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Highlights: 

1. A novel configuration of a common-path off-axis digital holographic system, with high mechanical 
stability and compact in size, is proposed. 

2. The decisive advantages of the proposed digital holographic systems are its very simple optical design, 
compact in size, less-vibration sensitive to external perturbations, and cost-effectiveness as uses fewer optical 
elements 

3. The feasibility of the proposed system is demonstrated its capability for vibration measurements of 3D objects 
using a high-speed camera which is triggered to record the vibration of the object as a function of the time. 

4. Due to its simple geometry and significant outcomes, the proposed system could be established as a powerful 
tool for a wide range of optical imaging and measurement investigations. 
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Abstract 

Measurements of vibration and dynamic deformation with high resolution and accuracy by 
non-destructive techniques are of great interest in many branches of engineering. We report 
a non-destructive method based on digital holographic interferometry for high-precision 
micro-vibration measurement of a 3D object. Herein, a new and simple configuration of a 
common-path off-axis digital holographic system, with high mechanical stability and 
compact in size, is proposed. The simplicity, compactness, and high stability of the proposed 
setup are provided by employing a wedge plate in-line with the test object to create a clean 
reference beam. The object and reference beams propagate the same path, without the need 
for any specialized optical component or arrangement, and these beams allow to interfere on 
the faceplate of the image sensor. The feasibility of the proposed system is demonstrated by 
measuring the vibration of the objects driven by different excitation signals. A series of 
digital holograms of a vibrating object is recorded by the use of a high-speed image sensor. 
The result of the reconstruction of the recorded holograms is an array of complex numbers 
containing the complete amplitude and phase profile of the object, which in turn provides 
displacement and vibration information. Due to its simple geometry and significant outcomes, 
the proposed system could be established as a powerful tool for a wide range of optical 
imaging and measurement investigations. 

 

Keywords: Digital holographic interferometry, Common-path configuration, Phase imaging, 
Vibration measurement. 
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Introduction 

Vibration, resulting from mechanical disturbances, is one of the most popular phenomena 
which exists everywhere and at all the times. Measurement of vibration is of great interest in 
various fields for monitoring the condition, operation, and fault diagnosis of machines and 
components. Vibration measurement and sensing technology have been experiencing rapid 
growth with the development of electronic, computer technology, and manufacturing 
processes, and accordingly, the measurement methods and the types of sensors are evolving 
and maturing. The vibration measurement methods are generally categorized into contact 
type [1,2] and non-contact type methods [3-27]. The contact type methods including the 
piezoelectric sensors, accelerometers, and transducers require to adhere to the chosen 
location on the vibrating surface and require time-consuming point-by-point scanning of the 
object. These sensors are difficult to apply on small objects and their mass can affect the 
vibration, even changing the vibration behavior. These limitations can be overcome by non-
contact type optical methods. The optical-laser-based non-destructive methods are renowned 
and have drawn more attention because they provide full-field information non-intrusively 
with high resolution and accuracy, and these methods are fast and robust. The dynamic 
characteristics of the vibrating object are unaltered by these measurement processes as no 
added mass or forces are applied to the tested object. Several non-contact type methods have 
been developed that are established as powerful tools for non-destructive testing and 
evaluation. These methods include interferometry [3], Moiré interferometry [6-8], 
shearography [9], speckle interferometry [10-14], and holographic interferometry [15-27], to 
name a few.  

Among these methods, holographic interferometry enjoys the virtues of being high 
measurement sensitivity and resolution, and therefore, has emerged as a strong candidate for 
non-destructive testing and industrial inspections [28]. Holographic interferometry for 
vibration measurement started with the pioneering work of Powell and Stetson [15,16], in 
1965. As a result of this introductory contribution, a wide range of applications has been 
developed. The techniques and methods surrounding holography have continuously been 
refined and extended to cases of importance. Thanks to the advancement of new recording 
media such as CCD (charge-coupled device) and CMOS (complementary metal–oxide–
semiconductor) cameras and digital image processing techniques, particularly at the 
beginning of the 1990s, leading to the development of digital holography [29]. Since then, 
this technology has been progressing rapidly in diverse fields [30-47], recounting the 
significant evidence of the method's popularity. The interest in vibration measurement by 
digital holographic systems is growing substantially over the years, and different techniques 
such as time-average [15-17], sideband [18, 19], double pulse [20], double exposure [21, 22], 
stroboscopic [23], hybrid [24, 25], and multiplexing [26, 27] digital holography, have been 
reported for this purpose.  



