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A B S T R A C T   

For higher precision phase shift measurement, based on the characteristics of vortex beam, the 
manuscript introduces phase shift directly through the polar axis rotation of the vortex beam. 
Compared to traditional grey-scale modulation, the proposed VPAR-PSI method introduces a 
phase-shifting directly instead of changing the grey-scale, which not only can largely reduce the 
deviation caused by traditional PSI phase modulation via grey-scale change, but also can effec-
tively avoid the non-linearity between grey-scale and phase of traditional PSI. For verifying the 
effectiveness of the method proposed in this manuscript, a simulation experiment, sample 
experiment, and VPAR-PSI and PSI comparison experiment were conducted. The results show that 
the proposed VPAR-PSI has a high phase-shifting and demodulation accuracy, and can be well 
implemented to measurement of optical components. The comparative experimental show that 
compared to conventional PSI, the measurement results of VPAR-PSI have smaller envelope 
values (mean envelope reduction of 1.4202λ), smaller RMS and standard deviation (the values 
decreased by 0.3515, 0.3067, and the percentage decreases were 59.69%, 59.71% respectively), 
proving that the VPAR-PSI technique are more accurate and stable. 

© 2020 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Global 
Science and Technology Forum Pte Ltd.   

1. Introduction 

In the 1980s, phase shift interferometry (PSI) was introduced by Bruning et al. [1] and then applied to the area of optical inter-
ferometry. The basic theory of the PSI method is to recover the wavefront phase information by phase-demodulation of the image 
sequence (at least three frames), thus achieving a 3D reconstruction of the target’s surface form [2–4]. A series of advantages including 
simple in construction, full-field sensing, contactless, precision, high sensitivity, non-damage and a high speed of measurement are 
offered by PSI. With 40 years of advancements, PSI now has steadily replaced conventional touch detection techniques as an essential 
tool for a vast range of measurement in a variety of applications [5,6]. The typical implementation of PSI is to create a series of 
interferometric images by introducing a predetermined phase shift (or optical range) in the reference (or measurement) path of the 
interferometric optical path, resulting in a constant phase shift between the reference and measurement paths, thus obtaining a 
sequence of interferometric images with a constant phase shift. The interferometric image sequence with a certain phase-difference is 
captured by the electro-optical sensor, and the computer can extract information about the wavefront phase distribution by calculating 
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these image sequences [7]. Additionally, pre-set phase shifts are typically produced by a phase shifter (e.g., PZT, wavelength tuning 
laser, etc.) in the PSI Multi-Step Phase Shift technique [8,9]. 

In the area of methods for calculating PSI phase-shifting demodulation, plenty of surveys were conducted by a large number of 
scholars at both domestic and overseas in recent years. During the initial stage of research, classes of phase shifting algorithms such as 
4-step, 5-step, 6-step and N-step phase shifting algorithms have been introduced [10–12]. Over recent years, the randomized iterative 
least squares fitting algorithm (AIA), the principal component analysis (PCA) method, the wavelength modulation algorithm and the 
2-step phase shift algorithm based on the G. Schmidt orthogonal transform have been further proposed [13–15]. All of the above phase 
demodulation algorithms have been developed to a higher level in terms of demodulation accuracy, speed and robustness. One of the 
important prerequisites for the accurate PSI phase demodulation results described above is on the condition that the phase-shifting 
operation is very precise and stable. Yet, because in practice PSI is used to phase shift by means of phase shifters (e.g. piezoelectric 
ceramics (PZT), a wavelength-tuned laser, and so on), PSI outcomes are constrained and limited by a number of elements, resulting in 
the following problems which inevitably arise in its engineering applications [16–18]. 1) Traditional PSI technology is limited to a 
large extent by the characteristics of the phase shifter itself, which has a long phase shift period and low accuracy; 2) Traditional PSI 
technique is multi-step phase shifting technique in the time domain with long phase modulation periods (e.g., nine-step phase shifting 
techniques), which are sensitive to phase shifter action and vibration interference from the external environment, and cannot meet the 
needs of dynamic environments and high-precision measurements; 3) Traditional PSI is generally a modulation in the form of 
wavefront phase consistent, which does not enable accurate phase shifting at the pixel level. This means that current PSI techniques not 
only require a very stable measurement environment, but also the cost of achieving high precision interferometry is very high 
(requiring vibration resistant platforms etc.). Therefore, the development of high precision PSI technology and further research is 
necessary for PSI to reduce the environmental requirements and achieve high precision measurements. 

