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Abstract: Due to the monitoring requirement of optical fiber industrial production, an out-of-plane
displacement measurement method is proposed. Firstly, the in-plane displacements between two
consecutive images, captured through a microscope with a CCD camera, are estimated by the Digital
Speckle Correlation Method (DSCM). Subsequently, the out-of-plane displacement of optical fiber
material can be obtained by the wedge model. Finally, the effectiveness of the method is verified
experimentally by comparing the measurement data of routine practice with its theoretical values.
Simulation and experimental results indicate that the absolute errors and the relative errors of the
measurement by the optical microscope with a magnification of 50× are less than±0.2 µm and 5%, re-
spectively. The new method only needs two images obtained by the microscopic imaging system with
a single camera to accomplish the measurement, which can significantly reduce the measurement
time and complexity of the arrangement. Further, the method needs neither frequency domain con-
version nor phase unwrapping operation, therefore, it is especially suitable for dynamic out-of-plane
displacement measurement. The proposed method has been applied to the industrial uniformity and
micro–nano-scale deformation monitoring of optical fiber image transmission materials.

Keywords: out-of-plane displacement measurement; digital speckle correlation method; optical fiber
material; image spherizing; industrial detection

1. Introduction

Optical fiber material (OFM), such as fiber-optic plate (FOP), fiber-optic inverter(FOI),
and micro-channel plate (MCP) are mainly used to prepare photomultiplier devices that
have been extensively applied in the fields of low-light night vision, electronics, aerospace
and other fields [1–3]. However, during the course of service and production, the surface
of OFM will become deformed due to physical or chemical processes such as polishing,
acid etching, and hydrogen reduction. Although it is micro-scale deformation, the prop-
erties and performance of OFM will be seriously affected. For instance, in a night vision
photomultiplier tube, once the coupling gap between MCP and FOP increases by 0.1 mm,
the resolution of the photomultiplier tube will decrease by more than 20% [4]. Therefore, it
is necessary to detect and monitor the deformation of OFM in practice in order to ensure
the performance of the device works well.

Currently, there exist many out-of-plane displacement measurement methods, based
mainly on laser spot scanning [5], interferometry [6,7], and fringe projection techniques [8,9].
However, due to the constraints of the detecting conditions, these methods cannot work
perfectly in these applications. Despite the high-precision result, the scanning technique
cannot realize rapid detection due to the long scanning time; although optical interferome-
try can easily obtain the deformation characteristics of OFM, it is not suitable for industrial
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detection due to the requirement of a high-level detecting environment and the complicated
setup. Fringe projection is an alternative full-field optical technique that can be used to
determine displacements in the direction of the camera optical axis for a deformed object.
However, since the diameter of the deform area is usually less than 13 cm, especially for
the OFM which consists of 5 µm monofibers, small area fringe projection is a troublesome
task for applications. Moreover, most interferometry and fringe projection techniques need
phase unwrapping operation. Even though numerous algorithms have been developed,
phase unwrapping is a challenging task in industrial detection. Hence, it is meaningful to
put forward a new method for OFM deformation detection.

Correlation-based displacement measurement methods, such as the digital image
correlation (DIC) method [10,11] and the digital speckle correlation method (DSCM) [12],
are 2D displacement measurement techniques that utilize block matching algorithms
to obtain the deformation of an object. Since then, these methods have been widely
used in experimental mechanics, real-time measurement, and microscale deformation
measurement, because of their advantages of high accuracy, simple experimental setup,
and noncontact for micro-deformation. Nevertheless, since the correlation-based methods
are insensitive to out-of-plane deformation, multiple cameras and images are often required
during measurement. Considering the inevitable oscillation and space restriction, these
multi-view correlation-based methods are not suitable for industrial detection [13]. It
is worth mentioning that many researchers proposed a Fiber Specklegram Sensor (FSS)
method [14–16] to measure the displacement of a microbend on an optical fiber, which
provided a new approach for out-of-plane displacement measurement. However, OFM is a
kind of inflexible image transmission component that is made of millions of glass fibers
and is hard to generate high-quality specklegrams of the fiber end facet due to the short
length of OFM (the length range of OFM is 1–50 mm). Consequently, the FSS method also
cannot satisfy the deformation detecting requirement of OFM.

