristics that can be used to
prevent diseases [22,29-31]. Such studies this will be considered for
future implementations of our approach. In this way, the proposed
system allows to analyze microscopic samples [31-34], however due to
the scale of the recovered components such as gratings and beam
splitters, our system is only capable of performing analyses on samples

Fig. 4. Picture of the experimental setup.
Manufactured components: SFS: Spatial Filter
System. MO: Microscope objective (60X, NA
0.65mm, EFL 4.5mm). QWP: Quarter Wave
Plate. L3. Imaging lens. CMOS Camera. Recycled
components: Ly: Collimated lens. P;: Linear
Polarizers. M;: Mirrors. Lyo: Collimated lens. BS:
Bean Splitter. G(i,v): 2D-Grating. L;, L,. Lens of
4f system. PA: Polarizer array.

down to red blood cells (RBC) scale. However, to analyze neurons and
other microscopic biological tissue, the quality of the results decreases
due to the sample size and the diffraction effects due to the gratings.
The systems mentioned above are capable of step-by-step or even in
real-time analysis of the variations of transparent samples [34-41],
nevertheless, the majority of the optical elements used in the arrange-
ments are unaffordable for some laboratories or are impossible to take
outside of controlled environments. For this reason, it is necessary to
develop alternative systems with recycled optical components that
allow performing dynamic phase measurements with accuracy com-
parable to the high-end manufactured optical elements [22,41-46].
Currently the electronics in disuse is a free source of optical compo-
nents, with enough quality to perform research of transparent samples
of interest. In this work, an interferometric system based on polariza-
tion and diffractive elements that have been extracted from electronics
components in disuse is presented. For the implementation of the
system presented we employed a 5mm X 5mm beam splitters, lens,
mirrors, polarizer sheets and gratings (3 mm of diameter). The com-
ponents were characterized by measuring its transmittance, reflectivity,
among other parameters; the system was tested using conventional
laser operated at 532 nm. The experimental results show that the re-
covered optical components can be used for analysis of static and dy-
namic transparent samples.
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Fig. 5. Tilted plane wavefront. (a and b) Four simultaneous patters. (c) Wrapped phase. (d) OPD. Scale 3mm X 3 mm.

2. Recovered optical components from electronic devices

We were able to employ optical components from unused compu-
ters, projector’s or LCD displays, such as diffraction gratings (1), micro-
lenses (2), cubic beam splitters (3), beam splitters (4), Mirrors (5),
lenses (6) and polarizer sheets (7), see Fig. 1. In order to use these
components, we have measured some of its optical properties, the re-
covered cubic beam splitters (BS) have a scale of 5mm X 5mm and
were obtained from the DVD readers, see Fig. 1(a) and (b); for their
characterization, we measured the power of the reflected and the
transmitted light, obtaining the 40% of transmittance and 60% re-
flectance. We also checked the degree of polarization by collocating a
polarizer as analyzer. Since there was no variation in the intensities, we
concluded that the beam splitter is non-polarized. The obtained dif-
fraction gratings have a scale of 3mm X 3 mm and their characteriza-
tion consisted in measuring their period of d ~ 6.62 um. The 2D grating
was carefully constructed by superposition of two recycled gratings
with their respective grating vectors at 90°. The gratings were re-
covered from the DVD readers, see Fig. 1(a) and (b). Fig. 1(c) shows the
LCD display from which the polarizing sheet (7) was recovered and the
projector from which lenses (6) and mirrors (5) were obtained. Lenses
(6) and polarizer sheets (7) are shown in Fig. 1(d).