The swirling beam, also known as an optical swirl, which is a swirling distributed light field with phase singularities, is one where 
the light shows a ring-like distribution with a black spot in the center [19,20]. Swirl beams have also been called OAM beams due to the 
fact that they carried orbital angular momentum (OAM) [21]. Angular momentum of an optical orbit theoretically provides an infinite 
multi-dimensional and orthogonal basis for message encoding [22] and optical transmission [23–25]. On the basis of its unique 
interference and diffraction properties, investigations into the optical transmission receiving end of OAM detection are underway 
[26–28]. Scroll light is also used effectively in other areas, such as in optical entrapment [29], ultra-resolution imaging for microscopes 
[30] and metrology [31,32]. In the case of PSI technology, the angular momentum characteristics of the orbital beam of an eddy 
current beam will generate area-wide, pixel-scale phase-modulation, which means greater phase resolution. Within the area of PSI, the 
swirl light beam may be created with a spatial light modulator (SLM), which operates at a very accurate stage shift [33–35]. With a 
coupling of scroll light beam phase displacement and phase unpacking technique, contactless, higher resolutions and a wider range of 
metrology solutions such as micro-deformations of materials, micro-displacement and optical device shapes can be realized [36]. 
There is a new methodology presented by Sun and others for the measurement of in-plane movements of bodies via the speckle 
interference principle by means of applying optical swirl phase transfers to spot measurements [37]. Additionally, Zhang and others 
took an oval vortex lens into phase-shifted image-planar digital holography and tested the multi-planar focal points of the target and 
the baroscopic lens [38]. In parallel, a 3-dimensional index of refraction of the special fibers was measured by Wang and others with 
the aid of an eddy current transmission numerical holography mass spectrometer [39]. On the subject of interface metrology, Masajada 
and others using an optical swirl interferometer to examine the surface by scanning the texture of the material with a focused swirl 
stream and a novel approach to inspect in-depth nanostructures fabricated in transparent medias has been reported [40]. A cross-path 
interferometer working upon the phase-singularity of the optical swirl stream has been described by Serrano-Trujillo and others, this 
interferometer can reach a mean surface depth of 179 nm [41]. In spite of the existing use of swirl interference to the area of PSI, the 
present PSI of swirl light is created by indirect implementation of phase modulation via a grey-level picture to the SLM [42]. Such a 
method involves not only a significant error in phase-shift owing to the phase shift introducing by a grey-scale modulation, but it also 
fails to overcome the uncertainty of non-linearity between optical brightness and phase [43–45]. 

In order to achieve high precision phase shift measurements, based on the characteristics of vortex light, this paper proposes a 
method to introduce phase-shift directly by vortex polar axis rotation of the vortex light. Compared to existing PSI grey-scale mod-
ulation methods, the proposed vortex polar axis rotation Phase-Shifting interferometry (VPAR-PSI) measurement method not only 
significantly reduces the error caused by grey-scale changes, but also effectively avoids the non-linearity problem between grey-scale 
and phase calculations. The proposed VPAR-PSI measurement process in this manuscript is as follows. Firstly, a high precision planar 
reference mirror is selected to perform a four-step phase shift (0, π/2, π, 3π/2) using a polar axis transformation, and the phase dis-
tribution of the reference mirror is calculated to obtain information on its initial spiral phase distribution. Secondly, the plane mirror is 
replaced with the element to be measured, and the same polar axis transformation is used to achieve a four-step phase shift, after which 
the sum of the phase information including the element to be measured and the initial spiral phase is obtained. Finally, a difference 
algorithm is used to obtain wavefront phase information representing the profile of the component to be measured. 

2. Method and theory 

2.1. Principle of vortex light 

For traditional PSI, the phase shift component is used to achieve full and consistent modulation of the phase, which means that if 
the resolution of the interferometric image is X*Y (X is number of rows, Y is number of columns), the phase shift δn at any point (x, y) on 
the CCD is the same after phase modulation. The optical expression for the point (x, y) can be written as equation (1). 
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In(x, y)= a(x, y)+ b(x, y)cos(φ(x, y)+ δn), n= 1, 2,…N (1)  

where, a(x, y) represents the background light intensity, b(x, y) represents the modulation system, φ (x, y) represents the phase to be 
measured, and δn is the step phase shift. n and N represent the current frames, and the total number of images captured, respectively. 

