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Abstract: In 3D microsphere tracking, unlike in-plane motion that can be measured directly by a
microscope, axial displacements are resolved by optical interference or a diffraction model. As a
result, the axial results are affected by the environmental noise. The immunity to environmental
noise increases with measurement accuracy and the signal-to-noise ratio (SNR). In compound digital
holography microscopy (CDHM)-based measurements, precise identification of the tracking marker
is critical to ensuring measurement precision. The reconstruction centering method (RCM) was
proposed to suppress the drawbacks caused by installation errors and, at the same time, improve the
correct identification of the tracking marker. The reconstructed center is considered to be the center
of the microsphere, rather than the center of imaging in conventional digital holographic microscopy.
This method was verified by simulation of rays tracing through microspheres and axial moving
experiments. The axial displacements of silica microspheres with diameters of 5 um and 10 um were
tested by CDHM in combination with the RCM. As a result, the SNR of the proposed method was
improved by around 30%. In addition, the method was successfully applied to axial displacement
measurements of overlapped microspheres with a resolution of 2 nm.

Keywords: microsphere; axial displacement measurement; digital holographic microscopy; signal-to-
noise ratio; nanometer

1. Introduction

As major particles, microspheres are an essential marker in characterization in force-
or torsion-dependent molecular processes [1,2], fluid dynamics [3,4], single-molecule force
spectroscopy [5], airborne particulate matter research [6,7], etc. They are also a favorable
tool to utilize in microscopy for super-resolution imaging [8,9]. Tracking microspheres and
quantitatively measuring their three-dimensional motion is vital to revealing the physical
or biological principles involved in microsphere experiments. Since the feature size of
microspheres is on the micrometer or sub-micrometer scale, optical microscopy is the
primary method for measuring the 3D displacement of moving microspheres. The high
resolution of displacement at the nanometer scale is a challenging but significant endeavor.
Digital holographic microscopy (DHM), which is not a scanning-based method [10], has
a nanometer resolution [11]; therefore, it is an approach applicable to dynamic phenom-
ena, including those in microfluidics. Commercial holographic particle characterization
instruments (Spheryx, Inc., xSight, New York, NY, USA) yield the microsphere’s in-plane
displacement to within a nanometer and its axial position to within 5 nm [12].
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Recently, researchers have focused their efforts on two aspects. One is to broaden the
application of microsphere measurement, such as the combination of DHM with optical
tweezers [13,14], DHM coupled with magnetic tweezers [5], and porous sphere model
creation [15,16]. The other one is to optimize the measurement, that is, to discuss the uncer-
tainty of particle tracking [17], to improve efficiency by combining deep learning [18,19],
and to reconstruct the 3D particle field by neural network [20], etc.

In fact, the improved accuracy of the underlying measurement has provided a more
accurate data basis for applications. The discussion on measurement mechanisms has
now developed to the point where researchers are paying more attention to the differences
between the practical factors caused by the actual measurement process and the ideal
measurement model, such as the reconstruction of tilt surfaces [21] and the elimination of
twin images [22].

Improving immunity to noise is a constant subject of progress in measuring technology.
Researchers made an effort to suppress noise and improve SNR by adopting light sources
with partial coherence [23], recording image-plane holograms [24], using image processing
methods [25,26], etc. The immunity to noise increases with measurement precision and
signal-to-noise ratio (SNR). As frequency filtering is necessary in DHM, especially for
off-axis DHM, the SNR is inevitably sacrificed. The inherent disadvantage limits the
instrumentation and application of DHM. To make up for the disadvantage of SNR, those
factors that introduce errors should be suppressed. In our previous work, compound digital
holographic microscopy (CDHM) was utilized to break through the measuring limitation
of the in-focused or nearly in-focused microspheres [27]. However, measuring errors were
caused in three aspects. One was optical axis tilt caused by mechanical installation error;
the second was the Coma aberration brought by the beam expanding; and the third was the
environment noise introduced by stray light, mechanical vibration, CCD white noise, etc.
Accurate identification of the tracking marker is the key to suppressing errors, especially for
environmental noise. This is due to the fact that the amplitude of the noise may be irregular,
which may contribute to the tracking marker, i.e., the peak of the second derivative of
the RPOPL differences of the microsphere center pixel, in CDHM. Therefore, accurate
positioning of the microsphere center is a crucial way to improve the SNR.

In conventional DHM, the imaging center is resolved by an image processing method,
such as the Hough transform, and it is difficult to find the imaging centers of two or more
adhered microspheres with overlapped diffraction patterns accurately. Therefore, accurate
positioning of the centers is the key to measuring the axial displacement of microspheres
with overlapped patterns.