3. Simultaneous polarizing phase shifting system
The proposed system consists of a polarized Michelson inter-
ferometer (PMI) that generates the overlap of the beams A,; y Brer with

crossed circular polarizations, which can be expressed as:

- -
Aoy = Jj, e :¥)obj B = J, @19 Y )ref

@

where 7; has a left circular polarization and TR has right circular po-
larization, @(x, y)o;; and @(x, y).sare the object and reference phase
respectively. When the beams of equation (1) overlap and pass through
a linear polarizer F(w), collocated at angle ¥ [1,7-9], we obtain the
intensity of the base pattern as

1(x,y) = IP @)[Aoy + By 1P = @2 + b2 + abcos[29; — Ap(x, )], (2)

where Ag(x, y) is the phase difference, a® + b corresponds to the bias
term and ab is the amplitude modulation. In Eq. (2) a controllable phase
shift twice the fast axis orientation (p)of the polarizer.

3.1 Pattern replication with 2D-gratings

The recovered transmission gratings can be mathematically for-
mulated in 1D as
5]
& 3)

with d = a; + a, being the grating period, a; and a, are the widths of
the clear and dark bands respectively, 6(«) denotes the Dirac delta
function, and ® the convolution. u = u/Af is the frequency coordinate
scaled to the wavelength 1 and the focal length f. The frequency co-
ordinate is u. Thus, the Fourier transform of Eq. (3) with N — oo is
given by

~ a; = n
Gy== ), C,,-5(x - —),

==~ d @
where C, results as the n-Fourier complex coefficient. If we generalize

the one-dimensional case to 2D, this can be considered to be two cross
amplitude gratings, with orthogonal transmission axes, in other words

N
® D, 9

n=—N

R(u) = Rect[ﬁ]
O



J.M. Islas Islas, et al.

(a)

[rad]

15
20
10
40
5
60
r— )

é 80l 0
> - 5
100 )
120 -10
140 15

20 40 60 80 100 120 140
x [px]

Optics and Laser Technology 123 (2020) 105915

y[px]
y [px]

y[px]
y [px]

40 40
20 40 60 80 100 120 140 20 4) 60 80 100 120 140
x[px] x [px]

(d)

Fig. 6. Plastic sheet. (a and b) Four simultaneous patters. (c) Wrapped phase. (d) OPD. Scale 3 mm X 3 mm.

KZ n'd“]. ZLJ rect[v - l'd“},

aw;x l=—L anl (5)
where N, L are the numbers of components of the grating, d,and d, are
the respective periods along directions “p” and “v”, and ay, av are the
widths in clear strips along each one of both directions. The gratings
have equal periods in both directions; then, d, = d, = d, as well as
a, = a, = a,. Due to the properties of the Fourier transform, the cor-
responding spectrum is:

N
G(u, v) = 2 rect[
n=—N

a? < s n) < 5 l
& 2 olvmg) 2 adly-g

n=-N I=—L

G(x,y)
(6)

3.2 4-f imaging system with 2D grating

The output of the PMI generates the pattern with two beams with
orthogonal circular polarization states, the coupled 4-f system with 2D-
grating is used to replicated the pattern, then considering the Egs. (2)
and (6), the interference pattern I'(x, y)on the image plane of the
system will be:

I'(x,y) =1(x,y) * 1G (x, )P, %)

so, the interference pattern on the image plane will be:

N L
I'(x,y) = Z z C2Cp>{a® + b? + abcos[2y — (¢, y)1}

n=N 1=—L ®)
where x’ = x — n/d and y' =y — l/d. Eq. (8) shows that the results are
replicas of the base pattern generated by the PMI displaced to the nth
and Ith diffraction orders; each replica of the main pattern maintains an
intensity modulated by Fourier Coefficients C, and C; corresponding to

x and y direction respectively.

Fig. 2 shows the diagram of the experimental setup implemented.
The system is composed by polarizing Michelson interferometer (PMI)
coupled to a 4f system, the replicated interference patterns generated
according the Eq. (8) are shown in Fig. 3. Fig. 3(a) shows the diffraction
pattern generated by the 2D-grating, it can be seen that the amplitude
spectra for each axis show more than three orders of diffraction; how-
ever, only orders 0 and + 1 allow us to obtain replicas of the inter-
ference pattern with comparable intensities, given that the fringe
modulation is close to 1 when using the 0 and *+ 1 diffraction orders for
a classical amplitude grating. Fig. 3(b) shows the interference patterns
where at least nine diffraction orders with comparable intensities.

