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Conespondence Microscope such as fluorescence microscope, confocal microscope and two-
Qiong-Hua Wang photon microscope plays an important role in life science, laser processing and
gionghua@buaa.edu.cn other fields. However, most microscopes only have discrete zoom rates. In this
g;?oicl’égtfr'o”sitcrUg:;:f:f?ﬂ”ga”d paper, a continuous optical zoom microscope with extended depth of field and
Beihang University, 100191 Beijing, 3D reconstruction is demonstrated for the first time. It consists of a zoom objective
China lens, a microscope holder, an adjustable three-dimensional object stage, an Abbe

condenser and an LED light source. The zoom objective lens is composed of several
liquid lenses and solid lenses. By adjusting the applied voltage to the liquid lens,

the proposed microscope can achieve a large continuous magnification from 10?

to 607. Moreover, an improved shape from focus (SFF) algorithm and image fusion
algorithm are designed for 3D reproduction. Based on the liquid lenses, the axial
focusing position can be adjusted to obtain images with different depths, and then
the extended depth of field and 3D reconstruction can be realized. Our experimental
results demonstrate the feasibility of the proposed microscope. The proposed
microscope is expected to be applied in the fields of pathological diagnosis,
biological detection, etc.

Introduction
Microscopes are one of the most basic types of equipment in the fields of biomedicine,
micro-manufacturing, industrial inspection and other fields of science and technology
1-9. The traditional optical microscope employs discretely fixed focus objectives to
change the magnification. The switching of the magnification requires manual or elec-
tronic rotation of the objective lenses, which inevitably brings about sample vibration
and has a long response time.

In recent years, liquid lenses have been widely used in optical imaging systems due to
the advantages such as integration, adaptive zoom and low consumption 10-21. Espe-
cially, a series of liquid lenses are applied in microscopes or microscopic imaging systems

27-28

to achieve the functions such as axial scanning 22-26, aberration correction ~=°, auto-

focusing 29-31, etc. 32-36. In 2016, a zoom microscope objective using electrowetting
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lenses was designed, of which the magnification can be just tuned from ~7.8x to ~13.2x
but the resolution was limited 37. In 2021, a continuous optical zoom microscopy imag-
ing system with axial depth scanning was designed. Although the magnification was
enhanced to ~22.2%, continuous optical zoom with high magnification was still difficult
to achieve 38.

Moreover, a microscope with extended depth of field and 3D reconstruction can
acquire a large range of clear images at one time and obtain the 3D morphology of the
samples 39—41. This kind of microscope can be used not only for pathological diagno-
sis, but also for industrial inspection to judge the appearance defects of the samples. In
2018, researchers proposed a monocular wide-field optical microscopy with extended
depth of field for accurate 3D reconstruction of microsamples 39. The proposed system
has a high relative measurement accuracy of 1.9%. However, the reconstruction process
involves rotating the mirror through 360°, therefore it takes a long time to acquire the
images. In 2018, researchers proposed a nonmechanical and multi-view 3D measure-
ment microscope for workpieces with large slopes and complex geometry 40. The pro-
posed microscope is lateral shift-free, has no light intensity variation and can obtain
an accuracy of 2.4 pm. But this microscope only works at a fixed magnification and the
reconstructed samples cannot be observed in detail. Therefore, there is an urgent need
for a microscope that can quickly acquire images with different depths of field and has a
continuous zoom function.

To the best of our knowledge, a continuous optical zoom microscope with extended
depth of field and 3D reconstruction is demonstrated for the first time. The proposed
microscope mainly consists of a zoom objective lens and an adjustable three-dimen-
sional object stage. The zoom objective lens is composed of several liquid lenses and
solid lenses. By adjusting the voltage to the liquid lenses and using the improved image
algorithm, the proposed microscope can realize large range continuous zoom imaging
as well as extended depth of field. Moreover, 3D reconstruction can also be achieved
without moving object stage or objective lens. The key novelties of the proposed micro-
scope include: (1) high-resolution imaging with large continuous magnification from
10X to 60X is realized, so the sample in richer details can be observed; (2) the proposed
microscope can carry out both zoom extended depth of field and 3D reconstruction only
employing liquid lenses, which has not been reported before; (3) the improved shape
from focus (SFF) algorithm and image fusion algorithm are designed to cooperate with
the adjusting mode of the liquid lenses to realize fast and high quality imaging. Our
experiments demonstrate the feasibility of the design and the proposed microscope can
be applied in the fields of biological detection, laser processing, and chemical detection.