For vortex beam, it is a dark hollow beam with a continuous spiral phase, which shows a vortex-like anisotropic polarization 
distribution in the cross-section. The phase distribution of the vortex beam is determined by the phase factor exp (lφ). After phase 
modulation of the vortex light, the phase shift at any point on the CCD is directly related to lθn(x,y). If the phase shift at any point on the 
CCD after phase modulation is lθn(x,y), the optical expression can be written as equation (2). 

In(x, y)= a(x, y)+ b(x, y)cos(φ(x, y)+ lθn(x, y)), n= 1, 2,…N (2)  

where, a(x,y), b(x, y) represent the background light intensity, contrast, φ(x, y) represents the phase to be measured. n and N represent 
the current number of frames, the total number of frames acquired, respectively. l is the topological charge, and θ represents the polar 
angle. 

Comparing equations (1) and (2) it can be seen that traditional PSI phase shifting techniques introduce step phase shifts according 
to the amount of phase shift δn. In contrast, vortex light is based on its unique spiral phase term exp(ilθ) to achieve pre-determined 
phase modulation. A comparison of the traditional PSI phase-shifting and vortex phase-shifting introduction methods is shown in 
Fig. 1. 

2.2. Vortex polar axis rotation phase-shifting  

1） Phase difference between two points under polar coordinate system 

As can be seen from the description above, the phase information of PSI technique is characterized by the pixel greyscale of the 
CCD, which means that the spatial position is defined by pixel coordinates of the CCD, i.e., a Cartesian coordinate system in the plane. 
However, for vortex beam, the spiral phase value is determined by the topological charge and the polar angle together, so the vortex 
beam phase is expressed in a polar coordinate system. According to the transformation relationship between the Cartesian and polar 
coordinate systems, if the Cartesian coordinate origin (x0, y0) coincides with the polar coordinate origin, the polar coordinates cor-
responding to the pixel of the point (x, y) under the Cartesian coordinate system can be written as equation (3). 

{

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − x0)
2
+ (y − y0)

2
√

θ = tan− 1((y − y0)/(x − x0))
(3)  

where, r denotes the polar diameter and θ denotes the pole angle. 
From the above equation, the phase of the vortex beam varies periodically with the spatial coordinate distribution of the phase. 

Assuming that the topological charge l is equal to 1 and the vortex beam is drawn with the origin (x0, y0) as the centre of the circle and 
the number of pixels as the radius, the vortex beam is a circular loop with a phase gradient which changes from 0 to 2π. And the 
schematic diagram is shown in Fig. 2 (a). 

In the polar coordinate system, there exists a pixel point A (xA, yA) with spiral phase θA. Under the condition that the size of polar 
diameter is constant, along clockwise direction, there exists a point B (xB, yB) with phase difference α (shown in Fig. 2 (middle)). 
According to the coordinate transformation relation pixel B coordinates can be expressed as equation (4). 

Fig. 1. Schematic diagram of traditional PSI and vortex phase shift; (a) schematic diagram of traditional PSI phase shift; (b) schematic diagram of 
vortex phase shift. 
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{
xB = r0 · cos(θA + α)
yB = r0 · sin(θA + α) (4) 

According to the cosine theorem, the distance between pixel points A and B can be written as equation (5). 

LAB =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2r2
0 − 2r2

0 cos α
√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2
A + y2

A + x2
B + y2

B − 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x2
A + y2

A)(x2
B + y2

B)

√

cos α
√ (5)   

2）Principle of polar-axis rotation phase shift 

If the phase shift of the vortex beam is achieved by rotation of the polar axis in the polar co-ordinate system, the first step is to define 
the constraint relationship between the rotation angle of polar axis and the phase shift of vortex beam. Assuming that the vortex polar 
axis is rotated by an angle β along the counter clockwise direction (as shown in Fig. 2 (b)), and that pixel A moves to pixel C (xC,yC), and 
pixel C with a spiral phase θC. A relationship exists as shown in equation (6) below. 

{
xC = r0 · cos(θC + β)
yC = r0 · sin(θC + β) (θC = θA) (6) 

According to the cosine theorem, the distance between pixel A and C can be expressed as equation (7). 

