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Abstract: High-resolution 3D imaging technology has found a number of applications in
many biological fields. However, the existing 3D imaging tools are often too time-consuming
to use on large-scale specimens, such as centimeter-sized insects. In addition, most 3D
imaging systems discard the natural color information of the specimens. To surmount these
limitations, we present a structured illumination-based approach capable of delivering large
field-of-view three-dimensional images. With this approach, 580nm lateral resolution fullcolor 3D images and 3D morphological data in the size range of typical insect samples can be
obtained. This method provides a promising approach that can be used to support many
different types of entomological investigations, including taxonomy, evolution, bionics,
developmental biology, functional morphology, paleontology, forestry, etc.
©2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
Morphology has long been regarded as an important source of biological data. In the 21st
century, the integration of morphological and genomic data represents a critical research topic
of direct relevance for many traditional, in addition to newly developed, disciplines.
However, the extent to which this integration can be achieved via qualitative data-analysis
methods varies widely, in no small measure due to the limited availability of imaging tools.
For example, biological diversity plays important role maintaining the dynamic balance of
many ecological systems [1,2].
Taxonomy is also fundamental for the understanding biodiversity for it reflects the
manner in which morphological and genomic variation are structured in nature. For this
reason, taxonomy represents the language biologists have developed over the course of
several hundred years to facilitate the efficient communication of morphological – an
increasingly of late, genomic – concepts that play such an important role in so many
biological fields. But the approaches biologists use to translate morphological concepts into
the language of taxonomy have not changed dramatically despite the application of radically
new and powerful technologies to the representation and analysis of morphological variation.
The traditional methods of qualitative morphological comparison remain the primary means
by which most biologists investigate, recognize, discuss, and organize the study of taxa.
For example, many biologists consider the invasion of alien species to have become a
serious threat to local biology balance in recent years [3–5]. Early identification of invasive
alien insects is crucial to mounting rapid responses to control plant, animal and human
diseases. Human experience-based qualitative identification techniques has many limitations
#355135
Journal © 2019

https://doi.org/10.1364/OE.27.004845
Received 13 Dec 2018; revised 31 Jan 2019; accepted 5 Feb 2019; published 11 Feb 2019