Structure and method

Structure of the proposed microscope

Figure 1(a) shows the schematic structure of the proposed microscope. The proposed
microscope consists of a zoom objective lens, a microscope holder, an adjustable three-
dimensional object stage, an Abbe condenser and an LED light source. The zoom objec-
tive lens is used to magnify the microstructure of the real sample. The image magnified
by the zoom objective lens is captured with a high-resolution complementary metal—
oxide semiconductor (CMOS) camera.
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Fig. 1 Schematic structure of the (a) proposed microscope and (b) the zoom objective lens

Method of the secondary transfer zoom objective lens

The zoom optical system can change focal length while keeping the image plane sta-
tionary. The most common way is the mechanical compensation zoom system which
changes the focal lengths of the system by changing the distance among the solid lenses
of the zoom group. Nevertheless, in this work, the adaptive zoom is achieved by employ-
ing the liquid lenses instead of adjusting the relative displacement between the solid
lenses. Each liquid lens consists of conductive liquid and non-conductive liquid and is
actuated by electrowetting effect. The liquid lens cavity is coated with a dielectric layer
and a hydrophobic layer. The dielectric layer ensures that the liquid lens is not broken
down by the external voltage. The hydrophobic layer ensures that the conductive liquid
has a large initial contact angle. The contact angle between the conductive liquid and
the cavity can be modulated by an external voltage. The change of contact angle results
in the change of the curvature of the liquid-liquid interface. According to the Young-
Lippmann equation, the relationship between the contact angle 6, and the external volt-

age U can be described as follows 42:

U?e

2Dme

costy = costy + (1)
where 6, is the initial contact angle without applied voltage, ¢ is the dielectric constant of
the dielectric layer, D is the thickness of the dielectric layer and y,, is the surface tension
between the conductive liquid and the non-conductive liquid.

In the process of operation, the liquid lenses not only have to withstand a wide range of
focal power, but also ensure high magnification. However, a liquid lens with large aper-
ture is difficult to fabricate due to the limitation of the contact angle. The small aperture
of the liquid lens limits the transmission of light in the microscopic system, resulting in
the inability to achieve large zoom ratio and large numerical aperture simultaneously.
In order to solve this problem, we propose an optical design method called secondary
transfer design. For details, the zoom objective lens is innovatively designed with two
parts: the front zoom group and the rear zoom group. Figure 1(b) shows the sectional
views of the optical design and mechanical elements. The arrangement structures of the
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front and rear zoom groups both consist of a front fixed part, a zoom part and a rear
fixed part. The fixed part is composed of solid lenses and the zoom part is composed
of liquid lenses. The front zoom group is used to enhance the magnification of the pro-
posed microscope, and the rear zoom group bears most of the focal power of the pro-
posed microscope. In the microscopic observation process, the sample is magnified by
the front zoom group and imaged into the relay image plane, which is also the sample
plane of the rear zoom group. Then, the relay image is captured by the proposed micro-
scope after secondary amplification by the rear zoom group. The magnification of the
proposed microscope 3 can be expressed by the following equations:

ﬁ = ﬂf X 6{: (2)
Br=(1+&rxu) (3)
Be=(14®(Ds+u D' —dpxd)! (4)

where B,and f, are the magnifications of the front zoom group and the rear zoom group,
respectively, @;and @, are the focal power of the front zoom group and the rear zoom
group, respectively, u is the working distance of the zoom objective lens, and d is the cen-
tral distance between the equivalent principal plane of the front and rear zoom groups.
The liquid lenses can not only play a significant role of the zoom function, but also keep
the image plane fixed during the zoom process, which means # and d remain constant.
The magnification of the proposed microscope is only related to the focal power of the
front and rear zoom groups. The focal length of the front zoom group is expressed as
follows:

Do =D+ Dy + P53 — d1P1Dy — d1P1D3 — doPoP3 + didoP1D2Ps (5)

where @, is the focal power of the front fixed part, @, is the focal power of the zoom
part, @ is the focal power of the rear fixed part, d; is the distance between the front
fixed part and the zoom part, and d, is the distance between the zoom part and the rear
fixed part. The focal power of the proposed microscope undertaken by the solid lenses
remains unchanged, and the distance between the zoom part and fixed part remains the
same. The expression of the focal power of the rear zoom group is consistent with that
of the front zoom group. Therefore, the magnification of the proposed microscope can
be modulated by changing the focal lengths of one or more liquid lenses in the front and

rear zoom groups.

Methods of the extended depth of field and 3D reconstruction

The depth of field of an optical microscope is inversely proportional to the resolution.
The acquisition of high-resolution images will inevitably lead to a reduction in the depth
of field. When the thickness of the sample is greater than the depth of field, a com-
plete image of the sample cannot be obtained. The traditional methods generally rely
on the mechanical movement of the object stage to obtain images at different depths of
the sample. Then, image fusion is used to expand the depth of field, which presents the
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complete morphology of the sample 43—45. In this work, the proposed microscope can
scan the axial depth of the sample by modulating the focal length of the liquid lens.

Adjusting the voltage of a single liquid lens for axial scanning results in a change in
magnification. The synergistic adjustment of multiple liquid lenses in the proposed
microscope enables higher accuracy of depth scanning while maintaining a constant
magnification. Then, the image fusion algorithm based on the Laplacian pyramid is
applied to fuse the scanned images with different depths into an all-focus image. The
algorithm decomposes each source image into # layer sub-images. This process can be
expressed as follows:

Li=G—UP(Gis1) ® gsx5(1 <i <n—1) 6
Ln:Gn ()

where G represents the sub-image of the ith layer of the Gauss pyramid, L; represents the
sub-image of the ith layer of the Laplacian pyramid, UP(G,,,) represents the upsampling
operation on the sub-image of the (i+1)th layer on the Gaussian pyramid, ¢ denotes the
convolution operation, and g; ; indicates the Gaussian convolution kernel with the win-
dow size of 5x5. Next, the sub-images of each layer are fused according to the fusion
rule of the modified Laplacian (ML):

ML;(x,y) = [2Lis(w, y) — Lip(x — step,y) — Lip(w + step,y)| + [2Lix(2,y) — Lig(z,y — step) — Lip(z,y +step)| (7))

Li<Ia Z/) = Lmﬁi(r> y) (8)

where ML; (x, y) represents the ML of the ith layer image on the Laplacian pyramid, k
represents the number of frames in the image, 0<x<row, 0<y<column, ‘step’ represents
the window size of the ML operator, and m is equal to the number of the image frames
where ML (x, y) is the maximum value. Appropriately increasing the window size can
suppress noise interference and improve the fusion image effect. Finally, the fused image
with large depth of field is reconstructed by the reverse process.

According to the above source images at different focal depths, the shape from focus
(SFF) algorithm is improved to reconstruct the 3D structure of the sample. The sche-
matic of the 3D reconstruction algorithm is shown in Fig. 2. When the microscope is
focused at different depth planes, focused portion of the sample can be obtained. Defo-
cus image is equivalent to the low-pass filtering for focused image. The larger the defocus
degree is, the more high-frequency components are filtered out. Therefore, the defocus
degree can be calculated by using an operator sensitive to high-frequency components.
In this work, we use sum-modified-Laplacian (SML) as the focus evaluation operator
to process the source image I(x, y), and select the appropriate size step according to the
texture of the sample under test:

o i+N JHN
F(i,j) = ZPHNZH_NM L(z,y)forML(z,y) > T ©9)
where ML(x, y) represents the ML of the source image I(x,y), F(i,j) is the focus evaluation
operator, N determines the window size used to calculate the focus measure, and T is the
custom threshold. The functional relationship between the pixel focus degree F; (k) at
the coordinate (i,j) and the number of image frame k satisfies the Gaussian distribution.
The peak value of F; (k) and two points near the peak value are Gaussian interpolated
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Fig. 3 Simulation results of the zoom objective lens at the magnifications of 10x, 20x, 30x, 40X, 50%, and 60x

to obtain more accurate depth values. To sum up, according to the focus information
of the image, the depth information Z corresponding to each coordinate point (x,y) in
the sample can be obtained. By using the full-focus image obtained by the mentioned
above image fusion algorithm as the texture image, the 3D model of the sample can be

acquired.

Simulation, experiments and results

In order to verify the feasibility of the proposed microscope, optical experiments are
carried out. The mechanical structure of the proposed microscope and the solid lenses
are fabricated by DaHeng New Epoch Technology Inc. The CMOS used in the experi-
ments is the type of BFS-U3-32S4C-C produced by FLIR, CAN. The size of the CMOS
is 1/1.8" and the pixel size is 3.45 pm. The highest resolution is 2048 pixelsx1536 pixels.
The liquid lenses are produced by Corning, US with the type of Arctic-39N0, whose use-
ful aperture is 3.9 mm and the optical power can be changed from —15 D(m™}) to 20.1

D(m™!). The maximum numerical aperture of Abbe condenser is 1.25.

Simulation of the zoom objective lens

Using the commercial software Zemax, we simulate the front and rear zoom groups
respectively. According to the design requirements, each component of the initial struc-
ture is normalized, and the focal length and interval of each component are reasonably
allocated. In order to obtain a perfect combination, two cooperating optimization oper-
ands are constructed to accomplish the following purposes: (1) the angle of emergence
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Fig. 4 MTF and spot diagrams of the zoom objective lens at the magnifications of (a) 10X, (b) 30x and (c) 60x

in the front zoom group is consistent with the angle of incidence in the rear zoom group;
(2) the exit pupil of the front zoom group is at the same position as the entrance pupil of
the rear zoom group; (3) the aperture angle of the emergent ray in the front zoom group
is smaller than the aperture angle of the incident ray in the rear zoom group. These con-
ditions ensure that the front and rear zoom groups are stitched together perfectly.

After splicing the front and the rear zoom groups, a new merit function is constructed
to optimize the radii of the seven liquid lenses, which aims to get the optimized solu-
tions of different magnifications in Zemax. The 3D layout diagram of the proposed
microscope obtained by the final simulation is shown in Fig. 3. The simulation results
show that the magnification of the zoom objective lens can be tuned from ~10x to ~60x.
We simulated the modulation transfer function (MTF) and the spot diagram at the mag-
nifications of 10X, 30x and 60X, as shown in Fig. 4(a)-4(c).

The MTF is given by three wavelengths of 0.486 pum, 0.587 um, and 0.656 pm, respec-
tively. The black line represents the MTF at diffraction-limited resolution. Axis, T and
S represent the zero, tangential and sagittal fields of view, respectively. We plotted the
relationship between resolution limit (dropping to 10% of maximum MTF) and mag-
nification based on the simulation results, as shown in Fig. 5. As can be seen from the
simulation results, with the decrease of magnification, the resolution limit of the center
field of view (FOV) decreases slowly, while the resolution limit of the edge field of view
decreases significantly. During the continuous zoom process, the spatial frequency can
reach 400 lp/mm when MTF>0.1 (the center field) and the spatial frequency can reach
150 lp/mm when MTF>0.1 (the edge field), which mean that the zoom objective lens
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has high resolution. The root mean square (RMS) radius is smaller than the airy disk
radius, which indicates that the zoom objective lens has reasonable high image quality.
The limitation of the aperture size of the liquid lens prevents edge light from passing
through the zoom objective lens, thereby reducing the spatial frequency of other fields.
Aberrations can be balanced by increasing the aperture size of the liquid lens.