In this paper, a CDHM-based reconstruction centering method (RCM) for displacement
measurements of microspheres is proposed. Our aim was to suppress measurement noise
through accurate centroiding. The advantageous effect of the RCM applied in CDHM was
analyzed and evaluated by simulating ray tracing transmitted through microspheres and
verified by motion experiments of microspheres in water. The testing results were with an
axial resolution of 2 nm (out-of-focus microsphere)/4 nm (nearly in-focus microsphere)
and an improved SNR of around 30%. In addition, the method was successfully applied to
axial displacement measurements of microspheres in overlapped image patterns with a
resolution of 2 nm.

2. Methodology
2.1. Analysis and Simulation

CDHM is set up with an off-axis digital holographic microscope. Both off-axis and
in-line digital holograms can be resolved in this setup. Either the off-axis or in-line digital
hologram is selected for reconstruction to calculate the displacement of the microsphere
along the axis. The decision whether to reconstruct the off-axis or in-line digital hologram
is based on an assessment of the severity of the impact on the twin images. This assessment
is characterized by the critical reconstruction distance (CRD) boundary parameter.
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In CDHVV,, if the reconstruction distance is less than the CRD, the ring pixels of the
optical path length (RPOPL) method are implemented. The optical path difference (OPD)
around the center and ring pixels is a maximum as compared to the other pixels. Therefore,
the most critical step of RPOPL is to position the center pixel and resolve the positioning
mark along the optical axis, i.e., the second derivative of OPD between the center pixel and
ring pixels.

Previously, the CDHM method was built on the hypothesis that the rays incident
through the microsphere are parallel to the optical axis and perpendicular to the imaging
plane. In reality, however, the rays do not conform to the hypothesis. To improve the
measuring precision and SNR of CDHM, more precise ray tracing should be analyzed.

By experimental results, it is found that the pixel point with the maximum phase, i.e.,
the maximum optical path length (MOPD), is not the imaging center of the microsphere.
Since the ray transmitted through the center of the microsphere has the maximum optical
path length (OPL) value, the central ray passing through the microsphere is not perpendicu-
lar to the imaging plane, and the incident rays are not parallel to the optical axis. Therefore,
the optical path difference should be re-analyzed by ray tracing.

Unavoidable installation errors in the optical system should be the cause of non-
uniformity in the imaging center and phase center. () Mechanical installation errors cause
the incident beam to be off-axis with the optical axis. @ The beams transmitted through
the beam expander are spherical beams, not parallel beams.

Obliquely incident and non-parallel beams are equivalent to the divergent beams
emitted by an off-axis point source. The beam emitted from an off-axis point source is
neither symmetrical to the primary ray nor to the optical axis due to the presence of a Coma
aberration, as shown in Figure 1.
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Figure 1. The beams transmitted through the microsphere.

In Figure 1, P is the point source introduced by the mechanical installation and beam
expansion error; the Z axis refers to the optical axis, which is perpendicular to the imaging
plane; PSS, is the sagittal plane; and PM;M; represents the meridional plane. PSy, PSy,
PM;j, and PM; are the marginal rays, while PO; is the central ray. The image of the
microsphere at the imaging plane is formed by the projection of marginal rays. Hence, the
imaging center O;’ is the S1S,M M, circle center. The marginal rays and the central ray in
the PO;0;’ plane are shown in Figure 2.
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Figure 2. The marginal rays and central ray of the PO;O; plane in Figure 1.

Since there is no aperture diaphragm in front of the microsphere, the entrance pupil
is in the microsphere. In Figure 2, PE; is almost tangent to the microsphere. E{E; is the
entrance pupil, and PE; and PE; refer to the upper and lower marginal rays, respectively.
At the imaging plane z = Z, Z1 and Z; are at the image edge of the microsphere. In digital
holographic reconstruction, the image is backpropagated at the distance of Zg — r, where
r is the radius of the microsphere. The Imaging center is at the midpoint of Z1Z,. In the
reconstruction plane, O’ is the imaging center while O is the center of the microsphere
through which the ray has a maximum OPL value.

To quantitatively evaluate the result caused by installation error, the RPOPL of the
imaging center and reconstruction center were simulated by tracing rays through the
microsphere.

According to the theory of optical path calculation for refractive spherical systems, the
image intercept L’ is shown in Figure 2.

L (L—r)sinu ., 1)
sin<u +2(1—n/n') (L —r)sinu/r+2 E %(1 — (2P ((L—7) sinu/r)zmH)
m=1 ’

where y; is the field of the off-axis point source, [; represents the object distance from the
point source to the first refractive sphere, u refers to the angular aperture of the rays emitted
from the point source, n denotes the refractive index of the medium where the microsphere
is immersed, and 1’ is the refractive index of the microsphere. Figure 2 shows the variables
of the upper marginal ray. The object intercept of the incident ray is L.