In this paper, we present a novel correlation-based out-of-plane displacement mea-
surement method. Once the in-plane displacements between two consecutive frames are
determined by DSCM, then the out-of-plane displacement map can be obtained by the
wedge model. Meanwhile, in order to verify the effectiveness, the new algorithm is applied
to simulated and real OFM images captured through a microscope with a CCD camera.
Simulation and experimental results show that the proposed algorithm has high precision
in deformation measurement. The new method only needs two images obtained by the
microscopic imaging system with a single camera, which indicates that the out-of-plane
motion information carried by in-plane displacement is fully utilized. It is worth men-
tioning that neither frequency domain conversion nor phase unwrapping operation is
required in this method, which provides a new approach for industrial dynamic deforma-
tion measurement.

2. Principle
2.1. Principle of DSCM

In the routine practice of DSCM, a cross-correlation (CC) criterion is predefined to
evaluate the similarity between the reference subset and the target subset, i.e., the deformed
subset. The zero-mean normalized cross-correlation (ZNCC) coefficient, which is a typical
CC criterion, can be given as [17]

C(∆u, ∆v) =

m
∑
i

m
∑
j
[ f (xi, yj)− f ][g(xi + ∆u, yj + ∆v)− g]√

m
∑
i

m
∑
j
[ f (xi, yj)− f )]2

√
m
∑
i

m
∑
j
[g(xi + ∆u, yj + ∆v)− g)]2

(1)

where f (x, y) and g(x, y) represent gray values of the reference subset and the target subset,
respectively. The sizes of these subsets are m × m pixels. ∆u and ∆v are the integer-pixel
displacements in x and y directions and f and g represent the average gray values of the



Photonics 2021, 8, 348 3 of 10

reference subset and deformed subset, respectively. The matching procedure is completed
through searching the peak position of the distribution of correlation coefficients. Once
the correlation coefficient extreme is detected, the position of the deformed subset can be
determined. The differences of the positions of the reference subset center and the target
subset center yield the displacements u and v at point (xi, yj). However, the displacements
in practice are not integers. To further improve the accuracy of DSCM, a certain kind
of sub-pixel registration algorithm should be applied. Here, we utilized the correlation
coefficient of the gradient-based algorithm which can be expressed by [17]:

C(∆u, ∆v) =

{
m
∑
i

m
∑
j
[ f (xi, yj)− f ][g(xi + ∆u + u′, yj + ∆v + v′)− g]

}2
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∑
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m
∑
i

m
∑
j
[g(xi + ∆u + u′, yj + ∆v + v′)− g)]2

(2)

where u′ and v′ represent the sub-pixel displacements in x and y directions, respectively.
We expand g(xi + ∆u + u′, yi + ∆v + v′)− g in a Taylor series and take the first order, then
the sub-pixel displacements u′ and v′ can be obtained by considering ∂C

∂u′ = 0, ∂C
∂v′ = 0:

[
u′

v′

]
=

[
B C
E H

]−1[ A
D

]
(3)

where

A =
m

∑
i=1

m

∑
j=1

FG
m

∑
i=1

m

∑
j=1

GGx −
m

∑
i=1

m

∑
j=1

FGx

m

∑
i=1

m

∑
j=1

G2 ,

B =
m

∑
i=1

m

∑
j=1

FGx

m

∑
i=1

m

∑
j=1

GGx −
m

∑
i=1

m

∑
j=1

Gx
2

m

∑
i=1

m

∑
j=1

FG,

C = 2
m

∑
i=1

m

∑
j=1

FGx

m

∑
i=1

m

∑
j=1

GGy −
m

∑
i=1

m

∑
j=1

GGx

m

∑
i=1

m

∑
j=1

FGy −
m

∑
i=1

m

∑
j=1

GxGy

m

∑
i=1

m

∑
j=1

FG,

D =
m

∑
i=1

m

∑
j=1

FG
m

∑
i=1

m

∑
j=1

GGy −
m

∑
i=1

m

∑
j=1

FGy

m

∑
i=1

m

∑
j=1

G2,

E = 2
m

∑
i=1

m

∑
j=1

FGy

m

∑
i=1

m

∑
j=1

GGx −
m

∑
i=1

m

∑
j=1

GGy

m

∑
i=1

m

∑
j=1

FGx −
m

∑
i=1

m

∑
j=1

GxGy

m

∑
i=1

m

∑
j=1

FG,

H =
m

∑
i=1

m

∑
j=1

FGy

m

∑
i=1

m

∑
j=1

GGy −
m

∑
i=1

m

∑
j=1

G2
y

m

∑
i=1

m

∑
j=1

FG,

G
(
xi, yj

)
= g

(
xi + ∆u, yj + ∆v

)
− g,

Gx = gx − gx, Gy = gy − gy,

F
(
xi, yj

)
= f

(
xi, yj

)
− f .

