
Pulsed spatial phase-shifting digital
shearography based on a
micropolarizer camera

Vyacheslav Aranchuk
Amit K. Lal
Cecil F. Hess
James Davis Trolinger
Eddie Scott

Vyacheslav Aranchuk, Amit K. Lal, Cecil F. Hess, James Davis Trolinger, Eddie Scott, “Pulsed spatial
phase-shifting digital shearography based on a micropolarizer camera,” Opt. Eng. 57(2),
024109 (2018), doi: 10.1117/1.OE.57.2.024109.



Pulsed spatial phase-shifting digital shearography based
on a micropolarizer camera

Vyacheslav Aranchuk,a,* Amit K. Lal,b Cecil F. Hess,c James Davis Trolinger,c and Eddie Scottc
aUniversity of Mississippi, National Center for Physical Acoustics, Mississippi, United States
bOptical Measurement Systems Corporation, Laguna Hills, California, United States
cMetroLaser, Inc., Laguna Hills, California, United States

Abstract. We developed a pulsed digital shearography system that utilizes the spatial phase-shifting technique.
The system employs a commercial micropolarizer camera and a double pulse laser, which allows for instanta-
neous phase measurements. The system can measure dynamic deformation of objects as large as 1 m at a 2-m
distance during the time between two laser pulses that range from 30 μs to 30 ms. The ability of the system to
measure dynamic deformation was demonstrated by obtaining phase wrapped and unwrapped shearograms of
a vibrating object. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.2.024109]
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1 Introduction
Digital speckle-pattern shearing interferometry (digital
shearography) is an established whole-field interferometric
technique used to investigate the deformation of objects sub-
jected to static or dynamic loading and for nondestructive
testing.1–6 Digital shearography employs phase-shifting
methods to extract quantitative data and improve the accu-
racy of measurements. Temporal phase-shifting technique,7

when several images with different phase shifts are recorded
sequentially, is widely used in shearography. Although it can
provide high accuracy of measurements, the acquisition is
slow, which limits the applications of temporal phase-shift-
ing to static deformations and periodic vibration.1,3 Temporal
phase-shifting cannot be used with pulsed lasers for meas-
uring random or transient vibration, when only two laser
pulses are available. In order to reduce the acquisition
time, spatial phase-shifting methods have been used in
shearography.8 Spatial phase-shifting allows fast measure-
ment of the object deformation by simultaneously acquiring
images with an appropriate static phase shift between them.
Several methods of spatial phase-shifting have been devel-
oped for shearography. In the spatial carrier frequency
method, a phase map can be obtained from a single video
frame. The method was first implemented in shearography
by using a Mach–Zehnder interferometer setup.9 The spatial
carrier frequency method has also been implemented by
using a Michelson interferometer as a shearing device.10

Another technique to generate the carrier frequency in shear-
ography is based on changing the divergence of the illumi-
nation beam between the two exposures.11–13 The carrier
frequency method was also implemented by employing a
double-aperture mask to introduce a carrier frequency into
a digital shearography system.14 The system produces
high quality phase maps, but its downside is a limited object
size and the complexity of the setup. Other spatial shifting
methods developed for reference beam interferometers can

be used in shearography as well. One of the methods uses
multiple charge coupled device (CCD) cameras for simulta-
neous acquisition of polarization-based phase-stepped
interferograms.15 This method is difficult to implement
due to the complexity of the setup, and the difficulty of cal-
ibration and alignment of individual cameras.