LAC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2r2
0 − 2r2

0 cos β
√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2
A + y2

A + x2
C + y2

C − 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x2
A + y2

A)(x2
C + y2

C)

√

cos β
√ (7) 

From Eqs. (3)–(7), when the vortex beam shift phase η is equal to the polar axis rotation angle ξ, there exists a relationship as shown 
in equation (8). 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

xB = xC = r0 · cos(η + ξ)
yB = yC = r0 · sin(η + ξ)

LAB = LAC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2r2
0 − 2r2

0 cos ξ
√ (θA = θB = η,α= β= ξ) (8) 

From equation (8), it can be seen that pixel C overlaps with pixel B when the vortex beam shift phase is equal to the angle of rotation 
of the polar coordinate axis. This means that phase modulation can be achieved by rotation of the vortex beam polar axis, and the polar 
axis rotation angle ξ is exactly equal to the vortex beam phase shift η when the topological charge l = 1. 

2.3. VPAR-PSI phase demodulation method 

Using the vortex phase modulation method described in the above section, the polar axis is rotated by 0, π/2, π, 3π/2, and four 
interferometric images are acquired respectively, the interferometric image light intensity can be noted as. 

Fig. 2. Schematic diagram of polar-axis rotation phase modulation of vortex beam; (a) schematic diagram of vortex beam phase distribution; (b) 
schematic diagram of vortex beam phase difference; (c) schematic diagram of vortex beam polar-axis rotation transfer phase principle. 
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⎧
⎪⎪⎨

⎪⎪⎩

Is，0(x, y) = a(x, y) + b(x, y)cos(Δφ(x, y) + θ0(x, y))
Is,1(x, y) = a(x, y) + b(x, y)cos(Δφ(x, y) + θ0(x, y) + π/2)
Is,2(x, y) = a(x, y) + b(x, y)cos(Δφ(x, y) + θ0(x, y) + π)
Is,3(x, y) = a(x, y) + b(x, y)cos(Δφ(x, y) + θ0(x, y) + 3π/2)

(9)  

where, θ0(x, y) represents the spiral phase distribution, and Δφ(x, y) is the phase of the wave front introduced by the standard mirror. 
In the actual measurement process, the background light intensity term a(x, y) and the contrast b(x, y) are invariant. 

Based on the trigonometric relationship, equation (9) can be transformed as equation (10). 

Is,3(x, y) − Is,1(x, y)
Is,0(x, y) − Is,2(x, y)

=
sin[Δφs(x, y) + θ0(x, y)]
cos[Δφs(x, y) + θ0(x, y)]

= tan[Δφ(x, y)+ θ0(x, y)] (10) 

If a high precision plane mirror is used for the initial phase calibration. The initial spiral phase θ0(x, y) can be expressed as equation 
(11). 

R1 =Δφ(x, y)+ θ0(x, y)≅ θ0(x, y)= arc tan
[

Is,3(x, y) − Is,1(x, y)
Is,0(x, y) − Is,2(x, y)

]

(11)  

where, R1 represents the wrapped phase of a standard plane mirror. Similarly, the actual wrapped phase can be written as equation 
(12). 

R2 =Δφ(x, y)+ θ1(x, y)= arc tan
[

I3(x, y) − I1(x, y)
I0(x, y) − I2(x, y)

]

(12)  

where, R2 denotes the actual wrapped phase, Δφ(x, y) is the phase of the lens to be measured; θ1(x, y) is the initial spiral phase. 
According to the phase distributions R1 and R2 obtained from equations (11) and (12), after unwrapping and Zernike fitting to 

eliminate the tilt term, the accurate initial phase distribution R1 zernike of the spiral beam and the actual test phase distribution R2 zernike 
can be obtained respectively. Finally, the phase distribution Δφ(x, y) of the test mirror can be written as equation (13). 

Δφ(x, y)=R2 zernike − R1 zernike

=

(

arc tan
[

I3(x, y) − I1(x, y)
I0(x, y) − I2(x, y)

])

zernike
−

(

arc tan
[

Is,3(x, y) − Is,1(x, y)
Is,0(x, y) − Is,2(x, y)

])

zernike

(13)  

Where, Δφ(x, y) represents the phase distribution of the lens to be measured after unwrapping. 

2.4. VPAR-PSI testing process 

The detection flow of our proposed VPAR-PSI method is shown in Fig. 3. 

Fig. 3. Flow chart of vortex polar axis rotation Phase-Shifting interferometry (VPAR-PSI).  