Experiments of the proposed microscope

The proposed microscope is fabricated to evaluate the optical performance, as shown in
Fig. 6(a). The microscope bracket is made of aluminum alloy by lathe milling. The mag-
nification adjustment knob is installed to manually adjust the magnification. Below the
proposed microscope is the three-dimensional object stage with a movement accuracy
of 100 um in the x and y directions and 1 pm in the z direction. The LED light source is
installed on the bottom of the proposed microscope to provide transmissive light illumi-
nation from ~400 nm to ~760 nm.

The zoom objective lens is assembled by the front and rear zoom groups, as shown in
Fig. 6(b). The front zoom group consists of four liquid lenses, three single glass lenses
and a doublet lens. The rear zoom group consists of three liquid lenses, three single glass
lenses and a doublet lens. They are tightened by built-in screw threads. The length and
diameter of the zoom objective lens are ~220 mm and 25 mm, respectively. The effective
imaging aperture of the commercial liquid lens is ~3.9 mm. The semi-diameter of the
single and doublet lens is 5 mm. The space ring at the top ensures that the zoom objec-
tive lens can be fixed to the mechanical frame. A retractable compression ring structure
is added in front of the first surface to prevent damage from contact with the sample.

We measure the focal length of the electrowetting liquid lens at different applied volt-
ages. The negative focal length range of the liquid lens is (-eo, -67 mm) and the posi-
tive focal length range is (55 mm, +e0). According to the optimized solution of the liquid
lens curvature in Zemax, we obtain the voltages applied to each liquid lens at differ-
ent magnifications. Figure 7. shows the relationship between the magnification and the
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applied voltage. The magnification range is divided into high magnification area and low
magnification area with a boundary of 30x. There are two liquid lenses which play the
main role of adjusting magnification in the high and low magnification regions respec-
tively. The other liquid lenses play the role of correcting aberrations and maintaining
image plane stability. In addition, the transition from low to high magnification can be
achieved by coordinating magnification with seven liquid lenses.

After carefully measuring, the focal length of the zoom objective lens can be changed
from —0.2 mm to -1.2 mm and the magnifications can be adjusted from ~10x to ~60x.
To guarantee the continuous optical zoom of the proposed microscope, 100 sets of volt-
age values corresponding to 100 sets of magnifications between ~10x and ~60x are pre-
set. We can adjust the magnification through the magnification adjustment knob on the
microscope bracket or the self-developed liquid lens driving software.

In the first experiment, a resolution test chart (GCG-020602) is used to measure the
resolution of the proposed microscope. The resolution test pattern conforms to the
MIL-STD-150 A standard, set by US Air Force in 1951. The maximum resolution is
645 lp/mm and the minimum linewidth is 0.78 pm (Element-3, Group-9). During the
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(9) The normalized intensity distribution of the fourth element of the Group-8 at 10x. (h) The normalized intensity
distribution of the first element of the Group-9 at 60x

continuous optical zoom process, we capture images at six magnifications of 10x, 20X,
30x%, 40%, 50x and 60X, respectively, as shown in Fig. 8(a)-8(f). At the magnification of
10x, the fourth element of the resolution target Group-8 can be clearly captured and
the modulation curve of normalized intensity is shown in Fig. 8(g), indicating that the
resolution can reach more than 362 lp/mm. With the increase in magnification, the reso-
lution of the proposed microscope is improved continuously. When the magnification is
increased to 60, the first element of the resolution target Group-9 can be clearly cap-
tured and the modulation curve of normalized intensity is shown in Fig. 8(h), indicating
that the resolution is increased to more than 512 lp/mm. Different exposure times can
cause small differences in image brightness. The exposure time of the COMS is modu-
lated according to the light intensity required by different magnifications to ensure the
consistency of brightness during continuous zoom. The slight difference in resolution
between the pictures may be caused by the numerical aperture (NA) difference dur-
ing continuous zoom. The experiment proves that the proposed microscope maintains
excellent resolution throughout the continuous optical zoom process.

