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Abstract: In these years, for medical analysis, many 3D microscopes have been developed. In the existing 3D micro-
scopes, confocal laser scanning microscope (CLSM) is used mostly. 3D shape of biological tissues can be measured
with high-resolution. However scanning, which is necessary during measurement, takes time consuming. So it is dif-
ficult to measurement living biological tissues, such as the red blood cells. On the other hand, measurement accuracy
of the CLSM is about 1 [um], so 3D measurement using the CLSM is not high accuracy. To resolve problems in the
CLSM, we propose a 3D measurement method using single-shot phase-shift digital holography. Using the proposed
method, we also developed a 3D microscopy for 3D measurement of red blood cells with 5.5 [nm] measurement accu-
racy and 80 [ms] measurement time. This paper describes the detail of the proposed 3D measurement method and the

3D microscopy.
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1. Introduction

In these years, for medical analysis, such as biopsy, demand of
3D microscope is arising. A typical existing 3D microscope is
confocal laser scanning microscope (CLSM). Using CLSM, 3D
shape of biological tissues can be measured with high-resolution.
However, it is necessary to scan the object during measurement,
so CLSM is time consuming. Because of the above-mentioned,
CLSM cannot be used for 3D measurement of dynamic living
tissues. To resolve this problem, 3D microscope using single-
shot phase-shift digital holography is proposed in this paper. In
proposed 3D microscope, Michelson interferometer and general
optical components are used, so reduction in system size and low
price can be realized. Simultaneously, using single-shot phase-
shift digital holography, 3D measurement can be realized with
nano-order measurement accuracy and real-time.

In conventional phase-shift digital holography, at first, for gen-
erating four phase-shift interference fringes, optical path differ-
ence between reference light wave and object light wave is shifted
1/4 times. Second, using four phase-shift interference fringes
captured by CMOS camera, relative phase of object light wave
with reference to the absolute phase of reference light wave can
be calculated by phase-shift method. Furthermore, using Fres-
nel’s transform, object light wave can be reconstructed by a com-
puter, absolute phase of object light wave can also be calculated
from the reconstructed object light wave. Finally, from absolute
phase of object light wave, 3D shape of object can be recon-
structed by interferometry. However, it is necessary to generate
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and capture four phase-shift interference fringes during measure-
ment, so the conventional phase-shift digital holography is time
consuming. Also, because of vibration of measurement environ-
ment, it is hard to capture four phase-shift interference fringes
correctly, so that measurement fails often. As the above men-
tioned, 3D measurement system using the conventional phase-
shift digital holography is non-high-speed and unstable. For re-
solving this problem, it is considered that the single-shot phase-
shift is necessary.

In this paper, for realizing a high-speed and stable 3D mea-
surement method, single-shot phase-shift digital holography us-
ing Fourier transform method of interference fringe analysis [1] is
proposed. In conventional single-shot phase-shift digital holog-
raphy, off-axis digital holography and parallel phase-shift digital
holography are used mostly. In off-axis digital holography, by
shifting optical axis of reference light wave and optical axis of
object light wave, real component required for measurement can
be separated from virtual and DC components. Absolute phase of
object light wave can be calculated by the digital holography and
3D shape of object can be reconstructed by the interferometry.
However, only the real component is required for 3D measure-
ment, so only 1/3 information captured by CMOS camera can be
used. In parallel phase-shift digital holography, using an image
sensor on which micro polarizers are attached pixel by pixel, the
relative phase of object light wave can be calculated from single
interference fringe image. However, the micro polarizers attached
on image sensor pixel by pixel are about several million yen ex-
pensive, so cost reduction of 3D measurement system is difficult
to realize. In proposed single-shot phase-shift digital holography,
by applying to phase-shift digital holography the Fourier trans-
form method of interference fringe analysis, which has been ap-
plied to interferometry, relative phase of object light wave can be
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Fig. 1 Structure of proposed 3D microscope.

calculated from single interference fringe image, and the all infor-
mation captured by CMOS camera can be used. Simultaneously,
general optical components are used in proposed system, so the
cost reduction of 3D measurement system can be realized easily.
Furthermore, in order to achieve optical resolution of microscope
level, lens system constructed by an imaging lens and an objective
lens is considered and implemented in proposed system, so that
3D measurement for dynamic living tissues, such as living cells,
is possible. In this paper, structure of proposed 3D microscope
and proposed measurement method will be explained. Further,
by 3D measurement experiment on human red blood cells, it is
verified that the proposed 3D microscope can be applied to preci-
sion medical analysis in the future.