L=yy/tanu+1I, (2)

The image height i’ at the imaging plane is

y = —tan(u+2(1—n/n’)(L—r) sinu/r+2 Of: 27,1(2”1;1)”(1 — (%)MH)((L—r) sinu/r)2m+1>
m=1

m!(2m+1)
| z— (L—r)sinu ®)
sin<u+2(1—n/n/)(L—r) sinu/r+2 of; % (1—(%)2"'“)(@—;’) sin u/r)zmH)
m=1 :
where z is the reconstruction distance in object space.
The OPL of the ray is
OPL(z,L,u,y;) = nlys/ sinu — (L —r) cosu — 2/12 cos? u — L2 sin? 1 + 2Lr sin? u @

+(L —r)sinucotuy, + (z— L' —r)/ cosu)] + 2\/11’21’2 — [n(L —r)sinu)?
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where

o T 2m+1
uy =u+2(1—n/n")(L—r)sinu/r+2Y 2(277171)"(1—(£ "
m=1

mm!(Zm + 1) n )((L — r) Sinu/r)2m+1 )

To calculate the difference in RPOPL, all pixels |x| = n&|y| < nor |y| = n&|x| <n
form ring n. If the CCD has a pixel size of Ax x Ay, the RPOPL of ring n can be calculated
by enumerations.

RPOPLy(z) = Y OPLy(x,y,2)

{xe ((—n—1/2)Ax,(n+1/2)Ax] &y € ((n —1/2)Ay, (n+1/2)Ay],

x€ ((—n—1/2)Ax,(n+1/2)Ax] &y € (—(n —1/2)Ay, —(n+1/2)Ay], (6)
xe(—(n—=1/2)Ax,—(n+1/2)Ax &y € (—(n—1/2)Ay, (n —1/2)Ay]],

xe ((n—1/2)Ax,(n+1/2)Ax] &y € (—(n—1/2)Ay, (n —1/2)Ay]}

The transmission of the microsphere is simulated in Figure 3. The diameter is 5 um,
which corresponds to that of silica, the refractive index of the microsphere is n = 1.5, the
refractive index of the water medium is n’ = 1.33, and the wavelength of the illuminating
beam is A = 670 nm. Suppose that /[; = —20 um, the field y; = —4 pm can be obtained. To
ensure the simulation was close enough to reality, the enumeration method was adopted to
ensure that as many rays as possible were simulated. 10,000 rays were uniformly distributed
in the entrance pupil and taken into simulation. Figure 3 shows the transmission of 100 rays.

15 T T T T T T T

100 o

5t w - - 4

=20 -15 -10 -5 0 5 10 15 20 25 30
Z/pym

Figure 3. The rays tracing in sample microsphere.

In Figure 3, at the imaging plane z = 15 pm, the imaging center is the red point, while
the reconstruction center through which the ray with the maximum OPL value passes is the
black point. The pixel size of the CCD recorded in this study was 5.2 pm x 5.2 um, and the
magnification was 54.77. Hence, the imaging center was at the midpoint of the marginal ray
y = 0.647 pm, while the black point was at y = 0.222 um. The distance between the two
centers in the reconstructed plane was 4 pixels, when taking into account the magnification.
The center pixel was numbered as 0, and other ring pixels were numbered according to
the distance of the ring from the center pixel. The area of each pixel of the OPL on the
reconstructed plane was calculated by Equations (3)-(5). The differences in the RPOPL of
ring 4, ring 5, and ring 6, respectively, with the center pixel as the two centers mentioned
above, are as shown in Figure 4.
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Figure 4. The RPOPL difference simulation of the reconstruction center pixel and the imaging center
pixel. (a) RPOPL differences between various rings (ring 4, 5, 6, respectively) and reconstruction
center pixel; (b) RPOPL differences between various rings (ring 4, 5, 6, respectively) and imaging
center pixel; (¢) second derivative of the RPOPL difference between the 4th, 5th, and 6th ring pixels
and reconstruction center pixel; (d) second derivative of the RPOPL difference between the 4th, 5th
and 6th ring pixels and imaging center pixel.

As illustrated in Figure 4, the trends in RPOPL differences are similar for ring 4,
ring 5, and ring 6. As shown in Figure 4a,b, the curve is sharper in the reconstruction
center as compared to the imaging center. To characterize the grades of the bump, the
second derivative of the RPOPL difference of the reconstruction center and imaging center
is presented in Figures 4c and 4d, respectively. The maximum peak-valley values of
Figure 4c,d are 1.095 and 0.4367. In CDHM, the second derivative of the RPOPL difference
is the effective marker to measure the axial displacement. The greater the peak-valley
value of the tracking marker, the better the tracking marker will be identified. Using the
reconstruction center as the center pixel point may increase the correct identification rate of
the tracking marker by nearly 60%.

As is shown in Figure 5, point sources at different locations from [; = —50 um to
I; = —30 um are simulated. The shapes of the RPOPL differences in the reconstruction
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center pixel and the second derivative of the RPOPL difference between the 6th ring pixels
are similar to those of the point source located at I; = —20 um. Therefore, using the
reconstruction center pixel as the center pixel and resolving the second derivative of the
RPOPL difference is an effective way to measure the axial displacement of the microsphere.

