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Background: Digital speckle pattern interferometry (DSPI) is a competitive optical tool for full-field deformation
measurement. The two main types of DSPI, phase-shifting DSPI (PS-DSPI) and spatial-carrier DSPI (SC-DSPI), are
distinguished by their unique optical setups and methods of phase determination. Each DSPI type has its limited

Results: We designed a universal optical setup that is suitable for both PS-DSPI and SC-DSPI, with the aim of
integrating their respective advantages, including PS-DSPI's precise measurement and SC-DSPI's synchronous
measurement, improving DSPI's measuring capacity in engineering.

Conclusion: The proposed setup also has several other advantages, including a simple and robust structure, easy
adjustment and operation, and versatility of measuring approach.

Keywords: Digital speckle pattern interferometry, Phase shift, Spatial carrier, Deformation measurement, Universal

Background

Deformation measurement, especially three-dimensional
(3D) deformation measurement, is essential to the quan-
titative description of object change and the accurate
determination of mechanical properties. Traditionally,
deformation measurement is carried out by the use of dis-
placement transducers, such as strain gauges [1]. However,
displacement transducers suffer from the disadvantage of
being a spot measurement technique, which leads to low
spatial resolution and insufficient information for full-field
deformation measurement. Optical techniques such as
digital speckle pattern interferometry (DSPI) [2, 3], digital
image correlation [4], and Moiré method [5] have become
preponderant methods in the measurement of deform-
ation for objects with rough surfaces due to their full-field,
stand-off, and non-contact measurement nature. More-
over, optical methods, particularly DSPI, are also very pre-
cise tools. DSPI is mainly divided, based on their optical
setups and interferometric phase extraction methods, into
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two categories: phase-shifting DSPI (PS-DSPI) and spatial-
carrier DSPI (SC-DSPI). The SC-DSPI is also known as
digital holographic interferometry [6, 7].

PS-DSPI utilizes the interference between an object
beam from a measuring target and a reference beam
from a fixed surface to measure the out-of-plane de-
formation, and the interference between object and ref-
erence beams from the measuring target via different
paths to measure in-plane deformations [8, 9]. 3D de-
formation measurement is then realized by combining
one optical setup for out-of-plane deformation measure-
ment and two optical setups for in-plane deformation
measurement together. The three channels are enabled
in turn when performing the 3D measurement, resulting
in asynchronous measurement of the 3D deformations.
However, synchronous measurement of 3D deformations
is desired in practical applications to enable the change
and mechanical model of the measuring object to be
characterized properly. Therefore, the inability of PS-
DSPI to perform synchronous measurement limits its
employment in practical engineering. Furthermore, PS-
DSPI is usually unsuitable for dynamic measurement
due to the amount of time consumed in the process of
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obtaining the interferometric phase. The dominant
phase extraction method in PS-DSPI is the temporal
phase shift, which carries out several phase shifts and re-
quires the measuring target to be stationary during the
phase shift [10]. Dynamic deformations are not easily
measured, even if the time interval between adjacent
phase steps is very short. Though other phase extraction
methods, such as spatial phase shift [11] and phase of dif-
ference phase shift [12], have been used in DSPI to make
dynamic deformation measurement possible, these
methods are difficult to use, result in a more complicated
system structure, and provide less reliable measurement
results. Consequently, these fast phase extraction methods
are rarely used in commercial PS-DSPI instruments.
SC-DSPI also uses a multi-channel optical setup, usu-
ally a three-channel setup, to measure 3D deformations
[13, 14]. The three channels work simultaneously, and
three speckle interferograms are recorded in an image
frame. The information of the three interferograms can
be separated in the frequency domain, and their corre-
sponding phase maps can later be calculated if proper
spatial carrier frequencies are used [15]. The combin-
ation of the three phase maps allows the final 3D de-
formation to be obtained. SC-DSPI's measurement
characteristics make synchronous measurement of 3D
deformations possible because the three speckle interfer-
ograms are recorded together in one frame and the three
phase maps are obtained simultaneously. Dynamic meas-
urement of deformations is also possible because only
one image frame is used to measure deformations, elim-
inating the need for a specified time interval [16]. The
dynamic measurement speed depends on the camera
frame rate. Though SC-DSPI outperforms PS-DSPI in
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terms of synchronous and dynamic measurement, its
disadvantages include a lower-quality phase map [17],
greater loss of laser energy, and much smaller measuring
area, thus limiting its use in practical applications.

