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Application of Scan-less Two-Dimensional Confocal
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With Wavelength/Space Conversion
Eiji Hase , Takeo Minamikawa , Shuji Miyamoto, Yasuhiro Mizutani, Tetsuo Iwata,

Hirotsugu Yamamoto, and Takeshi Yasui

Abstract—Confocal laser microscope (CLM) has been widely
used in the fields of non-contact surface topography, biomed-
ical imaging, and other applications, as confocality gives two-
dimensional (2-D) optical-sectioning or three-dimensional (3-D)
imaging capability with depth selectivity. The combination of line-
focused CLM with one-dimensional spectral encoding CLM en-
ables us to obtain the 2-D confocal image without the need for
mechanical scanning. The so-called scan-less 2-D CLM is a unique
imaging modality; however, there have been no attempts to apply
this to practical applications. In this paper, we have constructed
a scan-less 2-D CLM with an image acquisition time of 0.23 ms,
lateral resolution of 1.2 µm, depth resolution of 2.4 µm, and have
applied it to different kinds of applications to evaluate its practical
potential.

Index Terms—Biomedical imaging, microscopy.

I. INTRODUCTION

CONFOCAL laser microscopy (CLM) [1] has been widely
used in the field of biomedical imaging, non-contact sur-
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face topography, and other applications thanks to the benefit
of the noninvasiveness, the optical sectioning capability, and
the stray light elimination. Usual CLMs are based on a point-
scanning measurement. This is because a pinhole for a point
light-source, a focal point of the objective lens, and a pinhole
before a detector must have a conjugate relationship to each
other. Therefore, a two-dimensional (2D) image has to be ac-
quired by a mechanical scanning of the focal point while main-
taining the conjugate configuration. The mechanical scanning
by a galvanometer mirror, polygon mirror, or MEMS (Micro
Electro Mechanical System) mirror leads to the image acqui-
sition rate of several to a few tens frames per seconds (fps)
[2]–[4]. The combination of a Nipkow disk with a micro-lens
array boosts the image acquisition rate up to 1000 fps [5], [6].
However, these mechanical scanning systems are susceptible
to environmental disturbances, such as mechanical or acoustic
vibration. Requirement for the stable experimental condition,
such as an optical table, often limit the application of CLM in-
side the lab. To widely expand its application fields outside the
lab, the mechanical scanning must be omitted from CLM.

Line-field CLM [7] is a one interesting approach to eliminate
the one-dimensional (1D) mechanical scanning. In this method,
the laser beam is focused on a sample as a line beam, and the
line beam reflected from a sample passes through a confocal
slit before the detection. This slit gives the confocality for the
whole line image, and then the reflected light is captured as the
confocal 1D image in real time by a 1D imaging sensor (line sen-
sor). However, this approach still needs additional mechanical
scanning of the line beam across the line illumination. Another
interesting approach is the use of 1D spectral encoding (1D-SE)
CLM [8], [9]. In 1D-SE CLM, a rainbow line beam is formed
by a combination of a broadband-spectral light and a diffraction
grating, and then are irradiated on the sample as the line beam of
the rainbow spectrum. This result in an encoding of 1D image
information onto the rainbow spectrum. Finally, the 1D image
is decoded from the spectrum acquired by a multi-channel spec-
trometer without the mechanical scanning. However, as well as
the line-field CLM, additional 1D mechanical scanning needs
to acquire the 2D image.

If the line-field CLM and the 1D-SE CLM are orthogonally
combined, 1D image information of each coordinates are indi-
vidually and orthogonally developed in the 2D plane. By using
the multi-channel spectrometer equipped with the 2D imaging
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Fig. 1. Principle of operation of the proposed method.

sensor, the confocal 2D image can be decoded from a spectral
line image, composed of 1D spatial dimension and 1D spectral
dimension, without the need for any mechanical scanning. The
image acquisition rate of this approach is limited by not the me-
chanical scanning but the frame rate of the 2D imaging sensor,
which is achieved up to Mfps in the state-of-art complementary
metal oxide semiconductor (CMOS) camera.