RPOPL/um

——1d=25pm o ld=-35pm
Us 1d=-30 pm % 0.5 1d=-35um

\/\/\ 1d=-35pum 5 1d=-40 pm
0. E —— ld=-45pum
= — Id=-50 pm
5 ——1d=25pm

-9

[~

s 0

v

=

=

£

S

=

=

=

(o]

0.5
6 10 12 14 16 18 4 6 8 10 12 14 16
z/pm z/pm

(a) (b)

Figure 5. The RPOPL difference simulation of point sources at different locations (a) The RPOPL
differences of the reconstruction center pixel; (b) second derivative of the RPOPL difference between
the 6! ring pixels and the reconstruction center pixel.

The SNR of a measurement is defined as

SNR = 10lg——
Y [r(i) — t(D)]?

i=1

)

where r(i) is the measured result of axial displacement, ¢(i) is the moving distance of the
microsphere, i.e., the moving distance of the piezo-stage.

2.2. Reconstruction Centering Method (RCM)

Based on the analysis above, the RCM was established to improve the effectiveness of
the CDHM tracking marker. The flow diagram of this process is provided in Figure 6. The
digital hologram is recorded by the digital image plane hologram and processed by the
bidimensional empirical mode decomposition (BEMD) method to suppress the coherent
noise [24-26].

The steps of CDHM combined with the RCM are as follows:

(1) Reconstruction of the off-axis hologram and comparison of reconstruction distance
and CRD.

(2) If the reconstruction distance is less than or equal to CRD, the center of the recon-
structed microsphere phase is used as the center pixel. The difference in RPOPL of the
optical path length between the ring pixel and the center pixel is calculated. The peak of
the second derivative of the RPOPL difference of the reconstructed center is traced, and the
axial displacement is calculated.

(3) If the reconstruction distance is greater than CRD, an in-line hologram is obtained
by the interference fringe removal method (IFRM). The center of the reconstructed intensity
of the microsphere is considered the center pixel. The maximum intensity at the center of
the reconstruction is traced along the optical axis, and the axial displacement is calculated.
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Figure 6. Diagram of CDHM combined with the RCM.

2.3. Axial Displacement of Adhered Microspheres

The images of two or more adhered microspheres are overlapped. The center of
overlapped diffraction rings is difficult to position using conventional image processing
methods, such as the Hough transform method. Nevertheless, the reconstructed intensity
or phase centers of adhered microspheres are apparently separated. Therefore, the RCM is
especially suitable for measuring the axial displacement of adhered microspheres.

3. Apparatus and Experiments
3.1. Apparatus

The experimental setup utilized to measure the displacement of microspheres is the
classical off-axis digital holographic microscope, which is shown in Figure 7. In this setup,
the laser beam is emitted by a laser diode module (Thorlabs, Newton, NJ, USA, LDM670,
A = 670nm). From the analysis in Section 2.1, the beams transmitted through a beam
expander are spherical beams but not parallel beams. The information of the microsphere is
then carried by the object beam, which is magnified by Microscopic Objective 1 (Mitutoyo,
Houston, TX, USA, 50x, NA = 0.42).

Beam splitter 1 Beam
Expander 2 Mirror 2

Neutral Filter . .
Microscopic
Objective 2

Beam axial displacement
Expander 1 C——
Mirror 1 Sample\|| Microscopic
Objective 1 Beam splitter2  CCD

Figure 7. Experimental setup to measure displacement of microsphere movement.
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3.2. Experiments on Sample Microspheres

The movement of the sample microspheres with different diameters (Polysciences,
Warrington, PA, USA, silica with radius » = 2.5 um and r = 5 um, refractive index n, = 1.5;
refractive index of the medium is n; = 1.33) was tested to evaluate CDHM combined
with the RCM. The microspheres were fixed on a piezoelectric stage (Physik Instrumente,
Irvine, CA, USA, S-303, 0.1 nm resolution), which moved along the optical axis during the
experiment. The microspheres underwent 10, 5, 4, 3, 2 and 1 nm stepping processes along
the z axis direction. We continuously took holograms while the piezoelectric stage was
translating.

The digital hologram of a microsphere with radius » = 2.5 um is shown in Figure 8.
The reconstructed distance in image space is 63mm. The hologram (the interference fringes
are removed) and the reconstructed phase of the microsphere are shown in Figure 9. The
pixel point with the maximum phase, i.e., the maximum optical path length (MOPD), is
located at (448, 371), while the imaging center is at (453, 367), proving that the central
ray passing through the microsphere is not perpendicular to the imaging plane, and that
the incident rays are not parallel to the optical axis. As is shown in Figures 9 and 10, the
reconstructed center is 6.4 pixels away from the imaging center.

Figure 8. Off-axis digital hologram of an out-of-focus microsphere.