 3 

A survey of the literature indicates that most of these reported works for vibration 
measurements employ complicated and bulkier optical arrangements which require precise 
alignment. Most of these digital holographic setups are based on Mach-Zehnder/Michelson-
type two-channel configurations, where the object and reference beams propagate along 
different paths through different optical components. Due to which any slight disturbance 
such as mechanical vibrations or air turbulence occurring in either of the two-channels may 
lead to lowering the spatial and temporal phase stability, and hence affects the measurement 
accuracy. These shortcomings of the two-channel digital holographic interferometry can be 
overcome by introducing the common-path configuration of the optical setup. Recent years 
have witnessed many advances in the common-path configurations of digital holographic 
systems owing to their several advantages. In common-path configurations, both the object 
and reference beams follow almost the same path and stay fixed or change identically, 
therefore, providing higher temporal and spatial phase stability. These systems are simple 
and compact, however, they require special optical components or tricky optical designs to 
build them. Different common-path digital holographic systems for different investigations 
[48-58] have been reported in the literature.  

In this paper, we propose a new common-path configuration of digital holography and 
demonstrated its capability for vibration measurements of 3D objects using a high-speed 
camera which is triggered to record the vibration of the object as a function of the time. It 
requires a camera frame rate higher than the vibration frequency in order to record sequential 
digital holograms to completely analyze the vibration motion of the test object. Upon 
reconstruction of the sequential digital holograms by an appropriate numerical reconstruction 
method, the spatial phase distributions can be retrieved which enables to measure 
instantaneous 3D surface profiling, deformation/displacement, and dynamic responses of the 
vibrating test object. 

Methodology 

Generally, the reference beam is derived from the object beam in the common-path digital 
holographic geometries. In the self-referencing geometry of the common-path digital 
holographic systems [50-53], a portion of the object beam itself acts as the reference beam. 
Other geometries under common-path digital holographic systems employ some specialized 
optical components to divide the object beam into two beams where one of the beams is 
spatially filtered by a pinhole at its Fourier plane to generate a clean reference beam [48]. 
However, both geometries have some limitations, such as, in self-referencing geometry, the 
field-of-view is reduced significantly and the reference beam (which is the portion of the 
object beam) may contain object information and so the unwanted spatial phase variations, 
thus, it always requires a careful selection of a portion with no object information in it. The 
self-referencing geometries are useful for sparse objects only. On the other hand, in the latter 
case, a precise alignment of the pinhole and sufficiently high laser intensity, are required. 
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Here, the aforementioned limitations of the common-path geometries of digital holographic 
systems are overcome by proposing a new configuration of common-path digital holography. 
The new common-path off-axis configuration of digital holography is realized by employing 
a wedge plate in-line with the test object. The wedge plate is placed in the path of the 
illumination beam just before the test object (~ 5.5 cm) on a 2D translation stage and serves 
as to produce a without phase modulated reference beam by reflection from the front surface. 
The backscattered light from the object and the reference beam follow almost the same path 
to the image sensor where they interfere to form a digital hologram. The separation of the 
interfering beam paths is in the gap between the object surface and the wedge plate, which 
should be smaller than the coherence length of the laser light used in the experiment. Figure 
1(a) shows the schematic of the proposed digital holographic setup. The geometry of the 
proposed setup is designed with collinear illumination and observation directions to have 
maximum sensitivity to out-of-plane displacement. A reflecting surface is used as an object 
which is driven by different excitation signals by a mobile phone (Redmi Note 5 Pro). A laser 
beam of wavelength 532 nm (coherence length = 100 meters) is expanded by the spatial filter 
assembly (with 40X microscopic objective and 5 μm pinhole) and collimated by using a lens 
(f = 200 mm). The collimated light is allowed to incident on the beam splitter (50:50) at which 
the light is reflected towards the wedge plate (wedge angle,α= 5˚) and test object. Two 
reflected beams are generated by the reflection from the front and rear surfaces of the wedge 
plate, as shown in Fig. 1(b), and propagate toward the image sensor (resolution- 768 × 512 
pixels, pixel pitch 20μm at 50,400 fps) via the same beam splitter along with the 
backscattered object beam. The phenomenon of the generation of two reflected beams each 
from the front and rear surfaces of the wedge plate and the passing of the object beam through 
it, is schematically shown in Fig. 1(b). A 4f (lenses of f = 200 mm) system is used before the 
image sensor to filter out one of the reflected beams (from the back surface) at the Fourier 
plane of lens L1, by inserting an aperture and another beam reflected from the front surface 
is used as the reference beam for hologram recording. The backscattered object and reference 
beam interfere to form the digital hologram at the faceplate of the image sensor. The off-axis 
configuration is achieved by tilting the wedge plate by a small angle. The intensity recorded 
on the image sensor is represented by 