The x and y subscripts of variables are the partial derivatives. Thus, the velocity field
between two consecutive frames, i.e., u = ∆u + u′ and v = ∆v + v′, can be estimated.

2.2. Out-of-Plane Displacement Measurement by Wedge Model

A microscope can mainly be classified into two classes, according to their magnification
principle, i.e., optical microscope and electronic microscope. Generally speaking, an optical
microscope has lower magnification, but it can show the most authentic feature data of an
object. Based on the differential theory, if a deformed object is observed under an optical
microscope, all kinds of convex or concave deformation can be treated as a wedge shape, as
shown in Figure 1, where point O is the fulcrum, α is the tilt angle, R is the width of image,
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and R = OA = OA1. When we observe the deformation along the downward direction,
it will be found that point A moved to point A’. Therefore, w and d are the out-of-plane
displacement and in-plane displacement, respectively.

Figure 1. Wedge model.

Once the original and deformed images are captured by the optical microscope, the
in-plane displacement d can be easily determined by DSCM. Finally, the out-of-plane
displacement w can be calculated by the geometrical relationships:

d = R(1− cos α)

α = cos−1 R−d
R

w = R sin α

(4)

3. Simulated Results and Analysis

Commonly, the microscopic images of OFM can be treated as 2D Gaussian function
array distributions [2,18], as shown in Figure 2a, where the diameter ratio of core glass
and cladding glass is set to 5:1. Figure 2b illustrates the deformed image generated by
the image spherizing algorithm and the loading angle α = 0.15 rad ≈ 8.599◦. All of these
simulated images are created by Matlab software. For the convenience of comparison, the
sizes of these two images are set as 400 pixels × 400 pixels, and the intensity distributions
of two images at x = 200 in the y direction are shown in Figure 2c. It can be seen that the
loaded deformation causes an intensity shift in the positive direction of the y axis, which is
consistent with the wedge model.

Based on Equation (4), the out-of-plane displacement is extracted by DSCM and the
subset is set as 50 pixels × 50 pixels. Due to the inevitable boundary effect of DSCM, the
valid region of data is 347 pixels× 347 pixels in the center of the image. Figure 3a,b show
the theoretical and simulated results, respectively, and it can be observed that out-of-plane
displacements reach a maximum at y = 347 pixels in the x direction. The mean value of the
maxima in Figure 3b is 52.39 pixels and the corresponding tilt angle α = 0.1498 rad≈ 8.586◦,
which is consistent with the theoretical values (52.47 pixels, 8.599◦). Since the optical
flow (OF) algorithm is a mature method for in-plane displacement measurement [6,9],
for comparison, the simulated result by the Horn–Schunck (HS)-OF method [6] is shown
in Figure 3c. Figure 3d shows the cross-section data comparison of Figure 3a–c in the y
direction at x = 174 for further analysis. It can be seen that in order to ensure continuity
and smoothness, the errors of the HS-OF method are significantly increased compared
with DSCM at y ∈ [180, 347], which proves that the OF method is more suitable for smaller
displacement measurements [8]. If the relative error is defined as |Experimental value-
Theoretical value|/Theoretical value × 100%, the relative errors of the results by DSCM
and the HS-OF method in Figure 3d are 0.9% and 6.2%, respectively, which perfectly verifies
the effectiveness of the new method.
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Figure 2. Simulated OFM microscopic image: (a) origin image; (b) deformation image; (c) intensity
distributions of (a,b) at x = 200, y direction.

Figure 3. Simulation experiment results: (a) theoretical result; (b) simulated result by DSCM;
(c) simulate result by OF method (d) comparison cross-section data in the y direction at x = 174.