A more advanced approach uses four phase-shifted inter-
ferograms on a single CCD camera.16,17 The setup uses a
holographic beamsplitter to produce four interferograms
from the combined orthogonally polarized test and reference
beams. A combination of a four-segment birefringent mask
and a polarizer creates four phase-shifted interferograms,
which are acquired simultaneously by a single CCD array.
The setup requires a software registration procedure to deter-
mine the corresponding detector elements for the four inter-
ferograms. A micropolarizer phase-shifting array is another
technique to produce four phase-shifted interferograms on a
single CCD array.18 It is based on the fact that a phase shift
between two interfering right- and left-handed circularly
polarized beams transmitted through a linear polarizer is pro-
portional to twice the rotation angle of the polarizer.19 The
setup uses a quarter-wave plate to convert the test and refer-
ence beams into left- and right-handed circular polarizations,
and a wire-grid pixelated micropolarizer array bonded to the
CCD detector. The micropolarizer array includes the 0-, 45-,
90-, and, 135-deg polarization orientations, which is
repeated over the entire array. The micropolarizer camera
acquires the four polarization orientations in a single
video frame, which enables instantaneous interferometric
measurements. The micropolarizer camera is a very compact
and easy to use device that does not require an alignment
procedure. The micropolarizer cameras have been used in
a variety of commercial interferometers that are used pri-
marily for measuring wavefront, the shape and surface tex-
ture of optics, and precision engineered surfaces.20 This
paper reports development of a pulsed spatial phase-shifting
digital shearography system based on a micropolarizer
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camera. The paper describes the optical schematic, the prin-
ciple of operation of the system, an experimental setup, and
presents an example of a double-pulse shearogram of a
vibrating object.

2 Optical Schematic and Principle of Operation
An optical schematic of the shearography system based on a
micropolarizer camera is shown in Fig. 1. A linearly polar-
ized laser beam expanded with a beam expander (BE) illumi-
nates an object.

The shearography system is based on a polarization
Mach–Zehnder interferometer, which includes polarizing
beamsplitter cubes PBS1 and PBS2 and mirrors M1 and
M2. The object is imaged onto the CCD via a combination
of an imaging lens L1 and a relay system L2–L3. The relay
provides the space for producing two interfering sheared
images and is used to control the speckle size on the
CCD. The relay has an adjustable aperture that effectively
changes the F∕# of the imaging system. The polarization
Mach–Zehnder interferometer generates two sheared wave-
fronts, which have linear polarizations orthogonal with
respect to each other. The polarization direction of the illu-
minating beam is adjusted at 45 deg relative to s- and p-axes
of the PBS1. The PBS1 splits the light reflected from the
object into two orthogonally polarized beams. The s-polar-
ized light is reflected by and the p-polarized light is trans-
mitted through the PBS1. Mirrors M1 and M2 and the
polarizing beamsplitter cube PBS2 are used to combine
the orthogonally polarized images on the CCD. The shear
between the images could be adjusted by tilting the mirror
M2. A quarter-wave plate (QWP) positioned in front of the
micropolarizer array converts incident s- and p-polarized
light from the interferometer into right-handed and left-
handed circularly polarized light.

The circular polarizations interfere at the CCD after pass-
ing through the micropolarizer array. The pixelated micropo-
larizer array includes the 0-, 45-, 90-, and, 135-deg
polarization orientations, which make a so-called super
pixel, 2 × 2 pixels. The micropolarizer array matches the
CCD array, and it is bonded to it.18 The super pixel
(2 × 2 pixels) is repeated over the entire array. The pixelated
polarization camera acquires the four polarization orienta-
tions in a single video frame. Pixels having 0-, 45-, 90-,
and, 135-deg polarization orientations add a phase shift of
0 deg, 90 deg, 180 deg, and 270 deg correspondingly
between transmitted right- and left-handed circularly polar-
ized wavefronts, which allows acquiring four interferograms
with 90 deg phase steps simultaneously in a single video
frame. The data captured by the pixelated camera could
be parsed into four subarrays corresponding to each of the
four polarizations. Each subarray is a phase-shifted interfero-
gram with a phase corresponding to the phase difference
between the interfering wavefronts plus the discrete shift cor-
responding to its polarizer angle. The intensities (I0 through
I3) of the phase-shifted interferograms incident on the detec-
tor array are given by
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where IA and IB are the intensities of the two sheared wave-
fronts, respectively, and ϕ is the phase difference between
sheared images. The phase map ϕðx; yÞ can be found
from this set of equations using a number of algorithms,
for example, a standard four-bucket algorithm using the
following equation:7,18

EQ-TARGET;temp:intralink-;e005;326;277ϕðx; yÞ ¼ arctan

�
I3ðx; yÞ − I1ðx; yÞ
I2ðx; yÞ − I0ðx; yÞ

�
: (5)

The shearography measurements are made by measuring
two phase maps ϕ1ðx; yÞ and ϕ2ðx; yÞ, one before and one
after the object is loaded. A resulting phase difference
ΔΦðx; yÞ map related to the deformation of the object can
be obtained by the subtraction between phases ϕ2ðx; yÞ
and ϕ1ðx; yÞ.