𝐼𝐻(𝑥, 𝑦) = |𝑂𝐻(𝑥, 𝑦)|2 + |𝑅𝐻(𝑥, 𝑦)|2 + 𝑅𝐻(𝑥, 𝑦)𝑂𝐻
∗ (𝑥, 𝑦) + 𝑅𝐻

∗ (𝑥, 𝑦)𝑂𝐻(𝑥, 𝑦)        (1) 

where, 𝑂(𝑥, 𝑦) and 𝑅(𝑥, 𝑦) are the object and reference waves, the subscript H represents the 
hologram plane, and * denotes the complex conjugate.  

In Eq. (1), the first two terms represent the zero-order term which doesn’t contain phase 
information and is therefore not of interest in holography; and the last two terms contain the 
complete information of the object wave (i.e. the amplitude and phase) to form the real and 
virtual image of the object, respectively. The object’s complete information from the 
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recorded hologram can be retrieved by spatial filtering using the Fourier-transform method 
[28]. By taking the Fourier transform of the recorded intensity, the last two terms of Eq. (1) 
are separated in the Fourier plane and appear as sidebands because of the off-axis angle 
between the object and reference waves. One of these terms is extracted by drawing a filtering 
mask and eliminating other terms, followed by an inverse Fourier transformation to obtain 
the complex amplitude of the wavefront, 𝑂𝐻(𝜒, 𝜉), where 𝜒 and 𝜉 are the coordinates in the 
reconstruction plane. From the complex amplitude, the phase of the wavefront is calculated 
by the relation, 

𝜙𝐻(𝜒, 𝜉) = 𝑡𝑎𝑛−1 [𝐼𝑚[𝑂𝐻(𝜒,𝜉)]
𝑅𝑒[𝑂𝐻(𝜒,𝜉)]]                                      (2) 

where, Im and Re denote the imaginary and real parts respectively.  

 
Fig. 1: (a) Schematic of the experimental setup and (b) schematic for explaining the generation of reflected 

beams and passing of object beam through the wedge plate. 

A sequence of digital holograms is recorded by the high-speed image sensor with a frame 
rate higher than the vibration frequency of the test object. It should be noted that the frame 
rate should be two times higher than the vibration frequency, as it can be understood from 
the Nyquist- Shannon theorem. Each recorded hologram is processed to obtain the phase and 
then phase difference between the two wavefronts: one initially recorded (say at t = t0) and 
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another at a time interval of Δ𝑡 (where Δ𝑡 is the time between the successive exposures), is 
calculated and expressed as 

 𝛥𝜙𝐻𝛥𝑡,0(𝜒, 𝜉) = 𝛥𝜙𝐻𝛥𝑡(𝜒, 𝜉) − 𝛥𝜙𝐻0(𝜒, 𝜉)                                    (3) 

 

Fig. 2: Flow chart for calculating the instantaneous vibration displacement as a function of the time from a 
sequence of digital holograms recorded by using a high-speed sensor (FFT: fast Fourier transform). 
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The obtained phase difference is wrapped in the range (−𝜋, 𝜋) radian corresponding to the 
principal value of the arctan function, and an unwrapping algorithm is required to remove 
this phase discontinuity to obtain the continuous actual phase difference. The obtained actual 
phase difference is used to determine the out-of-plane displacement or instantaneous 
vibration displacement as 

𝑑(𝜒, 𝜉) =  𝜆
4𝜋

𝛥𝜙𝐻𝛥𝑡,0(𝜒, 𝜉)                                            (4) 

Since the setup is designed to have collinear observation and illumination directions, 
therefore, it allows for maximum out-of-plane sensitivity. The same procedure is followed 
for all the recorded digital holograms of the vibrating test object to obtain the phase difference 
with respect to the initial phase [𝛥𝜙𝐻0(𝜒, 𝜉)]. Therefore, the vibration displacement at any 
point within the measured region of the recorded digital hologram can be calculated and 
plotted as a vibration curve. A flow chart of the vibration measurement from the recorded 
sequential digital holograms is illustrated in Fig. 2. 