Z. Li et al.                                                                                                                                                                                                               



Heliyon 9 (2023) e16509

6

3. Measuring equipment 

To verify the feasibility and effectiveness of the vortex phase transfer method proposed above, an interferometric system which 
enables vortex optical polar axial rotation to transfer phases is constructed. Fig. 4 (above) shows the schematic diagram of vortex light 
interference system designed in this manuscript, which uses a Thayman-Green interference optical path. The interference system uses a 
laser (50mw, 532 nm) to project laser light, then divides it into a reference light and an object light after passing through attenuator, 
polarizer (polarizer is to ensure that the polarization direction is consistent with the direction of the long axis of the liquid crystal of LC- 
SLM) and beam expander. The object light reaches the surface of CCD (Basler pixel size 3.55 μm × 3.55 μm, resolution of 2448 × 2048 
pixels, sampling rate 25 fps) after passing through a beam expander, test mirror, beam splitter and filter. The reference light is reflected 
by a liquid crystal spatial light modulator (LC-SLM, resolution 1920 × 1152, LCD spatial light modulator response speed 833 Hz) and 
then reaches the CCD surface after passing through a beam expander, half-reflective half-lens (BS) and filter. Ultimately, the object 
light and the reference light form a stable interference on the CCD surface. 

In addition, it should be noted that this manuscript uses LC-SLM to generate the vortex beam on the reference optical path and to 
realize the spin-transfer phase of the vortex beam. 

4. Experimental verification and analysis 

To verify the feasibility and effectiveness of the proposed vortex beam shift in this paper, three separate experiments were con-
ducted in this manuscript as follows. Simulation tests to verify the feasibility of vortex optical phase shifting, experimental verification 
of the feasibility of vortex optical phase shifting, and PSI versus VPAR-PSI detection effectiveness test. 

4.1. Simulation tests 

Simulation experiments are conducted in this paper. The simulation experiment flow includes, vortex light wavefront phase 
calibration, test mirror wavefront phase measurement, and test mirror wavefront phase measurement with noise.  

1） Vortex light wavefront phase calibration 

Before interferometric measurement with VPAR-PSI, the wavefront phase distribution of the vortex light needs to be obtained, 
therefore a vortex light wavefront phase calibration is required. To facilitate the observation of fringes, the objective light is set to a 
periodic phase distribution along the horizontal (number of periods T = 6, and the number of T can be obtained by counting the 
number of light and dark fringes), which represents a standard plane mirror with a certain tilt. The reference light is set to a vortex light 
with a topological charge equal to 1 and the polar axis along the positive x-axis. After the reference light interferes with the object light, 
the simulated interference image (image size is 200pixel* 200pixel) is shown in Fig. 5. 

Based on the above VPAR-PSI simulation image, phase calculations were performed and experimental results were obtained as 

Fig. 4. VPAR-PSI system; (a) principle of the VPAR-PSI system; (b) physical drawing of the VPAR-PSI system.  
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shown in Fig. 6. Where, Fig. 6 (a) shows the wrapped phase distribution, Fig. 6 (b) shows the unwrapped phase distribution, and Fig. 6 
(c) shows the phase distribution after eliminating the tilt term. 

From the simulated experimental data in Fig. 6, it can be seen that the wavefront phase after eliminating the tilt term is consistent 
with the initial wavefront phase distribution of the vortex beam, thus proving the feasibility of the phase shift method proposed in this 
manuscript.  

2） Error analysis of simulation tests 

In the same way as above, the vortex light polar axis is rotated counter clockwise by 0, π/2, π, 3π/2 and interferes with the object 
light (which is set to a periodic phase distribution along the horizontal direction (number of periods T = 7)) to obtain simulated 
interference images. The obtained phase distribution data are shown in Fig. 7. 

According to the method proposed in this manuscript, the actual shape of the plane mirror is obtained by eliminating the phase of 
the wave front, and the results is shown in Fig. 8 (a). In addition, in order to observe the phase distribution, the phase distribution of 10 
rows and columns (row: 96–105, column: 96–105) in the center of the phase map were extracted and a phase distribution comparison 
was constructed, and the results are shown in Fig. 8 (b) and (c). 

From the above, it is clear that after removing the tilt factor, the plane mirror should be an ideal plane. However, as can be seen 
from Fig. 8, there is a deviation in the simulation results from the ideal plane. In order to further quantify the accuracy of the proposed 
phase shift method, the mean, standard deviation (SD) and root mean square (RMS) for each row and column were calculated and the 
results are shown in Fig. 9. 

As can be seen from Fig. 9, the mean and RMS values of the phase demodulation errors for each row and column of pixels are below 
8*10− 13, and the maximum and minimum standard deviations are 0.18*10− 13 and 0.12* 10− 13 respectively. This means that the 
proposed VPAR-PSI method in this paper has high phase demodulation accuracy and good consistency.  