250 250
300 300
|X:d45:-32Y:; 367 X:453Y:367

E 350 (‘ R 019550525 0,825 < 350 gg%xoagsaez 0.859, 0.859
= n A
>~ J : X: 448 Y: 371

400 400 ReB 111

450 450

350 400 450 500 550 350 400 450 500 550
X Pixel X Pixel

Figure 9. Hologram (the interference fringes are removed) and the reconstructed phase of the
microsphere.



Sensors 2024, 24,2723

10 of 15

X:d53 Y- 367
Index: 6.916e+0
RGB: 0.557, 0.557, 0.557

Y Pixel

X:448 Y:371
Index: 1245e+07
RGB:1,1,1

450 460 470
X Pixel

Figure 10. Reconstructed intensity of the hologram processed by IFRM.

From Figures 9 and 10, the intensity ratio and phase ratio of the reconstruction center
to the imaging center are 1.8 and 1.3, respectively. Since the reconstruction distance is
greater than the critical reconstruction distance (CRD), the interference fringes are removed
by IFRM. The in-line reconstruction is chosen to track the maximum intensity of the
microsphere. The intensity variation of the reconstruction center and the imaging center
are both resolved to verify the superiority of CDHM combined with the RCM compared to
traditional CDHM.

The microsphere is moved by +5 nm, £2 nm, and +1 nm. The result of the displace-
ment measurement is shown in Figure 11 and Table 1. As the piezo-stage moves, the digital
holograms are recorded. As recording time passes, the microspheres are moved with the
piezo-stage. The digital holograms of microspheres in different positions are recorded at
different frames. In Figure 11, step jumping of positions with 5 nm and 2 nm can be clearly
seen. But 1 nm step jumping cannot be judged. Therefore, the displacement measuring
resolution of the out-of-focus microsphere is 2 nm. The data are shown in Table 1. The stan-
dard deviation of CDHM combined with the RCM is less than that of traditional CDHM.
The SNR of both methods is resolved as 3.942 and 3.052 for CDHM combined with the
RCM and traditional CDHM, respectively. Therefore, the SNR of CDHM combined with
the RCM increased by 29.1%. The displacement measuring resolution of the out-of-focus
microsphere is 2 nm.

8 T T T

—— CDHM combined with RCM
6 CDHM -

i
| oy
i WN [

0 100 200 300 400 500 600
Frames

S

z position/nm

e

Figure 11. Displacement along the optical axis of an out-of-focus microsphere.

The digital hologram of a nearly in-focus microsphere is shown in Figure 12a. The di-
ameter of the tested microsphere is 10 pm. The reconstructed phase is shown in Figure 12c.
As is shown, the reconstructed center is 3.2 pixels away from the imaging center. The recon-
struction distance is 8.7 mm, which is less than CRD. The off-axis hologram is reconstructed.
RPOPL is utilized to resolve the displacement. The microsphere is moved by —10 nm,
+5 nm, +4 nm, and £3 nm. The second derivative of the RPOPL difference between the
sixth ring pixels and the reconstructed center pixel for Frames 120 and 170 is shown in
Figure 13a, while the RPOPL of the imaging center pixel is shown in Figure 13b. The maxi-
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mum peak-valley value in Figure 13a is two times that in 13b, revealing that the tracking
marker can be more accurately identified by the RCM. The result of the displacement mea-
surement is shown in Figure 14 and Table 2. In Figure 14, step jumping of positions with
10 nm, 4 nm can be clearly seen. But 3 nm step jumping cannot be judged. Therefore, the
displacement measuring resolution of a nearly-in-focus microsphere is 4 nm. The standard
deviation of CDHM combined with the RCM is less than that of traditional CDHM. The
SNRs of both methods are resolved as 10.79 and 8.13 for CDHM combined with the RCM
and traditional CDHM, respectively. Therefore, the SNR of CDHM combined with the
RCM increased by 32.7%. The displacement-measuring resolution of a nearly-in-focus
microsphere is 4 nm.

Table 1. Displacement along the optical axis of an out-of-focus microsphere.

Frames Result of CDHM/nm Result :)vfl ;]?{Iéll\\d/[ﬁ;mbmed Dlsg:;;?;il:t of

2-62 4.74 + 0.68 4.83 + 0.38 -5
66-126 —0.01 +£0.73 —0.06 + 0.51 +5
130-190 5.02 £ 0.78 494 + 043 -5
194-254 —0.09 £ 0.8 0.11 +0.49 +2
258-318 1.73 £ 0.72 1.82 £ 0.37 -2
322-382 —0.03 £0.81 —0.11 £ 0.49 +2
386-446 1.87 £ 0.71 2.04 +0.46 -2
450-510 —0.03 +0.7 —0.13 + 0.47 +1
514-574 0.51 = 0.75 0.75 + 0.38 -1
578-638 —0.15 £ 0.69 —0.11 £ 0.51 +1
642-702 0.17 = 0.78 0.2 £+0.35
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960
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900
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[

index:
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920
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Figure 12. Off-axis hologram of a nearly-in-focus microsphere. (a) Digital hologram; (b) hologram
without the interference fringes; (c) phase of microsphere.
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Figure 14. Displacement along the optical axis of a nearly-in-focus microsphere.