Experiments and Results 

First, the performance of the proposed common-path digital holographic system is evaluated 
by measuring the temporal phase stability. The higher temporal stability of a holographic 
system demonstrates its capability to be resistant to external mechanical vibrations or air 
turbulence. The proposed system, owing to its common-path configuration, is expected to 
show higher temporal stability compared to the conventional two-channel configuration. The 
temporal stability of the system was measured by recording a time series of holograms (6000 
holograms) at the rate of 60 frames per second, for 100 s without any vibration isolation. 
Then, each hologram is numerically reconstructed to extract the phase distributions, and the 
phase difference distributions are calculated by comparing the extracted phase distributions 
to that of the first recorded hologram. The standard deviation is calculated at each spatial 
location (175×175 pixel points) of every phase difference distribution, since the standard 
deviation of the time variation of phase distribution acts as the measure of fluctuation at that 
point. Figure 3 shows the histogram of the standard deviation indicating that a mean 
fluctuation is 0.0086 radian without the need for vibration isolation. The measured temporal 
stability of the proposed system is higher compared to traditional two-channel (e.g., Mach–
Zehnder) digital holographic system (~0.2 radians) as reported in [48]. 
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Fig. 3: Temporal stability of the proposed setup. Histogram of the standard deviation of the reconstructed 

phase distributions for a defined spatial location. 

In order to prove the capability of the proposed system for dynamic events or vibration 
measurement, an experiment was performed in which a series of holograms at the frame rate 
of 40,000 frames per second are recorded by the high-speed camera [Resolution- 1024 x 512, 
pixel pitch- 20μm x 20μm], when the object is vibrating with a frequency of 248 Hz. A 
metallic reflecting surface is used as an object which is driven by a standard sinusoidal signal 
at the frequency of 248 Hz. The recorded digital holograms are numerically reconstructed by 
the Fresnel diffraction method as discussed in the previous section to extract the phase 
distribution and finally the vibration displacement as a function of the time. Figures 4(a-b) 
show the recorded digital holograms at two-time instances and their Fourier spectra are 
shown in Figs. 4(c-d), respectively. The extracted wrapped phase difference map and 
corresponding unwrapped phase map are shown, respectively, in Figs. 4(e-f). The unwrapped 
phase map is obtained by using the PUMA phase unwrapping algorithm [59]. From the 
obtained unwrapped phase maps, vibration displacement at a pixel location [(χ,ξ) = 
(190,160)] within the measured region, is calculated for the 575 digital holograms, and 
plotted as a vibration curve, as shown in Fig. 4(g). In Fig. 4(g), 575 frames are equivalent to 
14.375 ms. The frequency of the vibrating objects can be measured by implementing the 
Fourier transform to the displacement values for each frame. Figure 4(h) shows the measured 
frequency at 248 Hz of the vibrating object. Several experiments were performed to verify 
the vibration measurement capability of the proposed highly stable digital holographic 
system at different vibration frequencies of the object. Figure 5 shows the measured vibration 
curve within the measured region [at a pixel location (χ,ξ) = (150,150)] and the detected 
frequency at 498 Hz of the vibrating object.  

σ = 0.0086
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(190,160)
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(c) (d)
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Fig. 4: (a), (b) Recorded holograms at two instants of time; (c), (d) Fourier spectra of (a) (b); (e), (f) retrieved 
wrapped and corresponding unwrapped phase maps, (g) vibration amplitude-time curve at a position with 

pixel location (χ, ξ) = (190, 160) as marked in (f), and (h) plot of detected frequency at 248 Hz. 

 

Fig. 5: (a) Vibration amplitude-time curve and (b) plot of detected frequency at 498 Hz. 

