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Exploratory Study on Light-Sheet Based Three-Dimensional
Surface Topography
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Abstract—Light-sheet microscopy has attracted considerable attention because it is a fluorescence
imaging technique with rapid optical sectioning capability for transparent samples. In this study,
we report a new application based on light-sheet microscopy for exploratory investigation of three-
dimensional surface topography of opaque objects. Instead of using inelastic scattering fluorescent
signals, our method utilizes the elastic scattering of light from the surface of opaque samples, which are
illuminated by a light sheet generated by a cylindrical lens. Through a simple structural modification
by removing the fluorescent filter, the orthogonal imaging module can capture the elastically-scattered
image. As the opaque object is scanned by a motorized stage, the light-sheet microscope acquires a
series of sectional images, which can be stitched into a three-dimensional surface topography image. This
method also offers the opportunity to visualize a 3D fingerprint at micron-level resolution. Therefore,
this technique may be used in industry and the biomedical field for the measurement of surface
microstructure. To our best knowledge, this is the first time a light-sheet microscopy is utilized to
perform surface topography measurement.

1. INTRODUCTION

Optical imaging systems have become essential tools in the fields of biomedical and industrial
applications. Over the past two decades, confocal and two-photon laser scanning microscopes have
been widely used in three-dimensional (3D) in-vivo molecular imaging and in-situ observation of
microstructure of industrial products [1-5]. Compared with traditional confocal and two-photon
microscopy, line detection techniques provide a fast imaging method for spectrally and spatially resolved
images [6-11]. Line detection techniques have also found wide applications in chemistry [6] and
food inspection [10,11]. Recently, the light-sheet microscopy (LSM) technique, which illuminates a
transparent sample with a thin sheet of laser light and images the sample orthogonally, facilitates rapid
volumetric imaging [12-17]. The thin sheet of laser light can be static, generated by a cylindrical
lens [12], or virtual, generated by a fast-scanning galvo-mirror [13,14]. A fluorescent filter installed
before the camera is utilized to block the excited laser light and improve the signal to noise ratio
(SNR). Due to its excellent SNR, low photo-toxicity, and high sectional imaging speed, LSM has become
a technique of choice for biologists. Additionally, to study biological processes at super-resolution levels,
light sheet—based technologies have been utilized as optical imaging platforms for structured illumination
microscopy (SIM) and stochastic optical reconstruction microscopy (STORM) [18-21]. In all of the
above cases, LSM relies on fluorescent light emitted from bio-samples to form a sectional image.
There has been remarkable research on 3D morphology recently [22-25]. In our study, we seek to
exploit elastic scattering to implement 3D surface morphology measurement of opaque samples based on
modified LSM in which the fluorescent filter is removed. Because of the good coherence characteristics
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of laser light, there is inherent speckle noise in the images. Even so, we can still generate 3D surface
morphology results based on the scanning images. In this paper, we will describe the feasibility of 3D
morphology measurements for a metal screw, electronic chip components, and a fingerprint.

2. OPTICAL SETUP

The developed setup is on a traditional microscope, as shown in Fig. 1(a). This system contains two
major modules: the illumination module and the imaging module. In the illumination module, a light
sheet is created using a cylindrical lens to focus a collimated 532 nm laser beam. The collimated laser
beam, with finite beam size, is focused in only one direction by the cylindrical lens, near whose focal
point a light sheet can be generated. Herein, only one optical section of the sample is illuminated. The
imaging module is perpendicular to the illumination module such that the light sheet on the sample
is reflected or backscattered from the surface of sample. The reflected or backscattered light can be
captured by a 4X microscope objective in the imaging module. The reflected or backscattered light
then passes through a tube lens and is focused on a CMOS chip. Thus, we can acquire a photo for the
surface profile of one section of the sample.