Such scan-less 2D CLM has a high potential as CLM due to
the fast image acquisition rate and the high robustness to the
environmental disturbances [10]. However, its potential of con-
focal 3D or volume imaging has not been fully investigated from
the viewpoint of practical applications. In this paper, we expand
the scan-less 2D CLM into confocal 3D imaging by help of a
piezoelectric-transducer (PZT) scanner for objective lens, and
then apply it for three applications, namely biomedical imag-
ing of tissue specimen, plant monitoring, and non-destructive
inspection of electronic board.

II. PRINCIPLE

Figure 1 shows a principle of operation for the scan-less 2D
CLM based on a combination of line-field CLM with 1D-SE
CLM. In this figure, while the optical axis is defined as a Z coor-
dinate, the horizontal and vertical directions in the 2D plane nor-
mal to the optical axis are respectively corresponding to X and Y
coordinates. The X and Y coordinates are used for each 1D imag-
ing by 1D-SE and line-field CLMs, respectively. The circular
beam shape of a broadband-spectral laser light is converted into
a line shape along the Y coordinate by the beam-shaping optics,
composed of a cylindrical lens and a lens. The wavelength dis-
perser disperses each wavelength component at different angle
along the X coordinate depending on the wavelength. This re-
sults in a formation of “vertical rainbow" composed of the same
wavelength component along the Y coordinate and the different
wavelength components along the X coordinate. After passing
thorough an objective lens, the demagnified vertical rainbow is
illuminated on a sample. This enables to encode the 2D infor-
mation of the sample on the vertical rainbow at one-shot.

The back-reflected vertical rainbow from the sample in-
versely propagates the same optical components, and each wave-
length component is spatially overlapped again. The resulting

Fig. 2. Experimental setup for scan-less 2D CLM. CL: cylindrical lens, BS:
beam splitter, G: grating, L: lens, OL: objective lens, M: mirror.

line-shape beam passes through a confocal slit for the confocal-
ity of the 1D image along the Y coordinate. Then, the spectral
line image, or the spatio-spectral image, is measured as an im-
age with the wavelength dimension along the X coordinate and
the spatial dimension along the Y coordinate by a multi-channel
spectrometer equipped with a 2D imaging sensor. Since this
spatio-spectral image is corresponding to the demagnified ver-
tical rainbow on the sample, the confocal 2D image of the sam-
ple can be decoded without the need for mechanical scanning
system.

III. EXPERIMENTAL SETUP

Figure 2 shows a schematic diagram of the experimen-
tal setup. A broadband-spectral laser (Spectra-Physics, Inc.,
Santa Clara, CA, USA, InSight DeepSee, λC = 780 nm, ∆λ =
10 nm, Pmean = 900 mW) was used for the light source of
scan-less 2D CLM. The output light was line-focused on
a diffraction grating (G, Thorlabs, Inc., Newton, NJ, USA,
GR25-1208, groove density = 1200 groove/mm, blaze wave-
length = 750 nm) by a pair of a cylindrical lens (CL, f =
200 mm) and a lens (L1, f = 200 mm) after passing through a
spatial filter and a beam expander (BE). The direction of the fo-
cused line on the grating was orthogonal to the groove direction.
Each wavelength component of the light source was diffracted
at different angles depending on the wavelength and then was
focused on the sample by the combination of relay lenses (L2,
f = 200 mm; L3, f = 200 mm) and the objective lens (OL,
NA = 0.95, Magnification = 60). This results in the illumina-
tion of the vertical rainbow with a field of view (FOV) of 68 µm
× 156.2 µm on the sample plane. Although the vertical rainbow
is illustrated as a visible rainbow color for easy understand-
ing, its actual color is considerably monochromatic in the near-
infrared region. The reflected or scattered light at the sample
inversely propagated the same optical path including the objec-
tive lens, the relay lenses, and the diffraction grating, leading
to the inverse process of 1D-SE. Such the inverse 1D-SE pro-
cess recovers the horizontally line-focused light on the grating
again. After reflected by a beam splitter (BS), the horizontally
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Fig. 3. (a) Scan-less 2D confocal image of the test chart (image size =
156.2 µm × 68.0 µm). Green and blue lines show the extracted portion for
evaluation of the lateral resolution in X and Y directions. Differential curves of
the extracted edge profile along (b) X direction and (c) Y direction. The plots
indicate the experimental value, whereas the line indicate the curve fitting results
with a Gaussian function.