2. Proposed System

Structure and appearance of proposed system are shown in
Figs.1 and 2. In order to increase laser irradiation range, laser
beam is expanded by beam expander. The expanded laser beam
passes through the half wavelength plate and irradiates the polar-
ization beam splitter. By rotating the half wavelength plate, in-
tensity of object and reference light waves can be adjusted. Laser
beam is split into two beams having different polarization plane
by the polarization beam splitter. The P-polarized laser beam
is emitted toward the mirror, respectively the S-polarized laser
beam is emitted toward the object. Thereafter, the S-polarized
and P-polarized laser beams become two circularly polarized
beams having difference directions of optical rotation after pass-
ing through the quarter wavelength plate, and irradiate the mir-
ror and object. After laser irradiating, circularly polarized object
light wave reflected from surface of object becomes P-polarized
light wave after passing through the quarter wavelength plate, and
irradiates the polarization beam splitter. On the other hand, cir-
cularly polarized reference light wave reflected from mirror be-
comes S-polarized light wave after passing through the quarter
wavelength plate, and is reflected by the polarization beam split-
ter. Here, object light wave and reference light wave propagate
toward CMOS sensor together, but since polarizations are or-
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Fig. 2 Appearance of proposed 3D microscope.

thogonal, at output of the polarization beam splitter, interference
phenomenon does not occur. Thereafter, the object light wave
and reference light wave having orthogonal polarizations become
two circularly polarized light waves having difference directions
of optical rotation after passing through the quarter wavelength
plate of light detector. Because only linearly polarized compo-
nent of light wave predetermined by the polarization plate can
pass through the light detector, interference of reference light
wave and object light wave occurs on surface of CMOS sensor,
and can be captured and stored as an interference fringe image.

In microscope lens system, an achromatic doublets lens with
80 [mm] focal length, and a 50X objective lens are used. Accord-
ing to this structure of microscope lens system, 3D measurement
range is set to 500 x 500 [um], resolution of interference image is
0.17 x 0.17 [um]. According to the appearance, size of proposed
system is 480 x 240 [mm].

3. Proposed Method

In this paper, a new single-shot phase-shift digital holography
3D measurement method is proposed by using Fourier transform
method of interference fringe which was used in interferometry.

3.1 Problem of the Conventional Method

In conventional phase-shift digital holography, four phase-
shift interference fringes are necessary to generate and capture
for 3D measurement. Because the generation and capturing of
four phase-shift interference fringes is time consuming, so the
3D measurement using the conventional method is difficult to
realize the real-time measurement. Furthermore, as shown in
Fig. 3, because of vibration of measurement environment, four
phase-shift interference fringes always cannot be captured cor-
rectly. In Fig. 3, because of vibration of measurement environ-
ment, phase difference of four phase-shift interference fringes
is not 90-degree, so that phase of a flat mirror is a curve, not a
straight line when phase calculated correctly.
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Fig. 3 Phase calculation error (object is a flat mirror).

Fig. 4 Single interference fringe of a flat mirror.