4. Experimental Results and Analysis

The experimental measurement schematic is illustrated in Figure 4a. An FOI, which is
clamped around its edges by a holder, can be tilted by rotating a graduated handwheel.
Since the handwheel screw pitch is 200 µm (i.e., the screw will move upward or downward
200 µm when the handwheel is rotated 360◦), the tilt angle α can be determined by the
sizes of FOI and the holder, as shown in Figure 4b. Parameter s is the screw elongation,
D1 = 20 mm is the diameter of FOI, and D2 = 5 mm is the length of the holder. Therefore,
the relation between tilt angle α, D1, and D2 can be expressed as: sinα = s/(D1 + D2). The
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test system includes an optical microscope (Mitutoyo, 50× magnification, NA = 0.55), a
translation stage (z direction), and an industrial camera (Andor, ZYLA 4.2 Plus, maximum
resolution 4632 pixels × 3488 pixels, chip size 13.3 mm × 13.3 mm, diagonal line 18.8 mm).
It should be noted that the size of the chip is chosen as large as possible for a larger field of
view. The experimental setup is shown in Figure 4c,d.

Figure 4. Experimental setup and schematic diagram: (a) measurement schematic; (b) relation
between loading deformation and α; (c) setup diagram; (d) holder and material.

The experimental images before and after deformation are shown in Figure 5. For
comparison with simulation experiment results, the sizes of the experimental images are
set as 400 pixels × 400 pixels (1 pixel = 80 nm). Since the intensity shift in Figure 2c is 3
pixels, the intensity shift range in the experiment should be set from 1 pixel to 5 pixels
for correspondence, which indicates that the tilt angles should be set from 6◦ to 10◦. For
this reason, the loaded tilt angles in the experiment are set as 6◦, 8◦, 9◦, and 10◦, and
the corresponding experiment images are shown in Figure 5b–e, respectively. Similarly,
Figure 5f shows that the intensity distributions of Figure 5a–e at x = 200 in the y direction,
which can also illustrate that the loaded deformation causes an intensity shift in the positive
direction of the y axis.

Likewise, the out-of-plane displacement is extracted by DSCM and the subset is
set as 50 pixels × 50 pixels in the experiment. Ignoring the invalid data caused by the
inevitable boundary effect of DSCM, the theoretical maxima of out-of-plane displacement
of Figure 5b–e are 2.92 µm, 3.90 µm, 4.40 µm, and 4.89 µm, respectively. The experimental
results by DSCM and the HS-OF method are shown in Figure 6a–h and the mean values
of the maxima (y = 347 pixels in the x direction) of these eight trials are 2.92 µm, 3.90 µm,
4.43 µm, 4.95 µm, 2.88 µm, 3.88 µm, 4.46 µm, and 4.86 µm, respectively. Note that all of the
relative errors of the maxima in Figure 6a–d are smaller than 1.5%, which clearly proves
the accuracy of the present method.
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Figure 5. Experimental images: (a) original image (α = 0◦); (b) α = 6◦; (c) α = 8◦; (d) α = 9◦; (e) α = 10◦;
(f) intensity distributions of (a,e) at x = 200, y direction.

Figure 6. Experimental results by DSCM: (a) α = 6◦; (b) α = 8◦; (c) α = 9◦; (d) α = 10◦; and OF method: (e) α = 6◦; (f) α = 8◦;
(g) α = 9◦; (h) α = 10◦.

Figure 7 shows the cross-section data of the theoretical result, the experimental results
by DSCM, and the experimental results by the HS-OF method in the y direction at x = 174.
Simultaneously, the comparison of the main parameters of DSCM and the OF method
based on the data of Figure 7 is shown in Table 1, where the absolute error and relative error
are the means of the errors of the points in the y direction at x = 174 and the computing
time is recorded by Matlab software. For further analysis, the theoretical data and the
experimental data of DSCM in Figure 7 at y = 172, y = 173, y = 174, and y = 175 are listed
in Table 2. According to the data in Figure 7 and Table 1, it can be found that the means
of the relative errors of the experimental results by DSCM at α = 6◦, 8◦, 9◦, and 10◦ are
4.2%, 1.5%, 1.6%, and 1.5%, respectively, whereas the means of the relative errors of the
HS-OF method are 7.2%, 6.6%, 4.9%, and 6.1% (note that all of the absolute errors of these
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experimental values are less than ±0.2 µm). In particular, since the data in Table 2 are
located in the center of images, all of the absolute errors at the points y = 172:175 are less
than ±0.05 µm. It is worth mentioning that the relative errors of the best results in Table 2
for each trial (indicated in bold) are 0.07%, 0.51%, 1.54%, and 0.12%, respectively and the
minimum absolute error of these values is only 0.001 µm (α = 6◦, y = 175). Moreover, the
mean of the relative errors at α = 10◦ is 0.32%, which is significantly lower than other trials
and proves that DSCM is more appropriate for measuring the in-plane displacement that
is larger than 5 pixels [8]. These good agreements indicate that the proposed method has a
better performance in out-of-plane displacement measurement.