In the second experiment, a 3D or multiplane object is considered as a vibrating object. The 
object is made by adhering three metallic step surfaces (A, B, and C) with an axial separation 
of about 5 mm from each other, as depicted in Fig. 6. This object is driven by a periodic 
signal of frequency 248 Hz. A time series of digital holograms are recorded by the high-
speed image sensor at 50400 frames/sec for 0.2 seconds. A recorded digital hologram is first 
processed to obtain the complex amplitude, and it is propagated to the appropriate distance, 
i.e. to the image plane of interest of the three surfaces by the angular spectrum method [29, 
47]. Figures 7(a-e) show the retrieved amplitude images of the multi-plane object (the three 
surfaces are marked with numbers 1, 1, and 1.11, respectively) at different reconstruction 
distances. Figures 7(a), (b), and (c), show the three in-focus planes, as marked by the dotted 
red color rectangular boxes, of the multiplane object that are obtained at the reconstruction 
distances of 4 mm, 5 mm, and 6 mm, respectively. The corresponding phase images at the 
reconstruction distances of 4 mm, 5 mm, and 6 mm, are shown in Figs. 7(d-f). The 

(g) (h)

248 Hz

300 Hz

(a) (b)
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coordinates for three in-focus planes, obtained at the reconstructed distances of 4 mm, 5 mm, 
and 6 mm, are (χ', ξ'), (χ'', ξ''), and (χ''', ξ'''), respectively. For the in-focus plane at the 
reconstruction distance of 4 mm, the time series digital holograms (1000 holograms) are then 
processed to obtain the phase difference. Finally, the vibration displacement at a point with 
pixel location (χ', ξ') = (111, 138), within the measured region, is computed and plotted as a 
function of the number of frames (or time) as shown in Fig. 8 (a). Similarly, the vibration 
displacements at particular points [(χ'', ξ'') = (320, 135) and (χ''', ξ''') = (532, 132)] on the 
other two axially separated in-focus planes, obtained at the reconstruction distances of 5 mm 
and 6 mm, respectively, are measured and plotted as shown respectively in Figs. 8(b) and (c).  

The obtained results authenticate the feasibility of the proposed common-path off-axis high-
speed digital holographic system for the measurement of dynamic events of 3D objects. 
Several experiments were performed to confirm the vibration-detecting capability of the 
proposed system with vibrating test objects up to frequencies of tens kHz. The system can be 
used for measuring displacement vibrations of most of the vibrating test objects with known, 
unknown, and random frequencies. In the future, the scope of the proposed technique will be 
further widened by measuring the sound field and ultrasound frequency. 

 
Fig. 6: Schematic of 3D (multiplane) object (d1 = d2 = 5 mm). 

d1 d2

A B C
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Fig. 7: Reconstructed amplitude and phase map results of the vibrating 3D object: (a-e) the reconstructed 

amplitude images at different in-focus image planes, and (f-j) corresponding phase maps. 

 

(a) 

 

(b) 

In focusIn focus In focus

(a) (b) (c)
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(c) 

 

(d) 

Fig. 8: Measured vibration amplitude-time curves, at three in-focus image planes obtained at the 
reconstruction distances of (a) 4 mm at a position [χ', ξ' = (111, 138)]; (b) 5 mm at a position [χ'', ξ'' = (320, 

135)]; (c) 6 mm at a position [χ''', ξ''' = (532, 132)]; and (d) plot of detected frequency. 

Conclusion 

We have proposed a novel common-path off-axis digital holographic system by employing 
a wedge plate in-line with the test object and demonstrated it for evaluating the vibration 
measurement of 2D and 3D objects. The reflected light beam from the wedge plate produces 
a without phase modulated reference beam which interferes with the backscattered object 
beam. A time series of digital holograms, at a frame rate higher than the vibration frequency 
of the test objects, is recorded and processed to obtain the displacement vibration of the test 
object. The obtained results corroborate the feasibility of the system and its high temporal 
phase stability suggests that it could be well suited for 2D or 3D analysis of transient vibration 
in an industrial environment in which the measurement conditions are not ideal. The decisive 
advantages that distinguish it from other digital holographic systems are its very simple 
optical design, compact in size, less-vibration sensitive to external perturbations, and cost-
effectiveness as uses fewer optical elements. Moreover, the system provides a field-of-view 

248 Hz
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as wide as that Mach-Zehnder/Michelson-type two-channel digital holographic systems. The 
system yields high temporal phase stability ~ 23 times higher than a two-channel digital 
holographic system. The proposed system overcomes several limitations of the common-path 
geometries of digital holographic systems and its simple design could even potentially allow 
for the development of a portable device for dynamic deformation and vibration 
measurements. These advantages of the proposed digital holographic system make it a 
suitable candidate for various applications.   

Funding: The research work is financially supported by the CSIR, India under project 
number MLP 2014, and Lavlesh Pensia thanks CSIR, India for providing a fellowship to 
carry out this research work 
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