line-focused light was converted as the vertically line-focused
light and then passes through the incident slit of a multi-
channeled spectrometer (Princeton instruments, Inc., Trenton,
NJ, USA, Acton SP2300) equipped with a CMOS camera (Thor-
labs, Inc., Newton, NJ, USA, DCC1545M, 1280 × 1024 pixels,
pixel size = 5.2 µm square, bit depth = 10 bit, frame rate =
22 fps). The incident slit of the multi-channel spectrometer can
be used for the confocal slit for the line-field CLM, too. Thus,
the width of the incident slit determines not only the spectral
resolution but also the confocality for the X and Z coordinates.
We here set the slit width to be 60 µm by taking into account of
the central wavelength of the light source, the NA of the objec-
tive lens, and the magnification of the lens before the incident
slit. This slit width is corresponding to the spectral resolution of
0.1 nm. In this way, the spectral line image was acquired by the
spectrometer and the camera. Scanning the depth position of a
sample with the PZT-driven OL scanner (Physik Instrumente,
GmbH, Karlsruhe, Germany, P-721, travel range = 100 µm)
enables us to acquire 3D confocal imaging of the sample.

IV. RESULTS

A. Imaging Performance

We first evaluated the lateral resolution for the X and Y co-
ordinates in the constructed scan-less 2D CLM. A commercial-
ized 1951 USAF resolution test chart with a negative pattern
(Edmond Optics, Barrington, NJ, USA, #38-256) was placed
at the focal position of the objective lens as a test sample.
Fig. 3(a) shows the confocal 2D image of the test chart (im-
age size = 156.2 µm × 68.0 µm, exposure time of CMOS
camera = 0.23 ms) measured by the scan-less 2D CLM system.
In this image, X and Y coordinates were corresponding to the
line images obtained by 1D-SE CLM and the line-field CLM,
respectively. The fringe pattern along the horizontal direction
in Fig. 3(a) is due to the interference between the transmitted

Fig. 4. Depth profile of scan-less 2D CLM. Red and green plots show the
experimental depth profile with and without the confocal slit. Red and green
lines indicate the corresponding to curve fitting results with a Gaussian function.

Fig. 5. Reflection imaging of the two-layered scotch tape. (a) Schematic
drawing of the two-layered scotch tape. A blue rectangle is the measured portion.
(b) Reflection image at objective position = 0 µm. (c) Reflection image at
objective position = 45.1 µm (image size = 156.2 µm × 68.0 µm).

light and the multiple reflection light in the beam splitter. We
extracted the amplitude profile across the pattern edge along
a green line and a blue line in Fig. 3(a), and then calculated
their differential curves [see green plots and blue plots in Figs.
3(b) and 3(c)]. These plots were considerably noisy due to the
low signal-to-noise ratio (SNR). To reduce the influence of such
nose in the profile, we first calculated the moving average of the
differential curves in Figs. 3(b) and 3(c), and then performed
the curve fitting analysis using a Gaussian function [see a green
line and a blue line in Figs. 3(b) and 3(c)]. We here defined
the lateral resolution in X and Y coordinates (δX and δY ) as a
full width of half maximum (FWHM) for the differential curves
of them. The resulting lateral resolution was determined to be
1.2 µm for δX and 1.2 µm for δY . From the diffraction limit of
light, theoretical δX and δY values were given by [7], [8], [11]

δX = 0.48
λ

NA
(1)

δY =
0.61λ

NA
(2)

where λ is a typical wavelength of light and NA is a numerical
aperture of OL. Due to use of the confocal slit with the confo-
cality along the X direction and without the confocality along
the Y direction, the theoretical δX value was smaller than the
theoretical δY value. From λ = 780 nm and NA = 0.95 in the
present system, theoretical δX and δY values were estimated to
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0.4 µm and 0.5 µm, respectively. We have to further consider
the contribution of the spectral resolution in the spectrometer
to the X lateral resolution because the X-line image is encoded
on the optical spectrum in 1D-SE CLM. X dimension of FOV
(= 156.2 µm) in Fig. 3(a) was corresponding to the spectral
range of 773 nm to 788 nm with a spectral resolution of 0.1 nm.
Therefore, the X lateral resolution determined by the spectral
resolution, δX λ, is estimated to be 0.5 µm. Since the theoretical
δX value was larger than the δX λ value, the former is a dominant
factor of the X lateral resolution in the present system. In this
way, the lateral resolution of the system is mainly determined
by the diffraction limit in the same manner as usual optical
microscopy. Difference of lateral resolution between the theo-
retical value and the experimental value is due to the imperfectly
filling NA in the objective lens and/or the residual aberration.