3.3 Inteferogram filtering

In order to register and process the interferograms on a single
image, we placed an aperture at the entrance of the system, calculated
the centroid of each replica and generated a circular mask around each
centroid for the n-interferograms. Since we use diffractive elements to
generate the simultaneous interferograms, the captured patterns pre-
sent variable background intensities as well as different amplitude
modulations and the noise associated to the speckle of the laser. For this
reason, it is necessary to use a prefiltering process in order to eliminate
the background, normalize the amplitude modulation and filter-out
noise. Several algorithms such as the proposed in Refs. [47-49] are used
for this purpose. In our case, we implemented the Gabor Filter Banks as
proposed by Rivera [48] for the normalization process due to its ro-
bustness to high noise levels.
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Fig. 7. Human Red Blood Cells. (a and b) Four simultaneous patters. (c) Wrapped phase. (d) OPD. Scale 60 um x 60 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

4. Optical phase recovery algorithm
4.1 Four step-algorithm

In previous sections, we have shown that the gratings, generate
replicas of the interference patters whose intensities are modulated by
the intensities of the diffraction orders of the gratings, because of this
are used four simultaneous interference patters (—1, 1), (1, 1), (-1,
—1) and (1, —1), because they have comparable intensities, which is
essential to use the four-step algorithm. Considering this, it is necessary
to place on each interferogram a linear polarizer at the angles:
P, =0 1, =45 1, =90 3, = 135, generating the respective phase
shifts (£) of 0°, 90°, 180" and 270°[50]. Thus, we can generate four si-
multaneous interference patterns spatially separated in the same image
given by:

L(x,y) = A2 + B + ABcos[p(x, y)]
L(x,y) = A% + B?> — ABsin[¢p(x, y)]
L(x,y) = A2 + B2 — ABcos[p(x, )]
Ii(x, y) = A* + B* + ABsin[g(x, y)] 9

and the optical phase is obtained as

I4—Iz
tanp(x, y) = .
P, y) [11 — 13]

(10)

4.2 Symmetrical (N + 1) algorithm

To demonstrate the usage of several interferograms, we choose the
symmetrical N 4+ 1 phase steps algorithms for processing the cases
N =6 and N = 8 with a constant phase shift value of 27/N between

frames depending the case. In these systems, the N + 1 interferogram
results from a shift of 360°. The phase formula for N shifts is given by
[12,14]

N+1 .
>k s1n(27rT)

i

tang(x, y) = i3

Z I cos(Zn%) an

For the case of symmetrical seven, each step & is of m/3, so 1, are
P, =0,%,=30,1, =60, =90, 1, = 120’, 1), = 150" and 3, = 180".
For symmetrical nine, ¢, =0, ¥, =22.5 , ¢, =45, 3, =67.5,
Py =90, P = 112. 5 9, = 135, 9, = 157. 5'and 3, = 180, in this case,
each step ¢ is of 5t/4. This method reduces errors in phase calculations
when noisy interferograms are involved [12].

4.3 Two step-algorithm

Using two interferograms the relative phase is calculated by means
of the Vargas-Quiroga method [51,52], which requires a constant phase
shift between the interferograms that can vary between the values of 0
to 2m; the algorithm does not require the value of the shift due to the
configuration of the proposed system. The algorithm implemented al-
lows obtaining the wrapped phase using both interferograms: it obtains
first the direction of the fringes using a regularized optical flow method
to obtain the sign of the phase; then, it applies a spiral phase transform
to calculate the optical phase [52,53]. For this case each step & is of
60 deg, so y, are , = 0", 3, = 30"
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Fig. 8. Tilted wavefront. Case: Simetrical seven (6 + 1). (a) Interferograms. (b) Wrapped phase (c) Unwrapped phase with carrier frequency: calculated OPD. (d)
Unwrapped phase without carrier frequency: calculated OPD. Relative phase shift: 7t/3. Scale 3mm x 3 mm.