3） Simulation experiments with noise 

To further evaluate the phase-shifting effect of VPAR-PSI under realistic environments, simulations of phase-shifting measurements 
were carried out after adding random noise (±0.5 rad of random phase variation) to the interferometric images. The phase shift 
operation was carried out with the same approach as above, and the interference image obtained is shown in Fig. 10. 

According to obtained interference images a phase demodulation process was performed and the obtained phase distribution re-
sults are shown in Fig. 11. 

In order to analyses and verify the accuracy and stability of the VPAR-PSI proposed in this paper, eight sets of simulation test 
experiments with noise factors were conducted. According to the data of multiple simulation experiments, the maximum and minimum 
values of its phase distribution are calculated respectively, and the calculation results are shown in Fig. 12 (a). In addition, according to 
the range of the set noise, the percentage of elements in the phase distribution where the data exceeds the maximum value is counted 

Fig. 5. VPAR-PSI simulation image (polar axis rotation angles: 0 (a), 90◦ (b), 180◦ (c), 270◦ (d).  

Fig. 6. Simulation experimental data for the initial phase calibration of VPAR-PSI; (a) wavefront phase map, (b) wavefront unwrapped phase map, 
(c) wavefront phase map after eliminating tilt term. 
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and the results are shown in Fig. 12 (b). 
From the above experimental data, it can be seen that the maximum value is 1.3617 rad, the minimum value is 1.2219 rad and the 

mean value is 1.2824 rad in the eight groups of phase distribution information; and the percentage of pixels above and below the preset 
error range is 3.7% and 2.6% respectively. As a result, the average error of the proposed VPAR-PSI method is 0.031 rad, and the error 
pixel percentage is 3.1% under a condition of random interference. This proves that the proposed VPAR-PSI method has good 
demodulation accuracy and repeatable measurement stability even for interferometric images with interference. 

Fig. 7. Phase distribution data obtained from vortex interference phase-shift phase extraction; (a) phase map, (b) unwrapped phase map, (c) 
wavefront phase map after eliminating tilt term. 

Fig. 8. Plane mirror shaped phase distribution data; (a) plane mirror shaped phase distribution, (b) phase distribution information for rows 96–105, 
(c) phase distribution information for columns 96–105. 

Fig. 9. Evaluation of the results of the phase distribution of the plane mirror; (a) mean, SD and RMS of each row, (b) mean, SD and RMS of 
each column. 

Fig. 10. Simulated interference images with noise (polar axis rotation angles: 0 (a), 90◦ (b), 180◦ (c), 270◦ (d).  
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4.2. Sample measurement experiments 

To verify the practical detection effectiveness of the proposed VPAR-PSI method, the samples were selected for shape detection 
using the experimental system built above. Following the process above, the vortex light phase calibration was performed. According 
to the method above, after performing phase shift, the acquired interferometric images are shown in Fig. 13. 

Based on the interferometric image shown in Fig. 13, the vortex light wavefront phase calibration was performed. The obtained 
vortex light wavefront phase information is shown in Fig. 14. 

Based on the obtained vortex wavefront phase information shown in Fig. 14, three times measurement of high precision plane 
mirror surfaces is carried out and the results are shown in Fig. 15. 

To verify the detection accuracy of the VPAR-PSI method, multiple repetitive detection experiments (16 times) were carried out, 
and the information from central region of phase map was extracted separately for comparative. The maximum, minimum, mean, RMS 
and standard deviation of the measurement error were counted, and the percentage of pixels with an error of less than 0.1 rad were 
counted, and the results were calculated as shown in Fig. 16. 

From the experimental data in Fig. 16, it can be seen that the mean error of phase demodulation is 0.19 rad, and the mean values of 
standard deviation and RMS are 0.14 and 0.24 respectively. This proves that the VPAR-PSI method proposed in this manuscript not 
only has high phase demodulation accuracy, but also low dispersion and high convergence.  

2） Test 2: spherical mirror measurement 

Selecting the spherical mirror sample, a number of phase shifts of 0, π/2, π, and 3π/2 were introduced respectively by polar axis 
rotation using the VPAR-PSI method proposed in this paper. The obtained interference images are shown in Fig. 17. 