3 Experimental Setup
The developed digital shearography sensor can be used for
measuring surface deformation caused by dynamic as well as
static loading. Because of the ability of the sensor to measure
the phase of optical wavefronts instantaneously, its applica-
tion for the investigation of dynamic processes is particularly
important. Performance of the shearography sensor com-
bined with a double-pulse laser used for vibration

Fig. 1 Optical schematic of digital shearography sensor based on a
micropolarizer camera.
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measurements has been investigated. A functional layout of
the pulsed shearography system with a double-pulse laser is
shown in Fig. 2. The system uses a double-pulse laser system
(Q-Smart Twins, Quantel Corp.), which incorporates two
lasers, an integrated beam-combining module and a fre-
quency doubler. Each of the lasers produces 9 ns duration
pulses with approximately 300 mJ of pulse energy at a wave-
length of 532 nm, at a repetition rate of 10 Hz. Each of the
lasers is controlled independently. The laser system is fol-
lowed by a variable attenuator, a mechanical shutter, a
beam expander, and a polarization control module. The
attenuator allows for reduced laser beam power operation.
The shutter is used to gate out a single pair of pulses.
The beam expander and polarization control module expand
the laser beam to illuminate the required object area. This
module also contains a rotatable half-wave plate, which
allows adjustment of the laser beam polarization direction.

The micropolarizer camera 4DCam™ from 4D
Technology, based on a 1 Mpixel CCD sensor (Illunis
RMV-1010), was used in the setup. The camera allows asyn-
chronous double-exposure mode, meaning that the sequence
of two frames can be triggered externally. Timing and control
are handled by the control and measurement computer and a
multichannel delay generator, which provides trigger signals
for the camera and for the laser system flash lamps FL1 and
FL2, and Q-switches Q1 and Q2. The same computer runs
the 4Sight™ software that provides live video of single and
parsed polarization images, intensity, and wrapped and
unwrapped phase measurements. A camera lens and the
shearing Mach–Zehnder interferometer create two sheared
images of the object on the micropolarizer camera. The cam-
era operates in a double-exposure mode. Operation of the
camera and the lasers is synchronized with a 10 Hz clock
from the delay generator (BNC 577). The timing diagram
of the system is shown in Fig. 3. The laser 1 pulse is
synchronized with frame 1, and the laser 2 pulse is synchron-
ized with frame 2 of the camera. The integration time for the
frame 1 is adjustable from 30 μs to 30 ms. The second frame
begins integrating 9 μs later (the camera interframe time is
9 μs), and the integration time is 30 ms (less the frame 1
exposure). The timing of the double-exposure mode allows
the separation time between two laser pulses to be adjusted
from approximately 10 μs to 30 ms. The wide range of sep-
aration times of laser pulses allows application of the system
for measuring dynamic deformation of objects at different
speeds of loading. For example, the system allows

Fig. 2 Functional layout of double-pulse digital shearography system.

Fig. 3 Timing diagram of double-pulse shearography system.

Fig. 4 Photograph of the experimental setup.

Fig. 5 Photograph of the shearography head (shown with the top
access cover removed).
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measurement of vibration in the frequency range from 17 Hz
to 50 kHz, assuming that the separation time between laser
pulses is equal to half of the vibration period. The system
allows measuring objects of approximately 1 m2 of surface
area at a distance of 2 m.

A photograph of the experimental setup is shown in
Fig. 4. Figure 5 shows a photograph of the shearography
head, which includes a camera lens, a shearing polarization
Mach–Zehnder interferometer, and a micropolarizer camera.
The pulsed shearography system performance was evaluated
by taking shearograms of a vibrating object. The system was
used to measure vibration of a circumferentially clamped
200-mm diameter and 5-mm thick plywood plate, which
was glued to 1 m × 1 m board attached to a wooden frame

Fig. 6 Timing diagram of laser pulses synchronized with peak and
trough of object vibration.

Fig. 7 Double-pulse shearogram of a vibrating plate. (a) Wrapped phase, (b) filtered wrapped phase, and
(c) unwrapped phase and profiles.
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for rigidity. The vibration of the plate was excited with a
loudspeaker positioned behind the object, as shown in Fig. 2.