5. Phase unwrapping

Let us consider ¢(x, y) as the wrapped phase obtained from the n-
phase-shifting algorithm. Since the images are obtained from a si-
multaneous phase shifting interferometer, we implement the iterative
unwrapping method proposed by Kerr et al. [54] to obtain the un-
wrapped phase ¢,. In order to improve the results, we added a mask
that filters the excess of information corresponding to the background
and carrier signal. The mask is created from the mean intensity Iyean Of
the patterns

- L(x,y)
Dnean (X, ¥) = -
; n 12)

where n is the number of steps made by our system, I (x, y) is the in-
tensity of each i-th pattern. This image allows us to detect the region of
interest (ROI) where the sample is located. For each ROI, a 2D Gaussian
function is applied in order to avoid harmonics and unwrapping errors.
The applied filter is:

[0 m(x,y) =0
Y E g, y) # Hx ), mxy) #0 as)

where o (x, y)is the filtered phase, m is the mask function and H(x,y) is
the 2D Gaussian function. This filter removes sharp edges and details.
The phase retrieval procedure should include a reference phase in step
where the background is measured beforehand, in other words, the
background phase is calculated without the test object. The phase

variations are converted to optical path difference (OPD) variations in
wavelength units [A], using the following equation:

OPD = (—‘o(x’ y))./l
27 14

6. Experimental setup

The implemented system is presented in Fig. 4. The optical system is
illuminated with a laser operating at 532nm, which is filtered and
collimated to generate a plane wavefront. A linear polarizer is placed
with its transmission axis at 45° to generate a wavefront linearly po-
larized at 45° at the input of the PML In the PMI we placed linear po-
larizers with transmission axes at 0° and 90° at the beams A, and Byer
respectively; the transparent sample or phase object (PO) is placed at
the trajectory of beam A,p; Hence, we have patterns with orthogonal
linear polarization at the output of the PMI. A quarter wave plate
(QWP) is placed at this stage to generate orthogonal circular polariza-
tion states [38]. In this stage, to analyze the conventional samples the
PMI is used without the microscope objective (MO), for the analysis of
microscopic samples such as red blood cells (RBC) we added a micro-
scope objective (MO) in each arm of the PMI, emulating a Linnik in-
terferometer which is used for surface and contouring samples at mi-
croscopy scale [31]. At the output of the PMI, a 4f system with a 2D
diffraction grating at the Fourier plane is coupled in order to generate
replicas of the base pattern. Each replicated pattern are centered
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Fig. 9. Tilted wavefront. Case: Simetrical nine (8 + 1). (a) Interferograms. (b) Wrapped phase (c) Unwrapped phase with carrier frequency: calculated OPD. (d)
Unwrapped phase without carrier frequency: calculated OPD. Relative phase shift: /4. Scale 3mm x 3 mm.

around each diffraction order of the 2D grating and its intensity is
modulated by the Fourier coefficients of the 2D grating. To generate the
phase shifts, we placed a polarizers array (PA) with the n-polarizers at
the corresponding angles. For the case of four patterns with relative 5t/
2- phase shifts &, the angles of the polarizers are multiples of 7/4 deg.
The case of symmetrical seven, each step & is of 60° and the polarizing
angles are multiples of 7/6. For symmetrical nine, the polarizing angles
are multiples of 22.5 deg. and each step ¢ is of /4. For the case of two
step-algorithm, each step & is of 60° and the polarizing angles are
multiples of 7t/6. The image of the generated patterns is collected by the
lens Ly which generates the image in the CMOS camera. The manu-
factured components are the spatial filter system (SFS), the microscope
objective (MO), Quarter Wave Plate (QWP), the imaging lens (L3) and
the CMOS Camera (CC). The optical components recovery of recycled
components are listed below: Collimated lens(Ly), linear polarizers (P;),
mirrors (M;), Collimated lens (LMO), Bean Splitter(BS), 2D-Grating
G(,v), Lens of 4-f system(L;, L,), Polarizer array (PA).