Table 2. Displacement along the optical axis of a nearly-in-focus microsphere.

Result of CDHM Combined  Displacement of

Frames Result of CDHM/nm with RCM/nm Stage/nm

2-45 9.82 £07 9.76 £ 0.43 —-10

49-92 —0.14 £ 0.94 —0.03+ 0.5 +5
96-139 4.69 £0.8 49+ 047 -5
143-186 0.18 £ 0.78 0.04 +0.51 +4
190-233 4+076 3.86 + 0.56 —4
237-280 0.04 £+ 0.84 —0.14 £ 0.52 +4
284-327 3.48 £+ 0.68 3.724+0.49 —4
331-374 —0.15+£0.92 0.03 £+ 0.53 +3
378421 145 £0.77 137 £05 -3
425-468 —0.16 £ 0.92 —0.1+£049 +3
472-515 1.16 £0.77 1.3 +0.41

CDHM with the RCM is applied to the measurement of overlapped microspheres.
The digital hologram of two microspheres with overlapped patterns is recorded, as is
shown in Figure 15a. The reconstructed distance is 56 mm. The intensity is reconstructed
in Figure 15b. The overlapped microspheres are moved by —10 nm, +5 nm, £2 nm,
and £1 nm. The in-line reconstruction is utilized to resolve the intensity variation of the
reconstructed center pixels. Since the reconstructed centers are separated, the tracking
would not be influenced by the overlapped patterns. By applying CDHM combined with
the RCM, the displacement result is shown in Figure 16 and Table 3. In Figure 16, the
step jumping of positions with 10 nm, 5 nm, and 2 nm can be clearly seen. But 1 nm step
jumping cannot be judged. Therefore, the displacement measuring resolution of overlapped
microspheres is 2 nm.
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(b)

Figure 15. Digital hologram of overlapped microspheres. (a) Digital hologram; (b) reconstructed
intensity.

T
—— microsphere 1
microsphere 2

Z position/nm

Figure 16. Displacement along the optical axis of overlapped microspheres.

Table 3. Displacement along the optical axis of overlapped microspheres.

Frames Result of Result of Displacement of
Microsphere 1 Microsphere 2 Stage/nm
2-104 9.59 £0.8 9.76 £ 0.7 -10
108-210 —0.05 +£0.72 —0.12 +£0.76 +5
214-316 4.81+£0.78 4.66 +0.77 -5
320-422 —0.06 £ 0.73 0.02 £0.83 +2
426-528 1.88 +0.74 1.76 £ 0.68 -2
532-634 —0.02 +£0.81 —0.17 £ 0.74 +1

638-740 0.38 £0.77 0.33 £0.78
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3.3. Discussion

There are several other issues that need to be addressed when using the reconstruction
centering method.

(1) There should be more than three rings to ensure the tracking marker is sufficiently
visible. Therefore, the radius of the microsphere must have a length of at least 3 pixels in
the CCD plane to achieve this. This limits the size of the microsphere being analyzed.

(2) The calculation speed of CDHM with the RCM should be improved. Deep learning,
regional centering, and reconstruction are worth investigating in depth. The calculation
time of CDHM with RCH is 14 frames/s (Windows 10, 64bit, 11th Gen Intel(R) Core
(TM)i7-11800H @ 2.30GHz (16 CPUS), MATLAB R2012b).

4. Conclusions

In 3D motion measurements, measuring the axial displacement of a microsphere is
relatively more difficult than the in-plane displacement. The phase and intensity of the
microsphere center pixel are the keys to resolving axial displacement. In this study, a
microsphere center position method called the RCM was investigated with a focus on
improving measurement accuracy and suppressing noise. Through theoretical analysis and
simulation, instead of regarding the imaging center directly as the microsphere center, the
reconstructed center was proposed to be the microsphere center to suppress measurement
noise and improve accuracy. The proposed method has several advantageous applications.

(1) Through analysis, the effective identification rate of the tracking markers will be
improved by applying the RCM in CDHM. This theoretical argument is also verified by
the SNR improvement of around 30% in experiments. Therefore, by utilizing the RCM, the
immunity to noise of CDHM is improved.

(2) Overlapped microsphere patterns lead to a feature cross of rings that is hard to
recognize by conventional methods. The findings of the experiments suggest that by
applying CDHM combined with the RCM, the microsphere center can be positioned more
accurately than the conventional method, especially for the overlapped microsphere. The
proposed method can achieve an axial displacement resolution of 2 nm for both single
microsphere measurements and overlapped microsphere measurements.

Author Contributions: Conceptualization, Y.Z. and X.H.; methodology, Q.G.; software, J.L., X.X. and
J.X,; validation, X.F., HW. and R.M.; writing—original draft preparation, Y.Z. and Q.G.; writing—
review and editing, X.H. and H.W. All authors have read and agreed to the published version of the
manuscript.