Shearograms of the vibrating plate were taken for laser 1
and laser 2 pulses synchronized with the peak and trough of
the plate vibration, as shown in Fig. 6. The plate was excited
at the frequency of its fundamental mode, 350 Hz. The sep-
aration time between the laser pulses was equal to 1.43 ms,
corresponding to a half period of vibration.

The shearography measurements are made by acquiring
two data sets corresponding to two different states of the
object deformation illuminated with laser pulses 1 and 2.
A resulting phase difference ΔΦðx; yÞ map related to the
deformation of the object during the time between laser
pulses 1 and 2 can be obtained by the subtraction between
the corresponding phase maps ϕ2ðx; yÞ and ϕ1ðx; yÞ.
However, in the developed system, the subtraction is per-
formed in the interferogram domain before the arctangent
is applied.21 This approach has an advantage over the direct
subtraction in facilitating the application of smoothing rou-
tines for speckle noise reduction. The phase difference
ΔΦðx; yÞ is calculated using the following expression:

EQ-TARGET;temp:intralink-;e006;63;521ΔΦðx; yÞ ¼ arctan

�
Xðx; yÞ
Yðx; yÞ

�
; (6)

where
EQ-TARGET;temp:intralink-;e007;63;466

Xðx; yÞ ¼ ½Ib0ðx; yÞ − Ib2ðx; yÞ� · ½I3ðx; yÞ − I1ðx; yÞ�
− ½Ib3ðx; yÞ − Ib1ðx; yÞ� · ½I0ðx; yÞ − I2ðx; yÞ�

Yðx; yÞ ¼ ½Ib0ðx; yÞ − Ib2ðx; yÞ� · ½I0ðx; yÞ − I2ðx; yÞ�
þ ½Ib3ðx; yÞ − Ib1ðx; yÞ� · ½I3ðx; yÞ − I1ðx; yÞ�: (7)

Ib0 through Ib3 are the interferogram intensities for laser
pulse 1 (baseline) measurement, I0 through I3 are the inter-
ferogram intensities for laser pulse 2 (second) measurement.
By convolving the 2 × 2 pixel kernel across the array, a
phase map can be calculated with almost the same resolution
as the original data array.18,22

Figure 7 shows an example of a double-pulse shearogram
of the vibrating plate glued to a 1 m × 1 m board obtained
for 50 mm shear in the object plane. The vibration amplitude
was 480 nm in the center of the plate as measured with a laser
Doppler vibrometer. The object was located at 2-m distance
from the shearography system. The example presented in
Fig. 7 shows (a) the wrapped phase map, (b) the filtered
wrapped phase map, and (c) the unwrapped phase map
shearogram with X- and Y-profiles. The experimental results
demonstrated the ability of the double-pulse shearography
system based on a micropolarizer camera to measure defor-
mation of objects subjected to dynamic loading, for example,
vibration. The displacement resolution of the developed sys-
tem was assessed by obtaining shearograms of the vibrating
object while reducing the vibration amplitude. It was found
that the system can detect vibrations with an amplitude as
low as 25 nm, or 50 nm peak-to-peak displacement, for a
shearing amount larger than the deformation profile.
Based on these measurements, the relative displacement res-
olution of the developed system can be estimated to be
approximately λ∕10. It is higher than the λ∕20 relative dis-
placement resolution of shearography based on the temporal
phase-shifting interferometry,8 which can be used as a base

of comparison, but that technique is not applicable for pulsed
measurements. The displacement resolution of the developed
system is significantly better than the displacement resolu-
tion of digital shearography based on a fringe counting tech-
nique, which is typically on the order of a quarter of a
wavelength.

4 Conclusions
A double-pulse digital shearography system has been devel-
oped. The system employs an instantaneous spatial phase-
shifting interferometry technique that yields higher resolu-
tion than shearography based on a fringe counting technique.
It is based on a commercial micropolarizer camera, which
allows for a compact design of the shearography sensor. The
system provides quantitative measurements of the dynamic
deformation of objects during the time between two laser
pulses that range from 30 μs to 30 ms. The system is capable
of producing phase wrapped and unwrapped shearograms of
approximately 1 m2 surface area from a distance of 2 m.
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