7. Experimental results

The imaging system consisted of a 3.0 megapixel CMOS sensor with
2048 x 1536 pixels (pixel size, 3.2 um x 3.2 um), the CMOS camera is
adjusted to capture the images of four interference patterns simulta-
neously. The accuracy in measurement is the one typical of phase-
shifting techniques (\./2 to A./10 of a fringe) [36,37].

Some trade-offs appear while placing several images over the same
detector field, but for low frequency interferograms with respect to the

inverse of the pixel spacing, the influence of these factors seems to be
rather small if noticeable. Certainly, spatial resolution is compromised,
and this can be noted when we obtain high frequency fringes. This part
can be improved by changing this aperture for a spatially known pat-
tern and employ image registration techniques. Under our working
conditions we didn’t require any numerical compensation, and this will
be considered for future implementations. One image every second with
a resolution of 140 x 140 pixels was recorded.

To generate the independent phase shifts, we used n-polarizers in
the arrangement for each case, which were made by cutting a polarizing
sheet. The cut of the polarizers was done with a laser cutting machine
and for the placement of the polarizers at the appropriate angles, a
calibrated polarizer is used as an analyzer, and the transmitted in-
tensities are measured. We checked circular polarizations in every
pattern by verifying that the intensity did not vary with the analyzer
rotation, guaranteeing that the correct phase-shifts will be obtained and
the intensity of each pattern will be equal [23].

In the results presented in Figs. 5-7, the results obtained with the 4
step method are shown, Fig. 5 shows a tilted plane wavefront, Fig. 5(a)
shows the four simultaneous patterns used, Fig. 5(b) the processed
patterns and Fig. 5(c) the wrapped phase map. The resulting OPD cal-
culated from the optical phase map is shown in Fig. 5(d) after phase
unwrapping process. Fig. 6 present a segment of plastic sheet, on which
tension was generated by tension where Fig. 6(a)-(b) shown the de-
formations in the simultaneous interferograms and Fig. 6(c) the
wrapped phase is present. Fig. 6(d) shows the OPD. It can be observed
in the fringe patterns the section of the sample that was stressed, and in
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Fig. 11. Phase profiles of the (unwrapped) estimated phases using the 2-Steps,
6 + 1-Steps and 8 + 1-Steps algorithms.

the recovered optical phase the deformation generated.

Fig. 7 shows the results obtained with human red blood cells de-
posited on a cover-slip by smears. Fig. 7(a and b) show the inter-
ferograms and the processed patterns respectively. In Fig. 7(c) the
wrapped phase and Fig. 7(d) the calculated OPD. To obtain the final
result, a reference phase is subtracted from the phase (the optical phase
that introduces the cover-slip). In the OPD, the form of the red blood

cells can be observed where the study of blood cell morphology is useful
in the biomedical sector since its potentials of diagnosing diseases.
From the OPD data, we were able to calculate the mean thickness as
OPD/An = 3.62um, where An mean value of the red blood cell re-
fraction index assumed as 1.39.

To demonstrate the use of generating several interferograms, we
chose the symmetrical N + 1 phase steps algorithms for data processing
using N = 6-8 cases. For the case of symmetrical seven (6 + 1) and
symmetrical nine (8 + 1) the corresponding results and calculated
phases are shown in Figs. 8 and 9 respectively. In such cases, we present
in Figs. 8(a)and 9(a) the simultaneous interferograms, Fig. 8(b) and
9(b) the unwrapped phase; in Figs. 8(c) and 9(c) it is shown the cal-
culated OPD without removing the carrier, in Figs. 8(d) and 9(d) shown
the calculated OPD which was fitted with a linear phase factor in order
to remove the carrier. The phases present some deformation up to 0.5
OPDs. In Fig. 10 we present the same results for the case of two si-
multaneous parallel interferograms of a tilted wave front using the
same criteria for the unwrapped phase.