We next evaluated the depth resolution δZ along Z coordinate.
To this end, we measured the total signal intensity for 2 pixels
by 2 pixels around the center of image when the Z position
of the sample was moved at a step of 2 µm within the range
of −18 µm to +18 µm. Red plots in Fig. 4 shows the depth
profile of the signal intensity with respect to Z position. For
comparison, the depth profile is indicated as green plots in the
same graph when the confocal slit was fully opened. Comparison
between them clearly indicated the sharp confocality along the
depth direction. From the curve fitting analysis with a Gaussian
function, the experimental δZ value was 2.4 µm from FWHM of
the red depth profile. Let here us consider theoretical δZ value
given by [7], [8], [11]

δz = 0.88
λ

n −
√

n2 − NA2
(3)

where n is a reflective index of the medium between OL and the
sample. Substituting 780 nm for λ, 0.95 for NA, and 1 for n, we
obtained δZ = 1.0µm. Difference of depth resolution between
the theoretical value and the experimental value is due to the
imperfectly filling NA in the objective lens and/or the residual
aberration similar to the lateral resolution.

We next performed depth-resolved confocal imaging, or vol-
ume imaging, of a standard sample with known dimension. to
evaluate the imaging performance of the proposed system. We
here used a transparent scotch tape (thickness ! 46 µm) as a
standard sample with known thickness. To make a two-layered
structure, two pieces of scotch tapes were attached orthogonally
to each other at a slide glass as shown in Fig. 5(a). Movie 1
shows a series of depth-resolved 2D confocal images when the
Z position of OL was scanned within the depth range of around
50 µm at 1.4 Hz. Fig. 5(b) and 5(c) show two typical images
(camera exposure time = 21 ms, frame rate = 18 fps) at different
Z positions (Z = 0 µm and 45.1 µm), respectively. While the
surface of the first-layer scotch tape was focused at Z = 0 µm,
that of the second-layer scotch tape was focused at Z = 45.1 µm
Difference of Z position between them was 45.1 µm, which is
in good agreement with the specification of this tape. In this
way, the depth-resolved confocal 2D image correctly reflects
the 3D surface profile of the sample. The image contrast of the
Figs. 5(b) and (c) were sufficient to discriminate both layers
of the transparent tape. Considering the high transparency in

Fig. 6. (a) Optical photograph of a tomato leaf. (b) Microscopic image of
the tomato leaf (Magnification = 20, NA = 0.42). (c) Sketch of the leaf cross
section. (d) Depth-resolved 2D confocal images of the tomato leaf (image size
= 156.2 µm × 68.0 µm).

biological samples such as tissues and cells, this result implies
that the proposed microscopy has a potential for 3D imaging of
practical biomedical applications.