To further verify the practical applications of the proposed microscope in biomedi-
cine, the cross section of “ascaris ovaries” is used as the observation sample. To achieve
the continuous optical zoom, the liquid lenses are driven according to the voltages pro-
vided in Fig. 9. The dynamic response video of the image capture process is included in
Media-1 (Additional file 1). Unlike traditional microscopes where target loss is caused
by switching objective lenses of different magnifications, the sample remains clearly
in the center of the field during continuous zoom. The response rate of the magnifica-
tion switch is ~50 ms, which achieves real-time zoom observation in a real sense. The
increase in magnification results in a smaller field of view, which reduces the brightness
of the picture. Therefore, the exposure time of the CMOS camera is customized to keep
the brightness of the images consistent. Six images at various magnifications are selected
to facilitate observation, as shown in Fig. 9(a)-9(f). As continuously zoom in, the “ascaris
ovaries” is gradually enlarged and the image remains sharp at each magnification. The
liquid lens frame acts as the field aperture in the proposed microscope, which explains
the low brightness of the edge field of view in Fig. 9(a). This issue can be ameliorated by
using the liquid lens with larger aperture.

Unlike the traditional microscope, which results in sample loss due to switching mag-
nification, the proposed microscope can always keep the observed sample in the visual
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Fig.9 Captured images of the sample “ascaris ovaries”. (a) Magnification 10x. (b) Magnification 20x. (c) Magnifica-
tion 30x. (d) Magnification 40x. () Magnification 50%. () Magnification 60x. The scale bars in these pictures are
20 um

field during zoom. This reduces the time delay associated with switching magnifica-
tion to find the sample again. During capturing image process, the working distance
does not need to be tuned, which reduces the vibration of the sample. The response
time for switching magnification is measured to be ~50 ms, which is determined by our
self-developed liquid lens drive board. Therefore, the proposed microscope can greatly

improve the accuracy and real-time performance of microscopic observation.

Experiments of the extended depth of field and 3D reconstruction

As the magnification of the proposed microscope increases, the numerical aperture
increases while the depth of field decreases. For a sample whose depth is greater than
the depth of field, only part of the image can be focused and obtained. By adjusting the
voltage to one certain liquid lens, the proposed microscope can carry out axial depth
scanning without changing the magnification. Experiments show that different liquid
lenses can be adjusted to achieve the same scanning depth, but the corresponding axial
scanning accuracy is different. Therefore, a sample with depth difference by using 3D
print technology is made to carry out a calibration. The stepped sample made of trans-
lucent photosensitive resin material has a height difference of 100 um between each
step. Experiments prove that adjusting the voltage of one liquid lens can achieve axial
depth scanning, which will result in a change in magnification. One focused state needs
at least one liquid lens to maintain constant magnification and another liquid lens to
correct aberration. In addition, different liquid lenses can achieve different axial scan-
ning ranges with the same voltage, which means that different axial scanning accuracies
can be achieved by adjusting the same voltage of different liquid lenses. Table 1 shows
the three groups of voltages corresponding to scanning a 100 um axial depth under the
magnification of ~30x.

In the second experiment, a “spirogyra communis” sample is used to demonstrate
the results of extended depth of field. Due to the inherent depth of field limitations of
the proposed microscope, it is impossible to capture an individual “spirogyra commu-
nis” in one image. Under the magnification of ~10X, we perform continuous axial scans

from the bottom to the top of the “spirogyra communis” sample by adjusting the driving
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Table 1 Voltages corresponding to scanning 100 um axial depth

LL-1 LL-2 LL-3 LL-4 LL-5 LL-6 LL-7
Initial voltage(V) 35015 59615 55515 45880 51210 51620 57.360
Voltage variation ~ Group-1 +1435 0 -0410 0 +2.255 0 0
of 100 ym axial  Group-2 0 0 +2460 2870 0 +10455 0
scanning(V) Group-3 0 2870 +2665 0 0 0 +9430