3.2 Fourier Transform Method

For realizing a real-time and stable 3D measurement using
phase-shift digital holography, Fourier transform method of in-
terference fringe analysis is used for calculating relative phase of
object light wave, which is calculated by phase-shift method in
the conventional method. According to interference theory, in-
terference fringe captured by CMOS camera is sine wave shown
in Fig. 4. Because negative, positive and zero phase components
exist in single sine wave, in digital holography, virtual, real and
DC terms exist in single interference fringe image. For measur-
ing 3D shape of object, the relative phase of object light wave can
be calculated only from the real term, so the virtual and DC terms
must be removed as noise. Using Fourier transform method, the
real term can be extracted easily by band pass filter in frequency
domain as shown Fig. 5. In Fig. 5, the interference fringe data in
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Fig. 6 Result of Fourier transform method.

vertical one line can be transformed to frequency domain. Using
band pass filter, only the real term can be left. The relative phase
of object light wave can be calculated using Eq.(1) after inverse
Fourier transform.

(M

Ap(x,y) = tan”! {_Im[[’(x’ y)]}

Re["(x, y)]

Here, I’(x, y) is result of inverse Fourier transform of real term
extracted by band pass filter. (x,y) are coordinates of image, Im
and Re are imaginary and real part of I'(x,y). Ap(x,y) is rela-
tive phase of object light wave. Result of phase calculation using
Fourier transform method is shown in Fig. 6.

3.3 Single-shot Phase-shift Digital Holography

Using Fourier transform method of interference fringe analy-
sis, relative phase of object light wave can be calculated, so the
complex amplitude of object light wave with relative phase can
be described as in

Eo(x,y) = explidp(x, y)l, )

Eo(x,y) is the complex amplitude of object light wave with rel-
ative phase, Ap(x, y) is relative phase of object light wave calcu-
lated by Fourier transform method of interference fringe analysis.
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9 is Fourier transform. J-! is inverse Fourier transform. Im
and Re are imaginary part and real part of the complex amplitude
respectively. ¢(&, n) is absolute phase of object light wave.

After phase unwrapping process[2], the 3D shape of object
can be calculated by interferometry [3] from unwrapped absolute
phase of object light wave.

4. Measurement Accuracy

In order to evaluate measurement accuracy, 1 [um] step place
on the step master (Mitsutoyo NO. 616-498) is measured by 10
times. Average error between the measurement value and the true
value (1.04 [um]) is calculated as result of measurement accuracy
evaluation shown as Fig.7. According to the result of measure-
ment accuracy evaluation, It is can be confirmed that the mea-
surement accuracy is 5.5 [nm]. Simultaneously, time of measure-
ment process is 80 [ms] when CPU Intel core i7 3.20 [GHz], GPU
NVIDIA Tesla C2050, RAM 18 [GB] and Windows7 64-bit Op-
erating system are used.

5. 3D Measurement of Red Blood Cells

Using proposed system, living human red blood cells are mea-
sured. Result of 3D measurement is shown in Fig.8. According
to this result, several thousand red blood cells can be measured
by real-time and nano-order accuracy. Simultaneously, average
volume of all cells can be calculated from measurement result, so
variation of cells’ average volume can be calculated by measuring
an hour shown as Figs. 9—12. In Figs. 9—11, because water envi-
ronment is changed in an hour, vibratory pressure of red cells is
changed, so 3D shapes of red cells are changed from expansion to
contraction. The 3D shape of hypotonic red blood cell is shown in
Fig. 9, 3D shape of isotonic red blood cell is shown in Fig. 10, 3D
shape of hypertonic red blood cell is shown in Fig. 11. The vari-
ation of cells’ average volume is shown in Fig. 12. Because the
average volume of red blood cells is a standard of human blood
test, so it can be considered that proposed 3D microscope can be
applied to precision medical analysis in the future.
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Fig. 8 3D measurement result of red blood cells.
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Fig. 11 3D shape of hypertonic cell.
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Fig. 12 Change of red blood cells’ volume in an hour.

6. 3D Measurement of Red Blood Cells

In this paper, a 3D microscope using single-shot phase-shift
digital holography was proposed. In proposed system, the mea-
surement range is 500 X 500 [um], measurement accuracy is
5.5 [nm], measurement processing time is 80 [ms]. According to
measure experiment, 3D shapes of red blood cells can be mea-
sured with nano-order accuracy and in real-time. So it can be
concluded that proposed 3D digital holography microscope can
be used in precision medical analysis.
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