PS-DSPI and SC-DSPI have their respective characteris-
tics and are employed in different applications. However,
their respective defects limit their wide use in engineering.
Their area of application could be expanded if both tech-
niques could be combined together. However, this idea is
not easy to realize due to their distinct optical setup.

We have built a universal optical setup for both PS-
DSPI and SC-DSPL 3D deformations can be measured
by this optical setup using either PS-DSPI or SC-DSPIL.
Thus the flexibility of deformation measurement in en-
gineering is fulfilled by the use of the proposed optical
setup. The optical setup is also very simple, robust, and
easy to use.

Method
Arrangement of universal optical setup
The universal optical setup for PS-DSPI and SC-DSPI
adopts a three-channel optical arrangement. Each chan-
nel consists of an object and reference beam pair derived
from an individual laser. Components in each channel
are almost the same, but the laser wavelength can be dif-
ferent. The incident angles, or illumination angles, of the
three object beams striking the measuring target are arti-
ficially arranged to achieve optimal 3D deformation
measurement results. The illumination angles will be
discussed later.

The optical arrangement of the universal optical setup
is depicted in Fig. 1. Considering the similarity of the
three channels, the optical arrangement of only one
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Fig. 1 Universal optical setup for phase-shifting and spatial-carrier digital speckle pattern interferometry
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channel is described to show the optical interference
process. The laser beam is divided into object and refer-
ence beams by a beam splitter. The object beam then
strikes the measuring target after being expanded by a
negative lens or other optical components or parts with
similar function, such as a microscope objective. The
scattered light from the target is collected by an imaging
lens, such as an aspheric lens, then reaches the image
sensor of the camera via an aperture. The aperture
works as a regulator of light intensity in PS-DSPI mode
and a filter of spatial frequency in SC-DSPI mode. The
reference beam is coupled into an optical fiber via a
piezoelectric-transducer-driven mirror. The elongation of
the piezoelectric transducer (PZT) is automatically con-
trolled by a computer to modulate the optical path of the
reference beam, resulting in the phase shift in the PS-DSPI
measurement. The emergent light from the fiber strikes the
camera sensor at a small angle between it and the optical
axis. This angle determines the carrier frequency, a key par-
ameter in the SC-DSPI measurement. The object and refer-
ence beams encounter each other on the camera sensor,
resulting in optical interference. The generated speckle in-
terferograms are captured by the camera and recorded by
the computer for further processing.

The other two channels follow the same principle, but
have different illumination angles and reference beam
incident angles. The differences in the incident angles of
the reference beams guarantee the separation of the
interferometric signals from the three channels in the
frequency domain, when the setup works in the SC-
DSPI mode. The illumination angle differences among the
three channels result in different displacement sensitivity
coefficients. The combination of these displacement sensi-
tivity coefficients forms a displacement sensitivity matrix
with which the relationship between the 3D deformations
and the interferometric phases obtained by PS-DSPI and
SC-DSPI is built. The phase determination and deform-
ation calculation procedures are discussed in the next sec-
tion. Various illumination angle combinations among the
three channels yield different displacement sensitivity
matrices. Among these combinations, right-angle distribu-
tion and homogeneous distribution, described in Fig. 2,
are the two simplest and optimal arrangements. In both
types, the magnitudes of the illumination angles are equal,
but the directions differ.

When PS-DSPI is used to measure 3D deformations,
the three channels are enabled in turn by opening the
shutters in front of each laser. Only one interferogram,
generated by a pair of object and reference beams from
a channel, is captured by the camera at a time. The im-
plementation of a round of measurements using the
three channels in turn yields three equations which ex-
press the mathematical relationship between the inter-
ferometric phases and image intensities. When SC-DSPI
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is used for measurement, the three shutters are opened
together, resulting in three pairs of object and reference
beams emerging on the camera sensor simultaneously.
Each object beam- reference beam pair generates an inter-
ferogram, resulting in the simultaneous recording of three
independent interferograms. The three interferograms are
later separated in the frequency domain after a Fourier
transform is performed on them. The interferometric
phases are extracted from the separated interferograms
after an inverse Fourier transform is performed.

Phase determination using PS-DSPI
The interferogram generated by the PS-DSPI can be
expressed as

I(x’y) = IO(xvy)
+ B(x,y) cos | p(x,y) + 2nf x + 2ﬂfyy] ,
(1)
where I(x,y) is the intensity distribution of the interfero-

gram, Io(x,y) is the background light, B(x,y) is a coeffi-
cient correlating with the contrast, ¢(x,y) is the
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interferometric phase, f, and f, indicate the carrier
frequencies which are introduced by the slightly
deflected reference beams, and (x,y) indicates the
two-dimensional distribution.

