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ABSTRACT

Mechanical vibration analysis is critical for diagnosing structural integrity, optimizing performance, and non-destructive
testing in various fields, such as aerospace, automotive, and micro-electromechanical systems. Conventional non-
destructive techniques, such as laser Doppler vibrometry or scanning-based methods, often suffer from limited spatial
resolution, time-consuming data acquisition, or an inability to capture full-field dynamic behavior. Here we present high-
resolution, full-field visualization of mechanical vibrations by using an advanced simultaneous phase-shifting
interferometry (SPSI) and temporal Fourier analysis to overcome these limitations. The developed SPSI enables wavefront
reconstruction of high-speed vibrations based on single-shot phase-shifting interferometry, allowing high-resolution
mapping of dynamic mechanical deformation across the field of view. Then the vibration frequency map can be obtained
by applying Fourier-transform analysis to the temporal phase values for further vibration analysis. The feasibility and
advantages of the proposed method are demonstrated experimentally by identifying the vibration frequencies of a metal
plate, which match the setting frequencies of the excitations from a piezo actuator attached to the metal plate. The current
design provides high spatial resolution of 18.5 um with the detection area of 9 mmx6 mm. This work establishes SPSI as
a powerful metrology tool for high-resolution vibration measurement, providing engineers and researchers with
unprecedented insight into dynamic mechanical behavior.
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1. INTRODUCTION

Mechanical vibration analysis plays a vital role in ensuring structural integrity, optimizing performance, and providing
needed non-destructive testing methods in aerospace engineering, automotive diagnostics, micro-electromechanical
systems (MEMS) and others [1-3]. In particular, the ability to visualize the full-field dynamic response of a structure is
essential for identifying mechanical defects, predicting potential failures, and guiding design improvements in complex
systems.

Conventional non-destructive techniques, such as laser Doppler vibrometry and scanning-based interferometry,
have been widely used for vibration analysis due to their practicality and precision [4-5]. However, these methods are
often limited by low spatial resolution, long acquisition times due to point-by-point scanning, and an inability to capture
real-time, full-field vibration behavior [6]. As the demand for intelligent automation and advanced control systems grows,
there is an increasing need for high-resolution, full-field, and time-resolved methods capable of characterizing mechanical
vibrations with greater accuracy and efficiency [7]. Digital holography has been applied for vibration analysis since 1965
due to its ability to compare temporal wavefronts with high-speed recording sensors and providing whole surface
information [8-9]. Along with further development of this technique, laser-pulse recording [10], fast phase-shifting [11],
Fourier filtering [12], and parallel phase-shifting [13] were developed to provide desired wavefront information for
vibration analysis. Among those methods, parallel phase method can provide high accuracy due to its space-division
multiplexing for generating four phase-shifted interferograms. However, it requires pixelated polarization imaging camera
with four combined superpixels as one phase value, leading to 4 times less spatial resolution than the camera pixel size.
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Here, we present a high-resolution full-field vibration frequency measurement based on an advanced
simultaneous phase-shifting interferometric (SPSI) system. By using an in-house developed interferometric adaptor to a
high-speed camera, we performed single-shot phase-shifting interferometry to reconstruct dynamic wavefronts of the
vibration panel at 76 kHz rates, enabling the measurement of vibration frequencies across an entire surface without the
need of scanning. Using the benefits from high-speed recording and temporal Fourier transform analysis, the dominant
frequency of each pixel is extracted to present the vibration pattern for that pixel. Experimental validation is conducted by
analyzing the full-field vibrational frequencies of a metal panel actuated by a piezoelectric transducer. The measured
frequencies were very close to the input settings of an actuating piezoelectric transducer. The current SPSI implementation
achieves a spatial resolution of 18.5 um over a detection area of 9 mm x 6 mm. These results confirm that SPSI offers a
powerful and efficient tool for vibration metrology, enabling engineers and researchers to gain detailed insight into
dynamic mechanical phenomena with unprecedented spatial fidelity.

2. ADVANCED SIMULTANEOUS PHASE-SHIFTING INTERFEROMETRY

Phase-shifting holographic interferometry enables highly accurate measurements because of a relatively simple and
accurate phase reconstruction process compared to off-axis holography. In this type of interferometry, several holograms

are recorded by the phase of a reference beam being shifted sequentially to a signal beam. For example, 0, %n, m, and %n

are generally used in the four-step phase-shifting interferometry. Then the reconstructed wrapped phase can be obtained
by using equation [14]:
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To avoid the traditional sequential recording for phase-shifting interferometry, we used a customized wavefront
adapter to generate four phase-shifted interferograms simultaneously on the camera sensor, as shown in Figure 1. The
interferometric adapter is used to generate four beams fulfilling the camera senor with the phase-shift values close to 0,

1 3 . .
ST T, and 57 [15]. To accurately reconstruct the wavefront, the exact shifted phase values are calibrated before
measurement and a least-square method is used to reconstruct the wavefront in the following experiment.

After recording a sequence of digital holograms of a vibrating object at high speed, the temporal wrapped phase
can be reconstructed sequentially. Then the temporal phase values extracted from thousands of reconstructed wavefront
frames are unwrapped to produce the phase information of the vibrating surface. By applying Fourier transform to the
temporal phase, the dominant frequency of each pixel is obtained by finding the frequency peak. Subsequently, the
frequency map indicating the vibration frequencies across the surface with micrometer-level spatial resolution can be
achieved for further analysis, as shown in Figure 1(b).
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Figure 1. (a) Mechanism of the advanced simultaneous phase-shifting interferometry (SPSI) equipped with high-speed
wavefront detector for high-resolution, full-field visualization of mechanical vibrations; (b) Method of calculating full-field
vibration frequency map with the developed SPSI system.