To demonstrate the suitability of our system for opaque samples, we first applied LSM to image
a glass slide, whose thickness is 1.14 mm. As shown in Fig. 1(c), the reflected light from the top and
bottom layers of the glass slide formed two vertical lines From the view point of the imaging module,
the distance between the reflected rays from the top and bottom layers was 833.35 um (see Fig. 1(c)).
We can establish the quantitative accuracy by calculating the thickness of the glass slide. Based on
the Snell’s law and theory of plane geometry, the thickness is (833.35sinO;/ tan ©)pum= 1117 pm.
Herein, ©; and ©5 are the incidence angle (45 degree) and refraction angle (27.80 degree) respectively.
The refractive index was about 1.5163. We also used a Vernier caliper to measure the thickness of glass
slide, and the result was 1.14 mm. Therefore, the measuring error was about (1.14-1.117)/1.14 = 1.64%,
which is mainly caused by speckle noise. It should be noted that the speckle noise makes the contour
profile thicker, resulting in some error for surface topography measurement.
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Figure 1. (a) Prototype of the light-sheet based 3D surface topography; (b) Schematic diagram of the
light-sheet based 3D surface topography. 1: Single mode fiber. 2: Fiber collimator. 3: cylindrical lens.
4: sample. 5: objective. 6: tube lens. 7: CMOS sensor. (c¢) Imaging result for a glass slide. Scale Bar:
500 pm.
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3. RESULTS AND DISCUSSION

In this section, using our LSM system, we performed three scanning experiments for a metal screw, an
electronic chip, and a fingerprint. In each experiment, an exploratory image processing method was
used to overcome the influence of speckle noise.

3.1. Surface Topography Measurement for Metal Screw

With our LSM system, we scanned an M6 metal screw, and 236 sectional images were acquired. Three
sectional images, i.e., the 1th, the 120th, and the 236th, are shown in Fig. 2(a)-(c). We select the
120th image as a representative sample image to demonstrate how to extract the contour in a sectional
image. Due to speckle noise, part of the image is generally buried in random noise. We first applied
“imguidedfilter’ in Matlab software to perform imaging smoothing. The filtered result for the 120th
image is shown in Fig. 2(d), whose inset shows an intensity line profile for the dotted line region.
Observing this intensity line profile, we found that to the left of the boundary spot, the intensity value
was almost zero. Next, we developed an image processing method to find the boundary spot of the
intensity line profile. The processing steps are shown as follows:

1. Load one filtered image into the Matlab workspace, converting the image to a gray matrix named
‘Img’ (960 x 1280).

2. Set the window width and threshold value to 20 and 120, respectively.

3. Loop i from 1 to 960, for each horizontal line, creating a vector hor_prol = Img(i,:) in Matlab.
‘hor_prol’ represents the intensity line profile.

(c)N0236

Figure 2. Light-sheet microscopy scan of an M6 metal screw, obtaining 236 sectional images. The 1th,
the 120th, and the 236th images are selected and shown in (a)—(c). After smoothing, filtering, and edge
detection for the 120th image, the filtered and contoured images are shown in (d) and (e), respectively.
(f) After image processing, all 236 contoured images are stitched to become a 3D topography result by
Imaris software. Scale Bar: 500 pum.
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4. Loop j from 1 to 1280-20, sum hor_prol(j : j + 20). If the result is larger than threshold value
(120), break the loop. The boundary spot is the current j value in this line.

We applied the above method to process all of the filtered images and acquired 236 contour images.
Fig. 2(e) shows the 120th contour image. We imported these contour images into Imaris software,
which automatically generated a 3D surface topography of the metal screw, as shown in Fig. 2(f). It is
important to note that our image processing method is still not yet optimized in terms of the localization
accuracy of the boundary spot. Observing Fig. 2(d), the contour image should be a smooth sawtooth
curve; however, there are small rises and falls in the processed result, as shown in Fig. 2(e) and Fig. 2(f).

3.2. Surface Topography Measurement for Electronic Chip

We also performed a similar scanning experiment on an electronic chip, and the results are shown in
Fig. 3. Here, there are 348 sectional images in total. We selected the 185th image to explain how to
extract the contour image. Similarly, we utilized the ‘imguidedfilter’ function to smooth the image. The
filtered result is shown in Fig. 3(d). Next, the following steps were utilized to process the filtered image:

1. Load one filtered image into the workspace of Matlab, converting the image to a gray matrix
named ‘Img’ (960 x 1280).

2. Loop j from 1 to 1280 for each vertical line, creating a vector ver_prol = Img(i,:) in Matlab and
a vector id=[1:960], where ‘ver_prol” represents the intensity line profile.