Figure 7. Comparison cross-section data in the y direction at x = 174.

Table 1. Main parameters comparison of DSCM and OF method based on the data in Figure 7.

Method DSCM HS-OF Method

Pre-Set Parameters Subset Size: 50 pixels × 50 pixels Smoothness Weight factor [6]: 1

Computing Method Gradient-Based Correlation Algorithm Gauss–Seidel Iterative Solution

Absolute Error
(Mean)/µm

Relative Error
(Mean)

Computing
Time/s

Absolute Error
(Mean)/µm

Relative Error
(Mean)

Computing
Time/s

6◦ 0.131 4.2% 47.21 0.332 7.2% 67.33

8◦ 0.014 1.5% 46.67 0.311 6.6% 66.54

9◦ 0.025 1.6% 48.97 0.246 4.9% 63.25

10◦ 0.019 1.5% 50.22 0.298 6.1% 64.46

Table 2. Theoretical results and experimental results by DSCM in Figure 7 at y = 172:175.

Angle Theoretical
Values/µm

Experimental
Values/µm Relative Error Theoretical

Values/µm
Experimental

Values/µm Relative Error

6◦ 1.462 1.446 1.09% 1.471 1.441 2.08%

6◦ 1.479 1.485 0.41% 1.488 1.487 0.07%

8◦ 1.938 1.948 0.51% 1.949 1.962 0.66%

8◦ 1.961 1.975 0.71% 1.972 1.987 0.76%

9◦ 2.176 2.211 1.61% 2.189 2.224 1.60%

9◦ 2.201 2.235 1.54% 2.214 2.252 1.71%

10◦ 2.434 2.440 0.24% 2.448 2.451 0.12%

10◦ 2.462 2.456 0.24% 2.476 2.459 0.69%
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In practice, OFM will undergo micro–nano-scale deformation for several hours or
even several days after hot pressing, annealing, and hydrogen reduction processes. As
mentioned above, this deformation will directly affect coupling performance. On the
other hand, because the OFM is not uniform, it should be noted that the deformation
distribution is not symmetrical. Therefore, the uniformity of OFM can also be determined
by deformation measurement. In industrial production, laser scanning and probe technique
are two major methods for OFM deformation measurement and the accuracies and absolute
errors of these two methods are commonly less than 1 nm and ±0.02 µm, respectively.
However, as a conventional contact measurement method, the probe technique will more
or less damage the surface of the material; although the laser scanning technique has many
advantages such as non-contact, simple, and robust; as stated earlier, this method cannot
realize rapid detection due to the long scanning time (for instance, if the measurement
region is set as 1 mm ×1 mm, it will take several hours for scanning and splicing). Hence,
the laser scanning technique is only suitable for static measurement. The presented method
only needs two images obtained by the microscopic imaging system with a single camera
to accomplish the measurement, which can significantly reduce the measurement time
and complexity of the arrangement (the measurement times of four experiments are
47.21 s, 46.67 s, 48.97 s, and 50.22 s, respectively). Moreover, the comparison of the
results in Figure 7 proves that the absolute errors of the measurement system with a
magnification of 50× is less than ±0.2 µm, which can completely satisfy the industrial
detection requirements of OFM [19]. Hence, the new method has been applied to the
deformation and uniformity dynamic detection in OFM industrial production.

5. Conclusions

A novel correlation-based out-of-plane displacement measurement method for OFM is
proposed. The out-of-plane displacement is obtained by the combination of the DSCM and
the wedge model. In this method, only two images obtained by the microscopic imaging
system with a single camera are required and neither frequency domain conversion nor
phase unwrapping operation is needed. Simulation and experimental results show that the
absolute errors of the measurement by an optical microscope with a magnification of 50×
are less than ±0.2 µm, which can completely satisfy the industrial detection requirements
of OFM. Therefore, the new method has been applied to the deformation and uniformity
dynamic detection in OFM industrial production. Further, the proposed method provides
a new approach for solid material deformation detection and monitoring.
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