The interferogram intensity I(x,y) is recorded by the
camera, and the carrier frequencies f; and f, are deter-
mined by the incidence angle of the reference beam, but
the three remaining variables in Eq. (1) are unknown,
making the equation unsolvable. Additional conditions
need to be added to resolve this problem. Typically, the
additional condition is a series of artificial phase
changes. The method to solve the equation by artificially
changing the interferometric phase is known as phase
shifting. This method can be further divided into tem-
poral and spatial phase shifting. The temporal phase
shifting, which changes the phase over time, is the dom-
inant phase determination method in PS-DSPI due to its
ease of use and ability to formulate high-quality phase
maps. The number of steps and phase change intervals
are multifarious [18]. For example, the popular four-step
temporal phase shift changes the phase four times
with an interval of m/2. As a result, four equations
are obtained as

Ii(%,y) = Io(x,y)
+B(x, y) cos [d)(x?y) + 2f x + 20f y + (i-1) g} (i=1,2,3,4).

(2)

Solving Eq. (2) for ¢(x,y) results in the following

expression:

114(96,)’)—12(.%,)/)
Li(x,)-I3(x,7)

After the measuring target has been deformed, the
phase shift is carried out again to determine the inter-
ferometric phase according to the deformed state. The
phase difference is then determined by simply subtract-
ing the phase before deformation from the phase after
deformation. This is expressed as

A¢1(x7y) = ¢a(x’y)_¢b(x’y)v (4')

where ¢,(x,y) and ¢,(x,y) are the phase distributions
after and before the deformation, respectively. The other
two phase differences A¢ghy(x,y) and Ags(x,y) are deter-
mined by performing the same procedure on the other
channels.

In the proposed universal optical setup, the phase shift
is carried out by the PZT. A PZT elongation of 1/8,
where 1 is the laser wavelength, causes a phase shift of
/2, which is the amount required by the four-step tem-
poral phase shift. Fine control of a well-calibrated PZT
aids in the precise determination of the interferometric
phase using PS-DSPI.

P(x,y) = tan’ (3)
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Phase determination using SC-DSPI

Due to the simultaneous recording of the three interfer-
ograms in the SC-DSPI mode, the image intensity is the
sum of all interferograms, which is expressed by

Is(xvy) = SO(xvy)
3
+Y Bil.9) os | (x,9) + 2nf i + 2nf 3]
i=1
(5)

where L(x, y) is the sum of the background lights.
Aided by Euler’s formula, Eq. (5) can be transformed to

I(x,y) = Io(x,y)
3
+Z[ A(x,y)e 2 (Furtfoy) 4 C: (x,y)e /2ﬂ(fxx+fyy)]
=

(6)

where Ci(x,y) = )1/2, * denotes the com-
plex conjugate.
After a Fourier transform is performed, Eq. (6) is

transformed to

Flfat,) =F

Bi(x, y)expljd(x, y

Tl ()] = A (1eot) 7)
Z fet it ).
+Q (fg furky 4 1))

where FT denotes the operation of Fourier transform,
(fef,) are the coordinates in the frequency domain, and

A<févfn) = FT[lo(x,y)]
P; (fg—fix,f”—fiy) =FT [Ci(x’y)eﬂn(fmx-kfiy}’)}
Qi (fg’ +fix7f;7 +fiy) =FT [Cj (x7y)e‘/2”(fu"+fiﬂ)}
(8)

Eq. (7) shows there are a total of seven components in
the frequency domain, where P(f;: - f.., f, - fi,) and Q(f; +
Jfiwfy +Jiy) are three pairs of conjugate components and
A(f., f,) represents the low-frequency background signal.
The locations of P{fe - fi. f, — fiy) and Qfe + fin £, + f3y) are
determined by the carrier frequencies f;, and f,. All seven
components can be well separated by fine adjustment of
the incidence angles of the reference beams and the aper-
ture in the universal optical setup. To intuitively describe
the frequency spectrum obtained by SC-DSP], Fig. 3 illus-
trates a distribution of the seven components that was
generated by the proposed optical setup in an experiment.
More information about the synchronous recording and
separation of the multiple interferograms can be found in
Refs. [19] and [20].
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Fig. 3 Frequency spectrum obtained by the SC-DSPI
A

Since both Py(f:-fiuf, - fy) and Quf:+funfy+f3)
contain the same interferometric phase, either of
them can be used for phase extraction. This is realized by
applying an inverse Fourier transform on the selected
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component and performing further calculations. For ex-
ample, if Py(f: - fi. f; — fiy) is chosen, the phase distribution
according to the first channel is

¢ (x,y) = tan! %’ 7

where IM and RE denote imaginary and real parts of the
complex number and

2i(x9) = FT [Py (frf i 1y )| (10)

where FT ! is the inverse Fourier transform operation.