3. Use the following Matlab script command: ‘floor(sum(ver_prol. *id)/ sum (ver_prol))’ to calculate
the centroid of the intensity line profile.

The processed result for Fig. 3(d) is shown in Fig. 3(e). Repeating the above processing method
for all sectional images, we acquired 348 contour images. The 3D surface topography, reconstructed by
Imaris software, is shown in Fig. 3(f).
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®

Figure 3. (a) Another similar scan was performed on a chip. The 1th, 185th, and 348th images are
selected and shown in (a)-(c). After smoothing, filtering, and center detection for the 185th image, the
filtered and contoured images are shown in (d) and (e) respectively. (f) After image processing, all 348
contour images are stitched to become a 3D topography result by Imaris software. Scale Bar: 500 wm.
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4. SURFACE TOPOGRAPHY MEASUREMENT FOR FINGERPRINT

In this section, we demonstrate the potential of our system for bio-imaging. Herein, the imaging sample
was a fingerprint. However, we cannot use a motor stage to move a finger, and we have not yet
developed a motorized LSM system. Therefore, during the scanning experiment, the first author moved
his finger by himself. We understood that this manual scanning would cause a large error in the result;
however, we believe that the results can still be used to demonstrate the feasibility of 3D morphology
measurements for fingerprint. There were 100 images obtained from the scanning experiment. Since
the surface of the finger presented most optical intensity, we utilized the ‘4m2bw’ function in Matlab
to extract the surface contour [26,27]. Three processed results are shown in Figs. 4(d)—(f). The 3D
surface topography is shown in Fig. 4(g).

We then applied the LSM to record a video of a moving finger. We presented three snapshots
(1280 x 960) of the video in Figs. 5(a)—(c). During the experiment, a finger approached a glass slide.
The raised and lowered skin (ridges and furrows) of the fingerprint can be observed in these snapshots.
Our CMOS camera provides a frame rate up to 14 frames per second With a better camera, a higher
frame rate could be achieved.

(b) No50 (c) No100

Figure 4. The results of in-vivo scanning of a fingerprint. One hundred experimental images were
obtained; the 1th, 50th and the 100th images are shown in (a)—(c). The corresponding binary images
are shown in (d)—(f). (f) 3D topography result for fingerprint. Scale Bar: 500 um.
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Figure 5. The results of in-vivo imaging of a fingerprint. (a)—(c) Three snapshots from a video, which
recorded a finger approaching a glass slide. Scale Bar: 500 pm.

5. CONCLUSION

In this study, we have designed a labelfree, light sheet based, three-dimensional surface topography
system. We have demonstrated the rapid sectional imaging properties of our system. The thickness
of the glass slide could be calculated accurately based on the sectional image. Therefore, the system
has the ability to measure accurately. We have presented three scanning experiments using our system,
and the 3D topography results for a metal screw, an electronic chip, and a fingerprint are obtained.
For our setup, we have also performed an evaluation experiment to record the dynamic process of a
finger approaching a glass slide. At present, the image quality is mainly interfered by the speckle noise.
To reduce the speckle pattern of the continuous-wave laser, one can use a supercontinuum laser as the
illumination source. In this way, the speckle noise can be reduced due to the wide bandwidth of the
supercontinuum laser. We can also utilize our system to scan a larger object by increasing the travel
length of the motorized stage. Combining some phase contrast imaging method, this system may be
utilized in 3D imaging of transparent cells.

With this optical design, the integration of other brands and models of optical devices will be
straightforward. For example, our system can be applied to study surface structures at the nano-scale
by using a UV laser and a high numerical aperture objective lens. This system also has the potential of
being installed underwater to monitor plankton. In addition, our system can be utilized for transparent
samples of several layers, as shown in Fig. 1. Since biological tissue scatters few photons at short-wave
infrared bands (e.g., 1310 nm and 1680 nm) [28, 29], this system may have the potential to become a
three-dimensional imaging tool for skin or human crystalline lenses using short-wave infrared devices.
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