Funding: The National Natural Science Foundation of China (62305246), the National Natural Science
Foundation of China (52275540), the Special Commissioner of Agricultural Science and Technology
Project (22ZYCGSNOO0370), the Tianjin Postgraduate Research and Innovation Project (2021YSS141),
the Postgraduate Education Teaching Research and Reform Project of Tianjin Agricultural University
(2021-YC-54), the Open Fund of Tianjin Key Laboratory of Intelligent Breeding of Major Crops
(KLIBMC2301).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Chen, H,; Fu, H; Zhu, X,; Cong, P; Nakamura, F; Yan, J. Improved High-Force Magnetic Tweezers for Stretching and Refolding
of Proteins and Short DNA. Biophys. J. 2011, 100, 517-523. [CrossRef] [PubMed]

2. Chen, D.; Wang, L,; Luo, X,; Xie, H.; Chen, X. Resolution and Contrast Enhancement for Lensless Digital Holographic Microscopy
and Its Application in Biomedicine. Photonics 2022, 9, 358. [CrossRef]


https://doi.org/10.1016/j.bpj.2010.12.3700
https://www.ncbi.nlm.nih.gov/pubmed/21244848
https://doi.org/10.3390/photonics9050358

Sensors 2024, 24,2723 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Scharnowski, S.; Kahler, C.J. Particle image velocimetry-Classical operating rules from today’s perspective. Opt. Lasers Eng. 2020,
135, 106185. [CrossRef]

Beresh, S.J. Time-resolved particle image velocimetry. Meas. Sci. Technol. 2021, 32, 102003. [CrossRef]

Flewellen, J.L.; Minoughan, S.; Garcia, I.L.; Tolar, P. Digital holography-based 3D particle localization for single-molecule tweezer
techniques. Biophys. . 2022, 121, 2538-2549. [CrossRef] [PubMed]

Go, T.; Kim, J.; Lee, S.J. Three-dimensional volumetric monitoring of settling particulate matters on a leaf using digital in-line
holographic microscopy. J. Hazard. Mater. 2020, 404, 124116. [CrossRef]

Kim, J.; Go, T.; Lee, S.J. Volumetric monitoring of airborne particulate matter concentration using smartphone-based digital
holographic microscopy and deep learning. J. Hazard. Mater. 2021, 418, 126351. [CrossRef] [PubMed]

Wang, Y.; Guo, S.; Wang, D.; Lin, Q.; Rong, L.; Zhao, J. Resolution enhancement phase-contrast imaging by microsphere digital
holography. Opt. Commun. 2016, 366, 81-87. [CrossRef]

Wang, Z.; Guo, W,; Li, L.; Luk’Yanchuk, B.; Khan, A.; Liu, Z.; Chen, Z.; Hong, M. Optical virtual imaging at 50nm lateral resolution
with a white-light nanoscope. Nat. Commun. 2011, 2, 218. [CrossRef]

Panahi, M.; Jamali, R.; Rad, V.F,; Khorasani, M.; Darudi, A.; Moradi, A.-R. 3D monitoring of the surface slippage effect on
micro-particle sedimentation by digital holographic microscopy. Sci. Rep. 2021, 11, 129161. [CrossRef]

Zeng, Y.; Chang, X,; Lei, H.; Hu, X.; Hu, X. Three-dimensional particle tracking by pixel difference method of optical path length
based on digital holographic microscopy. J. Vac. Sci. Technol. B 2015, 33, 051808. [CrossRef]

Middleton, C.; Hannel, M.D.; Hollingsworth, A.D.; Pine, D.].; Grier, D.G. Optimizing the Synthesis of Monodisperse Colloidal
Spheres Using Holographic Particle Characterization. Langmuir 2019, 35, 6602—-6609. [CrossRef] [PubMed]

Patel, N.; Rawat, S.; Joglekar, M.; Chhaniwal, V.; Dubey, S.K.; O’Connor, T; Javidi, B.; Anand, A. Compact and low-cost instrument
for digital holographic microscopy of immobilized micro-particles. Opt. Lasers Eng. 2020, 137, 106397. [CrossRef]

O’brien, M.].; Grier, D.G. Above and beyond: Holographic tracking of axial displacements in holographic optical tweezers. Opt.
Express 2019, 27, 25375-25383. [CrossRef] [PubMed]

Altman, L.E.; Quddus, R.; Cheong, E.C.; Grier, D.G. Holographic characterization and tracking of colloidal dimers in the
effective-sphere approximation. Soft Matter 2021, 17, 2695-2703. [CrossRef] [PubMed]

Odete, M.A.; Cheong, F.C.; Winters, A.; Elliott, ].].; Philips, L.A.; Grier, D.G. The role of the medium in the effective-sphere
interpretation of holographic particle characterization data. Soft Matter 2019, 16, 891-898. [CrossRef] [PubMed]