The phases according to the other two channels, as
well as the phases after deformation, are obtained
by the same means. Finally, three individual phase
difference distributions Ag¢(x,y), Agh(x,y) and Ags(x, y)
are determined by subtracting the phases before
deformation from the corresponding phases after
deformation.

o

Fig. 4 Original wrapped phase maps. a1 Phase 1 from PS-DSPI. a2 Phase 2 from PS-DSPI. a3 Phase 3 from PS-DSPI. b1 Phase 1 from SC-DSPI. b2
Phase 2 from SC-DSPI. b3 Phase 3 from SC-DSPI
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Calculation of 3D deformations

The relationship between the deformation and interfero-
metric phase difference in PS-DSPI and SC-DSPI can be
expressed by

21T —

A(p(x’y) :Td(xay)?(xay)v (11)

where A(x,y) is the phase difference, 7(x, y) is the de-
formation vector, and s («,y) is the displacement sensi-
tivity vector, which is dependent on the illumination
angles.

If the right-angle-distribution optical arrangement is
used, Eq. (11) can be transformed to

Ay (x,y) = i—]: [u(x, y) sina + w(x,y)(1 4+ cosa)]
Ay (x,y) = i—]; [v(x, y) sina + w(x, y) (1 + cosa)] ,

Ads(x,y) = i—: [, y) sin(-a) + w(x,y)(1 + cosa)]
(12)

where 13, 15, and A3 are the wavelengths of the three la-
sers; u(x,y), v(x,y), and w(x,y) are the three components
of d (x,y) in three dimensions, and « is the illumination
angle.

To simplify the calculation, all laser wavelengths are
assumed to be the same. This assumption, used with Eq.
(12), results in the following expressions for the three
deformation vector components:

u(x,9) = (A (3,3)-A s (3, 7)]
[2A¢2(x’y)_A¢1(x7y)_A¢3(xvy)] .
(A (x,9) + A3 (%, )]

(13)

vxy) = 457 sina

wix,y) = 471(1 + cosa)

For the homogeneous-distribution optical arrange-
ment, Eq. (11) becomes

A, (x,y) = i—n [u(x, ) sina cos30° + v(x, y) sina cos60°
1
() (1 + cosa)
2
A (x,) = 7 V(x.y) sina + w(x, )(1 + cosa)]
2

Ay (x,y) = j—ﬂ [u(x, ) sin(-a) cos30°
3

+v(x,y) sin(-a) cos60° + w(x,y)(1 + cosa)].
(14)
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If the laser wavelengths are assumed to be the same,
the deformation vector components have the following
expression:

(.9) = 30 .9) -2 x.9) Db, 9)
v(x,y) = 477 sina [2A¢2 (xvy)_Ad)l (xvy) _A¢3 (xvy)]
w(x,y) = (1 + cosa) [Agy (x,7) + Adps(x, y)]

(15)

The solutions of v(x,y) and w(x,y) are the same for
both the right-angle-distribution and homogeneous-
distribution types, but the solutions of u(x,y) are
different.

Results and Discussion

An experimental setup based on Fig. 1 and Fig. 2a was
built to verify the validity of the presented universal
optical setup. Three single-longitudinal-mode diode-
pumped-solid-state lasers, all with a wavelength of
532 nm, were used as the light sources. A complementary-

Fig. 5 Comparison of phase maps. a Partial enlargement of phase
map from PS-DSPI. b Partial enlargement of phase map from SC-DSPI
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metal-oxide-semiconductor (CMOS) camera (CatchBEST
Co. Ltd., MU3C500M-MRYYO, 500 Mega pixels, 14 fps)
and an aspheric lens with a focus length of 100 mm were
used to capture images. The location of the aspheric lens
was carefully adjusted to obtain clear images. Three PZT
chips (Thorlabs, Inc., PA4FE, 150 V, 2.5 um travel) were
used to actuate the phase shifts. The illumination angles
were set to around 30°, and the incidence angles of the ref-
erence beams were carefully adjusted to guarantee that all
components in the frequency domain were well separated.
An object with a circular planar surface was used as
the measuring target. Out-of-plane deformation w(x,y) was
generated by applying a load to the center of the target
back, while the in-plane deformations u(x,y) and v(x,y)
were generated through rotation of the object surface.
All motions were finely controlled using manual mi-
crometer heads. The measuring area in the experi-
ment was 60 mm x 40 mm.