In the same way, the spherical mirror shape is calculated. The results of the spherical shape measurements are shown in Fig. 18. 
In the same way as above, in order to quantitatively analyses the phase measurement accuracy of the proposed method, 16 times 

repeated tests were carried out separately. Based on the results of the 16 times of testing, the phase distribution in the central region of 
the image was extracted separately for data comparison and analysis. The maximum value, minimum value, standard deviation, RMS 
value and envelope values (calculated from maximum and minimum values) were calculated for each of the 16 sets of data. The results 
are shown in Fig. 19. 

From the data of 16 times of experiments shown in Fig. 19 (a), it can be seen that the measurement deviation of the results is 0.3511 
and the mean values of RMS and standard deviation are 0.0901 and 0.0903. Similarly, from the data of the 16 times experiments shown 
in Fig. 19 (b), the measurement deviation of the test results is 0.3380 and the mean values of RMS and standard deviation are 0.0927 
and 0.0956. As a result, the VPAR-PSI method proposed in this paper is able to achieve a high level of measurement accuracy and 
stability in practical applications. 

Fig. 11. Plane mirror wavefront phase distribution data with noise; (a) phase map after phase extraction, (b) phase map after removal of the tilt 
term; (c) wavefront phase distribution for the plane mirror shape. 

Fig. 12. Simulated experimental phase distribution data from multiple sets; (a) maximum and minimum values of the phase distribution; (b) 
percentage of elements above and below the preset noise and the average value of the phase distribution data. 
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4.3. VPAR-PSI and PSI comparison experiment 

In order to contrast the effectiveness of proposed VPAR-PSI with the traditional PSI phase shift technique, a spherical mirror was 
selected for comparison experiments. First, according to the principle of traditional PSI phase-shifting interference technique [22], the 
obtained interferogram, unwrapped phase map, wrapped phase map, and wrapped phase map with tilt removed are shown in Figs. 20 
and 21 respectively. 

The results of spherical mirror shape measurements based on VPAR-PSI with PSI phase shift technique are shown in Fig. 22. 

Fig. 13. Interferometric images obtained by polar axis rotation of the vortex light (polar axis rotation angles: 0 (a), 90◦ (b), 180◦ (c), 270◦ (d), 
respectively). 

Fig. 14. Vortex beam wavefront phase calibration results; (a) wrapped phase map, (b) unwrapped phase map, (c) vortex beam wavefront phase map 
after elimination of tilt term.  

1） Experiment 1: Flat mirror shape detection 

Fig. 15. Results of three times measurement of high precision plane mirror surfaces; (a) first time, (b) second time, (c) third time.  

Fig. 16. Error analysis of the results of the plane mirror surface; (a) results of the data error analysis; (b) results of the data error analysis.  
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To further compare the measurement of VPAR-PSI with that of PSI, the data in row 150 and column 200 of Fig. 22 were taken and 
compared respectively, and the results are shown in Fig. 23. 

As can be seen from Fig. 23, for same conditions, the PSI has a more implausible “stepped” distribution in the row and column 
directions than the data measured by VPAR-PSI (because the lens surface shape distribution is continuous and smooth). This proves 
that the traditional PSI technique introduces more phase errors in the process of phase shifting, resulting in a large deviation between 
the real phase shift and the preset value, which ultimately leads to inaccurate phase demodulation. 

To further accurately compare and quantitatively analyses the measurement effects of VPAR-PSI and PSI, the rows 135–165 and 
columns 185–215 of Fig. 22 were taken for statistical calculations respectively. Their maximum, minimum, envelope, variance, 
standard deviation and mean values of each row were calculated and the final measurement results are shown in Fig. 24. 

According to Fig. 24 the mean values of each parameter were calculated and the results are shown in the table below. 
As can be seen from Fig. 24 and Table 1, the phase distribution of VPAR-PSI has a smaller envelope (mean envelope reduction of 

1.4202λ), smaller RMS and standard deviation (the values decreased by 0.3515, 0.3067, and the percentage decreases were 59.69%, 
59.71% respectively) compared to the PSI technique. As a result, the measurements obtained with VPAR-PSI technique are more 
accurate, stable and smooth than the traditional PSI technique. 

Fig. 17. VPAR-PSI phase-shifted (axis rotation angles: 0 (a), 90◦ (b), 180◦ (c), 270◦ (d), respectively) interference images.  

Fig. 18. Results of spherical mirror shape measurements; (a) x-y direction view; (b) y-z direction view.  