3. EXPERIMENTAL SETUP

To demonstrate the feasibility of SPSI for vibration measurement, we developed an advanced SPSI system as shown in
Figure 2. A 532-nm CW laser (MSL-U-532, CNI Inc.) with long coherent length is used to generate stable interference
pattern and has a constant optical power to avoid the intensity fluctuations commonly found in a pulsed laser and hence is
good for capturing transient events for high-speed applications. The intensity of laser beam used for measurement can be
adjusted by a half-wave plate (HWP1) and a polarized beam splitter (PBS1). Then another half-wave plate (HWP2) is used
to adjust the power ratio between two beams divided by the second PBS (PBS2) to maximize the interference contrast.
The beam is then expanded by a beam expander (BE1) to generate a designed beam size slightly larger than the input
aperture of the wavefront sensor. The reference beam is the transmitted beam through PBS2 and reflected by a mirror (M3)
after going through a quarter-wave plate (QWP1) twice. The reflected signal beam by the PBS2 is incident on a metal
panel and then reflected through another QWP2 twice to generate the surface information of the metal panel. The interfered
signal and reference beams go through an interferometric adapter to form the four phase-shifted interferograms on the
sensor of a high-speed camera (Phantom TMX7510, 18.5-um pixel size and 1280 x 800 resolution). Figure 2 (a) and (b)
show the schematic of the advanced SPSI system for vibration measurement. A piezo actuator is used to impart vibrations
to the metal panel that can hardly be observed via the direct detection of intensity. From the SPSI using the interferometric
adapter, the vibration frequency of the metal panel can be reconstructed from the temporal wavefront changes across the
field of view.
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Figure 2. Schematic of the advanced simultaneous phase-shifting interferometer (SPSI) system equipped with high-speed
wavefront detector for high-resolution, full-field vibration measurement.

Proc. of SPIE Vol. 13603 1360308-3



4. RESULTS AND DISCUSSION

Based on the vibration measurement approach described in Section 2, the Fourier transform is applied to the temporal
phase extraction for each pixel, then a dominant frequency is obtained to represent the main vibration frequency of this
pixel, as shown in Figure 3. The temporal phase profile shows some high-frequency vibrations and a low-frequency
envelope. When no periodic frequency is induced, the temporal profile shows irregular change on phase values and highest
amplitude at the frequency close to 0. After adding 3.5 kHz or 15.2 kHz piezo-induced vibration to the metal panel, the
temporal phase profile shows periodic change and the corresponding higher peak frequency close to the setting frequencies.
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Figure 3. The extracted temporal phase profile (left), the amplified partial temporal phase values (middle), and the

amplitude of Fourier transform of the temporal phase profile (right) for the piezo actuator with the setting frequencies of (a)
0 Hz, (b) 3.5 kHz, and (¢) 15.2 kHz.

During the experiment, the recording speed of the camera was set to 76 kHz, and the frequencies of the piezo
actuator were 0, 3.5 kHz, 7.6 kHz, 15.2 kHz, 22.8 kHz and 30.4 kHz. The total 5000 frames were recorded for each
measurement. Then the frequency maps were calculated by using Fourier transform to the temporal phase for each pixel.
Figure 4 shows the measured frequency maps and corresponding histograms for the above settings of piezo actuator. The
averaged value of the peak counts in the histograms are 3.49 kHz, 7.60 kHz, 15.18 kHz, 22.77 kHz, 30.36 kHz, which
shows less than 0.13% differences to the setting frequencies of the piezo actuator. The possible sources of noise frequencies
in the full-field frequency maps are environmental noise-induced intensity variations on camera, speckles due to the
roughness of the surface, low contrast of the interferogram due to low reflection of the metal panel, etc. The use of an
optical surface with high reflection, averaging method or other filters for data processing might be helpful to reduce the
amount of noise frequencies. In principle, this method can detect multiple frequencies applied to the surface with 18.5-um
spatial resolution for the full field of view of the interferometer, which can be the direction of a future investigation.
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Figure 4. Measured frequency map (left) and histogram of frequencies (right) with the advanced SPSI system when setting
the frequency of the piezo actuator at (a) 0 Hz, (b) 3.5 kHz, (c) 7.6 kHz, (d) 15.2 kHz, (e) 22.8 kHz and (f) 30.4 kHz.

5. CONCLUSIONS

We have developed an advanced SPSI with an in-house made interferometric adapter installed on a high-speed camera for
high-resolution, full-field visualization of mechanical vibrations. Accurate phase reconstruction can be realized by the four
phase-shifted interferograms generated by the interferometric adapter on the camera. By capturing the wavefront change
in a high-speed and applying temporal Fourier transform method, the vibration frequency of the metal panel can be detected
across the whole surface. The resolution of the SPSI system is 18.5 um and the field of view is 9 mmx6 mm. We have
demonstrated that the measured vibration frequencies of the metal panel match the setting frequency of the piezo actuator
attached to the metal panel. The maximum detected frequency is 30.4 kHz, close to the Nyquist limit of half detector
frequency 38 kHz. Our work demonstrated that the advanced high-speed SPSI is a powerful metrology tool for high-
resolution, full-field vibration measurement and analysis.
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