With self-developed programs, both the PS-DSPI and
SC-DSPI modes were activated to measure the 3D defor-
mations. The obtained phase differences corresponding
to each channel are shown in Fig. 4. Figure 4(al), (a2)
and (a3) are the three phase differences obtained by PS-
DSPI and Fig. 4(bl), (b2) and (b3) are the phase
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differences obtained by SC-DSPIL. These phase differ-
ences are wrapped due to the arc tangent operation
expressed in Egs. (3) and (9). The real phase differences
are finally obtained after image smoothing and phase
unwrap operations are performed [21]. All of the phase
maps in Fig. 4 present clear and regular patterns, illus-
trating the capability of both PS-DSPI and SC-DSPI to
obtain high-quality phase maps. However, differences in
image quality between the phase maps obtained by PS-
DSPI and SC-DSPI can be found after partial enlarge-
ment of the original phase maps is processed. Local re-
gions of the phase maps of the same size, corresponding
to the first channel in the PS-DSPI and SC-DSPI modes
respectively, are marked by yellow boxes in Fig. 4(al) and
(b1). The enlarged parts corresponding to the marked re-
gions, as depicted in Fig. 5, clearly show that the speckle
particles in the phase map obtained by PS-DSPI are much
smaller than those in the phase map obtained by SC-
DSPIL. This means that the noise in the PS-DSPI phase
maps can be filtered more easily than the SC-DSPI’s phase
maps, or, in other words, the phase smoothing process is
performed more times in the SC-DSPI mode, leading to
larger error being induced in the phase smoothing
process. Consequently, PS-DSPI measurement is usually

al
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more accurate than SC-DSPI measurement. However, SC-
DSPI reflects its value with its ability to perform dynamic
and synchronous 3D deformation measurement.

The final 3D deformations shown in Fig. 6 were deter-
mined after the calculations described by Eq. (13) were
performed. The horizontal coordinates represent the ob-
ject surface plane and the vertical coordinates represent
the deformation change. Figure 6(al), (a2) and (a3) show
the 3D deformations u, v and w obtained using PS-DSPI,
respectively, while Fig. 6(b1), (b2) and (b3) show the 3D
deformations obtained using SC-DSPI. The in-plane de-
formations # and v are orthogonal and vary linearly
along the horizontal direction. These results indicate
that the magnitude of the relative displacement of the
circular surface caused by the rotation increases grad-
ually and linearly. This is in accord with the results of
theoretical analysis. The out-of-plane deformation w
presents a distribution that decreases gradually from the
periphery to the loading center. Though slight differences
can be found between the results obtained by PS-DSPI
and SC-DSPI due to the impossibility in duplicating the
loading, this deformation data proves that reasonable re-
sults can be obtained by both PS-DSPI and SC-DSPIL
Consequently, with the proposed universal optical setup,
both PS-DSPI and SC-DSPI can be used to measure 3D
deformation.

Conclusion

A universal optical setup, with a simple structure, for both
PS-DSPI and SC-DSPI is introduced, aiding in the flexibility
of full-field 3D deformation measurements. Experimental
results show that clear phase maps with regular pattern
and reasonable deformation measurement results can be
obtained using this setup, verifying the validity of the pre-
sented method. Compared to traditional separate PS-DSPI
and SC-DSPI setups, the performance of the proposed
setup is not degraded. Moreover, its versatility improves
the adaptive capacity relative to measuring target variability.
Potential DSPI instruments, based on the proposed
universal optical setup, will gain more applications and
play an important role in practical engineering.
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3D: Three-dimensional; CMOS: Complementary-metal-oxide-semiconductor;
DSPI: Digital speckle pattern interferometry; PS-DSPI: Phase-shifting digital speckle
pattern interferometry; PZT: Piezoelectric transducer; SC-DSPI: Spatial-carrier
digital speckle pattern interferometry
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