Fig. 11 shows a cross section of the optical phase shown in
Figs. 8-10 without carrier frequency, the use of n =N + 1 inter-
ferograms presents two main advantages: First, it reduces errors in the
phase estimation process when the interferograms present low signal-
to-noise ratio, this is achieved thanks to the high number of inter-
ferograms used. Second, it presents robustness to detuning errors due to
the repetition of one step, which gives as a result a second order band-
pass filter in the frequency of the step [12-14]. The presented two-step
case allows us to obtain the optical phase with a smaller number of
interferograms, however, it requires a pre-filtering process in order to
normalize the patterns, methods such as the presented in [48-50]
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permit the elimination of background illumination, amplitude mod-
ulation and noise. In addition, the spatial resolution can be enhanced by
increasing number of pixel of the interferograms given the low number
that appears in the captured image [52,53].

8. Dynamics phase measurements

To show the advantages of the implemented system we tested a
dynamic phase by placing a thin flame of a candle as a sample. A re-
presentative frame of the dynamic phase map is shown in Fig. 12. In
Video 1 is possible to see the temporal evolution of the phase map.
These results show that dynamic phase objects can be analyzed with the
proposed optical system.

15
10
5
T
° &
/ 5
< 160
< 140
S < 120 e
100 > <" 100
80 ‘\ < 80
60 . < 60 -15
0 . <
ylpx] 20 7 20 x[px]
20
Video 1.

We analyzed the stability of the system by capturing 40 frames at 1
fps showing its variation in each pixel, see Fig. 13. Fig. 13(a) shows the
four interferograms (for one representative frame), the wrapped phase
in Fig. 13(b) and its corresponding unwrapped phase in Fig. 13(c).
Fig. 13(d) shows the temporal average and Fig. 13(e) the standard
deviation of the variation by each pixel. The Fig. 13(f) show the tem-
poral variation of the unwrapped phase selecting the central pixel, the
average obtained correspond to 1.02rad with a standard deviation of
0.42rad. Although the system corresponds to the ideal accuracy ob-
tained with a common Michelson-type interferometer on the order of
A/2 to A/10 of a fringe [36,37], systematic errors like interferograms
registration, imaging conditions among others reduce the response of
the system. In previous reports we obtained a wavefront response of
RMS = 0.51\ [34,35]. The results show that the proposed system could
potentially be applied on another sample of interest, such as thin films,
microstructures, deformation in transparent microstructures, or trans-
parent tissue, among others.

9. Final remarks

We have presented an interferometric system that allows to measure
the phase maps of static and dynamic transparent samples implemented
mostly with recovered optical components from recycled electronic
devices. The system uses a 2D grating to generate up to nine replicas.
The implemented system has the limitation of the size of the used
components since the analyzed samples are of the order of 4 mm.
Additionally, the size of the components hinders their manipulation and
requires a good optical alignment, which implies the use of more la-
boratory time. Nevertheless, it should be noted that the used elements
are inexpensive and easily accessible. Tests with 25t/N phase-shifts and
two parallel interferograms were presented, but other approaches using
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different phase-shifts could be attained using linear polarizers with
their transmission axes at the proper angle before detection. Because of
this, the presented system is able to obtain, sets of two interferograms,
four and n = (N + 1) interferograms with only one single capture of the
camera.

A limitation of this technique is the generation of multiple inter-
ferograms in a single image, precisely because the resolution of each
pattern is lower, however, the step methods allow the optical phase to
be recovered with a low number of fringes. The presented system can be
easily implemented for various applications in single shot polarizing
phase shifting interferometry, which is required to obtain dynamic
measurements.
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