Table 2 Data comparison between different depth images and fusion images

Image sequence 1 2 3 4 5 6 Fusion image
Average gradient 1.06886 1.07169 1.07180 1.07889 1.08578 1.08418 5.70901
Standard deviation 36.3840 37.7073 384745 38.2708 37.5762 36.6197 39.5734

voltage to the liquid lenses. Figure 10(a) shows the images of six different depths selected
from the axial depth scan. The images are fused by means of the Laplacian pyramid
image fusion algorithm. The fusion result is shown in Fig. 10(b). The proposed micro-
scope also has the ability to extend the depth of field as the magnification changes con-
tinuously. The extended depth of field of the same sample at the magnification of 60X is
shown in Fig. 10(c)-10(d). The comparison results show that all areas of the fused image
are clearly focused.

In order to objectively evaluate the effectiveness of the fusion algorithm, the average
gradient and standard deviation are selected to quantitatively evaluate the fusion images.
Table 2 shows the data comparison of different depth images and fusion images at the
magnification of 60x. The average gradient can be sensitive to the ability of the image
to express the contrast of the details. The larger the average gradient of the fused image,
the greater the contrast of tiny details will be shown in the image. The more obvious the
texture is, the higher the resolution of the fused image is. The standard deviation reflects
the degree of dispersion between the pixel value and the mean value of the image. The
larger standard deviation indicates that the fusion image has a higher level of informa-
tion richness.

The sample observed by an optical microscope at high magnification using trans-
mission illumination is usually sliced. In the sample “spirogyra communis’, the depth
information of the transparent part cannot be accurately judged. Therefore, threshold
processing is used to extract the “spirogyra communis” tract from the image which has
been fused before. The SFF algorithm mentioned above is used to calculate the depth
information of the “spirogyra communis” at the magnification of 10x. Then the depth
information is converted into a false color map, as shown in Fig. 11(a). The low-tex-
ture and high-exposure areas of the sample will lead to errors in the depth calculation.
Because the depth calculation process is based on sharpness, errors can also be intro-
duced by the inadequacy of the resolution. The extended depth of field image can pro-
vide texture and color information for the 3D model. The three-dimensional view map
is shown in Fig. 11(b). By the same procedure, we obtained the false color map and the
three-dimensional view map of the image captured at the magnification of 60x, as shown
in Fig. 11(c)-11(d).

Page 12 of 18



Liu et al. PhotoniX

(2022) 3:20

Fig. 10 Extended depth of field images of the sample “spirogyra communis”. (a) Image sequences of the“spirogyra
communis” from the bottom to the top at the magnification of 10x. (b)Result of the “spirogyra communis”image
fusion at the magnification of 10x. (c) Image sequences of the “spirogyra communis” from the bottom to the top
at the magnification of 60x. (d) Result of the “spirogyra communis”image fusion at the magnification of 60x. The
scale bars in these pictures are 20 pm

100pm

¢ o o o ] S T S

Fig. 11 3D reconstruction results of the “spirogyra communis”intestinal. (a) False color map at the magnification of
10x%. (b) Three-dimensional view map at the magnification of 10x. (d) False color map at the magnification of 60x.
(e) Three-dimensional view map at the magnification of 60x

Discussion

As the chromatic aberration cannot be quantified according to the images directly, the
relationship between the chromatic aberration and the magnification is given according
to the simulation results of the zoom objective lens, as shown in Table 3. The spheri-
cal aberration and chromatic aberration at the magnification of 40x, 50x and 60x are
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Table 3 Variation of the chromatic aberration with the magnification

Spherical Coma Astigmatism Field Curvature Distortion Axial color Lateral color
60x 0000699 -0.000114 -0.000024 0.000005 -0.000245  -0.000270 0.000577
50x  0.000697 -0.000148 -0.000023 0.000008 -0.000457  -0.000256 0.000584
40x 0.000696 -0.000181 -0.000085 0.000014 -0.000420  -0.000256 0.000544
30x  0.000457 -0.000073 -0.000098 0.000035 -0.000448  -0.000130 0.000234
20 0.000295 -0.000252 -0.000036 0.000092 -0.000842 0.000119 0.000236
10x  -0.000507 -0.000425 -0.000150 0.000157 -0.001555 0.000015 -0.000055
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0.1 N

Normalized focus measurement

0.0 L | L | L | L L
1 2 3 4 5 6

Image stack

Fig. 12 Family of curves satisfying and dissatisfying Gaussian distributions

significantly higher than those at the magnification of 10X, 20x and 30x, which also
explains why the aberration is always obvious at high magnification in the images taken
from the proposed microscope.