Sciacchitano, A. Uncertainty quantification in particle image velocimetry. Meas. Sci. Technol. 2019, 30, 092001. [CrossRef]

Lee, S.J.; Yoon, G.Y.; Go, T. Deep learning-based accurate and rapid tracking of 3D positional information of microparticles using
digital holographic microscopy. Exp. Fluids 2019, 60, 170. [CrossRef]

Lagemann, C.; Lagemann, K.; Mukherjee, S.; Schroder, W. Deep recurrent optical flow learning for particle image velocimetry
data. Nat. Mach. Intell. 2021, 3, 641-651. [CrossRef]

Wu, Y;; Wu, J.; Jin, S.; Cao, L.; Jin, G. Dense-U-net: Dense encoder-decoder network for holographic imaging of 3D particle fields.
Opt. Commun. 2021, 493, 126970. [CrossRef]

Yuan, H.; Zhang, X.; Wang, F.; Xiong, R.; Wang, W.; Li, S.; Xu, M. Accurate reconstruction for the measurement of tilt surfaces
with digital holography. Opt. Commun. 2021, 496, 127135. [CrossRef]

Shangraw, M.; Ling, H. Separating twin images in digital holographic microscopy using weak scatterers. Appl. Opt. 2021, 60,
626-634. [CrossRef] [PubMed]

Guo, R.; Barnea, I.; Shaked, N.T. Low-Coherence Shearing Interferometry With Constant Off-Axis Angle. Front. Phys. 2021, 8,
611679. [CrossRef]

Zeng, Y.; Chang, X.; Lei, H.; Hu, X.; Hu, X. Characteristics analysis of digital image-plane holographic microscopy. Scanning 2015,
38, 288-296. [CrossRef] [PubMed]

Zeng, Y,; Lu, J.; Chang, X,; Liu, Y.; Hu, X,; Su, K.; Chen, X. A Method to Improve the Imaging Quality in Dual-Wavelength Digital
Holographic Microscopy. Scanning 2018, 2018, 4582590. [CrossRef]

Zeng, Y.; Liu, Y,; Yang, F; Lu, J.; Chang, X.; Hu, X. Optimization of Phase Noise in Digital Holographic Microscopy. In Proceedings
of the 2018 IEEE International Conference on Manipulation, Manufacturing and Measurement on the Nanoscale (3M-NANO),
Hangzhou, China, 13-17 August 2018; pp. 382-385. [CrossRef]

Zeng, Y.; Lu, J.; Hu, X,; Chang, X,; Liu, Y.; Zhang, X.; Wang, Y.; Sun, Q. Axial displacement measurement with high resolution of
particle movement based on compound digital holographic microscopy. Opt. Commun. 2020, 475, 126300. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.optlaseng.2020.106185
https://doi.org/10.1088/1361-6501/ac08c5
https://doi.org/10.1016/j.bpj.2022.06.001
https://www.ncbi.nlm.nih.gov/pubmed/35659644
https://doi.org/10.1016/j.jhazmat.2020.124116
https://doi.org/10.1016/j.jhazmat.2021.126351
https://www.ncbi.nlm.nih.gov/pubmed/34329034
https://doi.org/10.1016/j.optcom.2015.12.031
https://doi.org/10.1038/ncomms1211
https://doi.org/10.1038/s41598-021-92498-0
https://doi.org/10.1116/1.4929690
https://doi.org/10.1021/acs.langmuir.9b00012
https://www.ncbi.nlm.nih.gov/pubmed/31012588
https://doi.org/10.1016/j.optlaseng.2020.106397
https://doi.org/10.1364/OE.27.025375
https://www.ncbi.nlm.nih.gov/pubmed/31510410
https://doi.org/10.1039/D0SM02262D
https://www.ncbi.nlm.nih.gov/pubmed/33630984
https://doi.org/10.1039/C9SM01916B
https://www.ncbi.nlm.nih.gov/pubmed/31840154
https://doi.org/10.1088/1361-6501/ab1db8
https://doi.org/10.1007/s00348-019-2818-y
https://doi.org/10.1038/s42256-021-00369-0
https://doi.org/10.1016/j.optcom.2021.126970
https://doi.org/10.1016/j.optcom.2021.127135
https://doi.org/10.1364/AO.410167
https://www.ncbi.nlm.nih.gov/pubmed/33690444
https://doi.org/10.3389/fphy.2020.611679
https://doi.org/10.1002/sca.21268
https://www.ncbi.nlm.nih.gov/pubmed/26335145
https://doi.org/10.1155/2018/4582590
https://doi.org/10.1109/3M-NANO.2018.8552190
https://doi.org/10.1016/j.optcom.2020.126300

	Introduction 
	Methodology 
	Analysis and Simulation 
	Reconstruction Centering Method (RCM) 
	Axial Displacement of Adhered Microspheres 

	Apparatus and Experiments 
	Apparatus 
	Experiments on Sample Microspheres 
	Discussion 

	Conclusions 
	References