B. Observation of Plant Leaf

Non-invasive observation of plant leaf is required for health
monitoring of crops because dynamics of the plant leaf is
closely related with the activity of living crops [12]. For ex-
ample, stoma plays an important role to maintain internal
environment by continuously exchanging gases with the at-
mosphere and diffusing water vapor through stoma for tran-
spiration [13]. Therefore, opening and closing of stoma is a
good indicator for the plant growth and health. One potential
application of the scan-less 2D CLM is in an observation of
plant leaf in situ. As a demonstration, we here used a tomato
leaf as a plant sample. Fig. 6(a) and 6(b) shows the optical
photograph of the sample and its microscopic image (image
size = 156.2 µm × 68.0 µm). Although the microscopic image
was obtained by a normal optical microscope (Magnification
= 20, NA = 0.42), it is difficult to observe the distribution of
stomata in the tomato leaf due to the non-confocality. Figure
6(c) shows a sketch of leaf cross section. We here tried to ac-
quire depth-resolved 2D confocal images from the side of upper
epidermis. Movie 2 shows a series of depth-resolved 2D confo-
cal images when the Z position of OL was scanned within the
depth range of 40 µm at 0.5 Hz. Fig. 6(d) shows three typical
images at different Z positions (Z = 0 µm, 10 µm, and 30 µm).
At Z = 0 µm, as the leaf surface was out of focus, no structure
appeared in the image. At Z = 10 µm, while guard cells were
focused as bright regions, the stoma appeared as a black region
of vertical oval inside guard cells, indicating the stoma opening.
At Z = 30 µm, upper epidermis and/or palisade mesophyll were
visualized as compartments. In this way, scan-less 2D CLM
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Fig. 7. (a) HE stained image of a rat’s skin specimen. (b) Magnified image
(image size = 0.84 mm × 0.28 mm) of a blue rectangle region in Fig. 7(a).
MC; muscle cell, FCT; fibrous connective tissue. Scan-less 2D confocal images
(image size = 1.18 mm × 0.28 mm) of the rat’s skin (c) without and (d) with
the confocal slit.

enables us to visualize 3D structure of leaf plant with high con-
trast images in real time.

C. Imaging of Biological Tissue

Staining method is a powerful tool in histopathology [14].
For the correct diagnosis with histopathology, a thin layer of le-
sion (typical thickness ! 5 µm) has to be appropriately extracted
from a thick specimen of biopsy tissue before the staining. How-
ever, if a position of the sliced specimen is inappropriate, it might
be the wrong diagnosis. Optical-sectioning imaging capability
with the micrometer depth selectivity in the scan-less 2D CLM
has a potential to find an application as a sample pre-processing
tool in the histopathology.

To investigate a potential for such application, we demon-
strated imaging of biological tissues. In this demonstration, to
enlarge FOV, a lower-NA OL (NA = 0.25) was used for the
scan-less 2D CLM. Using this system, δx of 13.9 µm, δY of
2.4 µm, and δZ of 29.4 µm were achieved in the image size of
1.18 mm × 0.28 mm. Fig. 7(a) shows the Hematoxylin-Eosin
(HE) stained image of a sliced rat’s skin sample (thickness
= 5 µm). The enlarged view of the blue rectangle region in
Fig. 7(a) is show in Fig. 7(b). The HE staining method enables
the selective visualization of muscle tissue and extracellular
matrix as pink color. In Fig. 7(b), muscle cells enveloped by
fibrous connective tissue were clearly observed in the whole of
image. We next measured the same sample by using the pro-
posed method. Figures 7(c) and 7(d) show a comparison of the
scan-less 2D image without and with confocal slit. While the
tissue was visualized with some blur in Fig. 7(c) due to non-
confocallty, Fig. 7(d) the enhances the image contrast due to the
stray light elimination rather than the depth selectivity in the
confocality. More importantly, the image quality in Fig. 7(b) is
similar to that in Fig. 7(d); each unit of the muscle fiber bundles
were clearly distinguished in the image.

D. Non-Destructive Inspection of Electric Board

Finally, we measured an electric circuit board by the same
lower-NA OL. as a demonstration for the non-destructive
inspection in industrial filed. Figure 8(a) shows an optical
photograph of the measured sample. The measured region was

Fig. 8. (a) Optical photograph of an electric circuit board. The blue rectangle
shows the measured region. (b) Depth-resolved scan-less 2D confocal images
at z = −150, 450, and 600 µm. (c) 3D confocal image reconstructed by a series
of depth-resolved scan-less 2D confocal images.

the electrode of the chip capacitor. We acquired a series of 2D
confocal images (image size = 1.18 mm by 0.28 mm, exposure
time = 9.15 ms, frame rate = 22 fps) when the sample position
was axially scanned at a step of 50 µm from Z = −150 µm to
Z = 900 µm. Figure 8(b) shows typical 2D confocal images at
two different Z positions. At Z = −150 µm, no signal appeared
due to out of focus for the sample. The image signal started
to appear from Z = 0 µm, indicating the sample surface (not
shown). The surface structure of the electrode of the chip ca-
pacitor was clearly observed with high image contrast at Z =
450 µm, whereas that of the electric board was observed at Z =
600 µm. We then reconstructed the volume image of this sample
from a series of the depth-resolved 2D image. Figure 8(c) and
Movie 3 show the reconstructed volume image, indicating the
detailed 3D structure of the electric board. The total acquisition
time of this volume image was 525 ms.