Fig. 19. Analysis of data results for spherical mirror shape; (a) Fig. 18 (a) Analysis of data results; (b) Fig. 18 (b) Analysis of data results.  

Fig. 20. Interference images from traditional PSI phase shifts (from left to right: 0 (a), 90◦ (b), 180◦ (c), 270◦ (d)).  
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Fig. 21. Measurement results from traditional PSI phase shifting techniques; (a) unwrapped phase map, (b) wrapped phase map, (c) wrapped phase 
map with tilt removed. 

Fig. 22. Comparison of VPAR-PSI and PSI measurements; (a) the results obtained from VPAR-PSI measurements, (b) the results obtained from 
conventional PSI measurements. 

Fig. 23. Comparison of phase distributions obtained from VPAR-PSI and PSI measurements; (a) 150th row of phase distribution; (b) 200th column 
of phase distribution. 

Fig. 24. Comparison of results from VPAR-PSI and PSI techniques; (a) Fig. 23 (a) rows 135–165, columns 185–215 data analysis results; (b) Fig. 23 
(b) rows 135–165, columns 185–215 data analysis results. 

Z. Li et al.                                                                                                                                                                                                               



Heliyon 9 (2023) e16509

13

5. Discussion 

In order to achieve high accuracy measurements of optical lenses, this manuscript proposes a vortex polar axis rotation Phase- 
Shifting interferometry (VPAR-PSI) measurement method based on the direct introduction of phase shifting quantities by the polar 
axis rotation of vortex beam. Compared to traditional PSI, the proposed VPAR-PSI not only avoids the phase shift deviation introduced 
by the traditional phase shifter, but also avoids the problem of non-linearity between the grey level change and phase, thus ultimately 
achieving an improved resolution of phase modulation and accuracy. 

When compared to conventional PSI phase shifting techniques, VPAR-PSI uses LC-SLM for the phase shifting operation, so the 
introduction of the phase shift can achieve a pixel-level phase modulation accuracy in the spatial domain, which means that VPAR-PSI 
can achieve modulation of the differences between different pixels in an interference image. 

As can be seen from the flow chart of VPAR-PSI detection shown in Fig. 3, the measurement using the proposed VPAR-PSI requires 
an initial phase calibration of the vortex beam to be performed first. However, it should be noted that the initial phase calibration 
process only needs to be performed once after the standard mirror is selected to obtain the corresponding system error file, and the 
following measurement process can use the obtained system error file for interpolation operations, without the need to perform the 
initial phase calibration operation for each measurement. Therefore, the VPAR-PSI application process is very convenient. 

In the simulation experiments, the data results in Figs. 6, Figs. 8 and 12 show that the VPAR-PSI proposed in this paper can not only 
achieve accurate phase shift and phase information demodulation, but also have high phase demodulation accuracy, which initially 
proves the effectiveness of the VPAR-PSI. Sample measurement experiments in Figs. 16 and 19, data results show that the VPAR-PSI 
proposed in this paper can be well implemented in the practical application of plane mirror and spherical mirror surface shape 
measurement, and not only has a very high phase demodulation accuracy, and demodulation results have good reliability. In the 
VPAR-PSI and PSI comparison experiment experiments, the data results in Figs. 23 and 24 and Table 1 show that the measurement 
results of the proposed VPAR-PSI technique in this paper are more accurate, stable and smooth compared to the traditional PSI 
technique. 

It is worth noting that this manuscript makes use the LC-SLM to achieve VPAR-PSI measurements, which as an up-and-coming 
device is currently a hot research topic, and that the measurement accuracy of VPAR-PSI is largely limited by the phase modula-
tion accuracy of the LC-SLM. This means that LC-SLM is expected to achieve more widespread applications in the field of phase shift 
detection with further research on LC-SLM. In addition, LC-SLM for phase modulation has reached a high level of accuracy, and has a 
short phase shift time, high efficiency and a certain ability to resist vibration. 

6. Conclusion 

In order to achieve a higher accuracy phase shift, this manuscript introduces the phase shift directly via the rotation of the polar axis 
of the vortex beam according to the characteristics of vortex beam. In order to verify the effectiveness of the proposed VPAR-PSI 
method, a series of experiments including simulation experiments, sample testing experiments, and VPAR-PSI and PSI comparison 
experiments were conducted. The experimental results show that VPAR-PSI has good measurement accuracy, stability. And the 
proposed VPAR-PSI method has better phase shift accuracy and higher measurement precision than the traditional PSI grey-scale 
modulation method. 
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