The value of the focus evaluation operator has the characteristic of Gaussian distri-
bution. Using this feature, the noise points which do not conform to the Gaussian dis-
tribution can be removed. This is where our algorithm differs from the ordinary SFF
algorithms. As shown in Fig. 12, the focusing measure value varies with the image order.
The black line family indicates pixels that do not satisfy the Gaussian distribution. The
red line family represents pixels that satisfy the Gaussian distribution. We can find that
the black line family is concentrated in the region of low focus value (0~0.2). Part of
the black curve has two peaks. This is because in the low-texture region, the image tex-
ture does not change significantly in the out-of-focus and focus state, and the focus mea-
sure fails. In our work, we use root mean square error (RMSE) to quantify how far the
focusing measure deviates from the Gaussian curve. According to the empirical value
0.07~0.095 obtained from the test, the noise point can be effectively removed
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Fig. 13 Process of obtaining a complete depth map. (a) Noise mask diagram, (b) Depth map with noise removed,
(c) Complete depth map recovered using the estimated depth values. The scale bars in these pictures are 10 um

Fig. 14 Effect of different custom threshold T values on the deep fusion of samples. (a) T=3, (b) T=7, (c) T=13, (d)
T=16, (e) T=20 and (f) T=25.The scale bars in these pictures are 10 ym

As shown in Fig. 13(a), the white part is the point removed as noise. Figure 13(b)
shows the depth map after removing the noise. According to the continuity of the sam-
ple surface, the depth value at the noise point is estimated by using the surrounding
depth value reasonably. The removed noise points are filled with the estimated depth
values, resulting in an complete depth map as shown in Fig. 13(c). We use this method
to remove the Gaussian noise from the depth map, which will eventually result in better
visual perception.

The area with weak sample texture has a smaller focusing measure. And the back-
ground of the sample has this characteristic. Therefore, the slowly changing noise, such
as the background of the sample, can be removed by setting an appropriate threshold. In
addition to the thresholding method, the RMSE method described above can be used to
remove such noise. Figure 14(a)-14(f) show the depth maps when the thresholds are 3,
7,13, 16, 20, and 25, respectively. As can be seen from Fig. 14(a), the depth information
of the “spirogyra communis” sample is presented completely and continuously. As the
threshold increases, certain sample information will be lost, as shown in Fig. 14(b)-14(d).
When the threshold is raised to more than 20, a large amount of depth information is fil-
tered out, and the “spirogyra communis” samples cannot be reconstructed correctly, as
shown in Fig. 14(e)-14(f). In this work, according to the window size of the ML operator
and the strength of the sample texture, T=3 is chosen as the appropriate threshold.

Page 15 of 18



Liu et al. PhotoniX

(2022) 3:20

Conclusion

In this paper, we report a continuous optical zoom microscope with extended depth of
field and 3D reconstruction. By adjusting the applied voltages to the liquid lenses, the
proposed microscope can achieve a large continuous magnification from ~10x to ~60x
with a response time of ~50 ms. The experiments demonstrate that with the change of
magnification, the resolution of the proposed microscope can reach more than 512 Ip/
mm during the zoom process. Under the premise of a fixed working distance, the pro-
posed microscope can perform axial depth scanning to realize extended depth of field
and 3D reconstruction. The proposed microscope can be widely applied in the fields of

biological detection, chemical detection, etc.

List of abbreviations

SFF shape from focus.

CMOS complementary metal-oxide semiconductor.
ML modified Laplacian.

SML sum-modified-Laplacian.

MTF modulation transfer function.

RMS root mean square.

LL liquid lens.

RMSE root mean square error.
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