V. DISCUSSION

We achieve the scan-less 2D CLM with the 0.23-ms acquisi-
tion time, the 1.2-µm lateral resolution, and the 2.4-µm depth
resolution. We here compare this performance with that of the
previous researches. Table I summarizes the imagining perfor-
mance of the proposed method and other CLMs. There is no
significant difference of lateral resolution and depth resolution
among them because they depend on the diffraction limit of
OL rather than the scanning method or the scan-less method.
The two former methods have the confocality for X, Y, and Z
axes while the three later methods have the confocality for X
and Z axes; however, the lateral resolution for X and Y axes
were almost similar to each other. Advantage or disadvantage
of those methods are highlighted in the frame rate. Although the
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TABLE I
IMAGING FEATURE OF SEVERAL CLM APPROACHES

four former methods can achieve higher frame rate than the pro-
posed method, the requirement for the mechanical scanning may
hamper the practical application of CLM mentioned in the in-
troduction. The frame rate of 2D image in the proposed method
is limited by the camera frame rate, and the present frame rate
remained at 22 fps by use of usual CMOS camera. However,
one can use mega-fps CMOS camera now [15]. In other words,
the proposed method has a potential to achieve mega-fps CLM.
Such high frame rate cannot be achieved by other CLMs in prin-
ciple. This comparison implies a high potential of the proposed
system for practical CLM applications.

We next discuss the acquisition rate of volume imaging. In
usual CLM, the acquisition rate is limited by the lateral scanning,
the depth scanning, and/or the camera frame rate. Thanks to
2D scan-less capability based on a combination of the line-
field CLM and the 1D-SE CLM, the present system does not
need the lateral scanning. The acquisition rate of the present
system was limited by the PZT-driven OL scanner (scan rate
∼ a few Hz) rather than the camera frame rate (=22 fps). On
the other hand, the moderate image contrast was obtained even
with the exposure time of 0.23 ms [see Fig. 3(a)]. If a faster
depth scanner and a higher-frame-rate camera are used for the
scan-less 2D CLM, the acquisition rate of volume imaging will
be further increased. Fortunately, there is still space to increase
the scan rate of depth scanner and the frame rate of camera.
For example, usual PZT-driven OL scanners have a resonant
frequency of a few hundred Hz; use of a lightweight OL with
the limited stroke will further increase its depth scan rate. Also,
combination of OL with a focus-tunable lens will be useful for
the fast depth scanning. Regarding the camera frame rate, the
state-of-art CMOS camera can boost the frame rate up to 106 fps
[15]. Use of these approaches enables us to achieve the video-
rate volume imaging of moving objects with micrometer spatial
resolution; this will find new applications not only in biomedical
application but also industrial inspection.

Finally, we discuss expansibility of the proposed system
for scan-less confocal fluorescent microscopy because the
fluorescent microscopy is an important imaging modality in
biomedical application. Unfortunately, the present system can-
not be directly applied for the scan-less confocal fluorescent
imaging because it depends on the one-to-one correspondence

between the space and the wavelength. Conversion of the ex-
citation light into the fluoresce by a sample cancels the spec-
tral information and hence lose the one-to-one correspondence.
However, use of wavelength sweeping light [16] or an intensity-
modulated broadband-spectrum light [17] enables the scan-less
confocal fluorescent imaging.

VI. CONCLUSIONS

In this paper, we developed a scan-less 2D CLM by the com-
bination of line-field CLM with the 1D-SE CLM, and further
expanded it to 3D confocal imaging, or volume imaging, by help
of a PZT-driven OL scanner. After the evaluation of the imaging
performance, we provided a proof-of-principle demonstration
for three potential applications. These demonstrations imply a
high potential of the proposed system for these practical applica-
tions. If the scan-less 2D CLM can be integrated as a hand-held
or endoscope CLM by help of a compact light source (e.g., LED
or SLD) and fiber optics, its robust and simple characteristics
will find the clinical applications including the intraoperative
diagnosis.
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