Vol. 27, No. 4 | 18 Feb 2019 | OPTICS EXPRESS 4846

in this context (e.g., in terms of time-consumption and high error rates due to the amount of
information taxonomic experts must bring to this task). Given these limitations, the
augmentation and extension of human capabilities in recognizing patterns of morphological
variation correctly, and to summarize those patterns in the language of taxonomy with high
levels of accuracy, precision and speed is becoming a high priority among biologists and
those who require access to large amounts of high-quality biodiversity data.
Over the past few decades, a large number of imaging technologies have been applied to
obtain two dimensional (2D) and three dimensional (3D) morphological data from insects.
Macro-photography is a popular approach. Biss et al. utilized thousands of images taken over
an insect’s body to compose one photograph which shows fine details [6]. Nevertheless,
macro-photography is not suitable for producing high-resolution 3D scans [7]. Confocal laser
scanning microscopy (CLSM) is a routinely used 3D imaging technique that is capable of
obtaining high-resolution 3D scans of micrometer-sized specimens with a throughput rate that
makes the collection of data from hundreds of specimens practical [8–10]. However, for
larger, centimeter-scale creatures, confocal laser microscopy is slow and laborious. Computed
tomography (CT)-based techniques can reconstruct the internal structures of specimens based
on a series of X-ray detections taken in numerous orientations [11,12]. Among this family of
imaging methods, micro-CT instruments have been used widely to image both small animal
specimens and fossils [13,14]. Researchers can obtain high resolution three-dimensional
tomographic scans at micron, and even tens of nanometer levels [15]. However, micro-CT is
very also time-consuming to implement. Additionally, high spatial resolutions are always
achieved by limiting the field of view (FOV). White light interferometry is ideal for
measuring the 3D surface profiles that range from centimeters to between nanometers in size.
Unfortunately, white light interferometry only works for optically flat surfaces which have a
height variation of less than λ/4 [16]. For insects with rough surfaces, the measurement
precision of interferometry scans will be low because the measured signal at single pixel is
interfered by random noise produced by neighboring structures [17,18].
While all the above techniques are promising, most of them ignore an important feature
for insect identification: color. Color is an important feature in many aspects of insect
biology, including taxonomy, phylogeny, behavior, and reproduction [19–22]. Insect color
patterns usually include a mixture of pigmentary and physical (or structural) colors. Its
variability may cause confusion because the individuals from the same species can exhibit
different colors. For example, the epidermal microstructures from different individuals of a
flower beetle, Torynorrhina flammea, are very similar, but there are three color patterns in
this species [23]. In this case, the natural color obtaining is of great interests for biologist. In
2014, Nguyen et al. proposed a multi-view image fusion scheme for imaging insects from
3mm to 30mm in length and used color texture information extracted by using their methods
to create a color-mapped 3D model [7]. But this method is unable to represent fine structural
details (e.g., concave surfaces, surface roughness), accurately.
In this contribution we describe a new approach to insect imaging that takes into account
six desirable (and limiting) factors –high resolution, large scale, 3D, fast imaging, natural
color, and quantitative analyses – simultaneously. The lateral resolution under 20X, NA0.45
objective is about 580nm [24]. To illustrate this approach, we have selected to focus on the
world's largest biological group - Coleoptera (accounting for a quarter of the known number
of organisms) as the initial target for our new imaging technology. We demonstrated the
capability of our approach, color-structured illumination microscopy (C-SIM), through high
speed imaging of different insect specimens to obtain verified 3D morphological data with
voxels that reflect the specimens’ natural colors. Furthermore, we also demonstrated that our
procedure represents ultrastructural surface features (e.g., punctae, scales, setae) accurately as
well as gross physical dimensions (e.g., length, curvature). Our approach has wide application
to many areas of entomological investigation (e.g., evolution, taxonomy, developmental
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biology, functional morphology, paleontology, agronomy, forestry) and can be employed in
non-entomological contexts.
2. Materials and methods
2.1 Materials
To illustrate the use and effectiveness of our new 3D imaging technology and procedures we
present a biological example based on seven beetles from three families: Scarabaeidae:
Rutelinae (Mimela sp.; Anomala corrugata Bates, 1866), Scarabaeidae: Melolonthinae
(Cyphochilus sp.; Ectinohoplia auriventris Moser, 1915), Chrysomelidae: Galerucinae
(Clitenella fulminans (Faldermann, 1835)), Cicindelidae (Cicindela chinensis DeGeer, 1774;
Cosmodela separata (Fleutiaux, 1893)), housed in Institute of Zoology, Chinese Academy of
Sciences. These beetles were collected in Zhangjiajie Nature Reserve, Hunan Province, P. R.
China. Coleopetera was chosen for this studies because it is the largest order and the most
widely distributed group of insects in the animal kingdom. The feeding habits of selected
beetles are either carnivorous or herbivorous with either diurnal or nocturnal intervals of
activity. These beetles present a wide range of colors with metallic lusters on dark, smooth or
rough surfaces. They represent many color features encountered commonly in insects and
other insect-sizes specimens.
2.2 Color-structured illumination microscopy (C-SIM)
In our previous work, an approach of SIM with a digital micro-mirror device (DMD) for
fringe projection and a low-coherence LED light for illumination was reported. A 90nm inplane resolution was achieved. The optical sectioning capability of the microscope was also
demonstrated. It has been demonstrated that our previous works have advantages over
traditional approaches to illumination, including no polarization control, ease of multiwavelength switching, and free of speckle-noise [25,26]. On the basis of this work, we
presented a scheme for full-color structured illumination microscopy (C-SIM). A new data
processing algorithm is developed and the recorded sub-images are processed in three
channels of the HSV color space separately and recombined to a 3D image with full natural
color [24]. What particularly worth mentioning is the use of white light projection to
implement full-color 3D imaging. That is because the spectral range of white light, covering
almost all visible wave bands. This is another advantage that other 3D imaging systems do
not possess. However, due to the use of LED incoherent illumination, the half divergence
angle of the LED used previously was c. 8.52°. Owing to its longer optical path the energy
efficiency of this system was lower than the one we employed for these images. In addition,
taking into account the low sensitivity of the previous use of camera, the experiment exposure
time was often a few hundred milliseconds [24].
By using a compact design [27], the microscope was integrated into a module with
smaller volume (12cm x 12m x 6cm), which allowed the whole opto-mechanic system more
integrated and compact and to be placed on a 30cm x 40 cm platform. Also, by optimizing the
coupling method for DMD and LED, a uniform illumination has been realized with a 4 times
increase in energy efficiency between the LED output and the objective entrance pupil. Thus,
the exposure time of a single snapshot was reduced from a few hundred milliseconds to a few
milliseconds with consequent increase in imaging speed. This improvement provides a solid
foundation that enables our modified system to collect 3D color data from centimeter-sized
objects at an unprecedented level of detail.
Our improved C-SIM design is shown in Fig. 1(a) and Fig. 1(b) as light path and
apparatus diagrams respectively. A liquid light-guide and collimating, high-power white light
LED (SOLIS-3C, Thorlabs Inc.) were employed as the illumination source. The LED light
entered the total internal reflected prism (TIR-prism) and was reflected onto the DMD
(V7000, ViALUX GmbH, Germany). Modulated by the DMD chip, this light passed through
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the optical projection system, which included an achromatic collimating lens, polarizer, 50/50
beam-splitter and objective lens (either a 20x objective, NA = 0.45, Nikon Inc., Japan or a 4x
objective, NA = 0.2, Thorlabs Inc., USA) which projected a sinusoidal fringe pattern onto the
specimens [25]. The specimens were mounted on a xyz motorized translation stage (3ECS3040, attocube GmbH, Germany) with a maximum range of 25mm, a positioning
accuracy of 1 nm, and a repeat accuracy of 50nm. A color CMOS (Complementary Metal
Oxide Semiconductor) camera with a maximum full-frame rate of 80fps (UI-3370CP-C-HQ,
2048 × 2048 pixels, 12bits gray depth, IDS GmbH, Germany) equipped with a tube lens, was
used to capture 2D images.

Fig. 1. Schematic diagram of the C-SIM system. (a) Light path diagram. LED source: white
light LED with a maximum power of 3W; DMD: maximal binary pattern rate of 32kHz at
1024 × 768 pixels with a pixel pitch of 13.8μm;Tube lens: Ф25.4mm achromatic lens with
focal length of 200mm; Collimating lens: Ф50.8mm achromatic lens with focal length of
200mm. Objective lens: 4 × /NA0.2 or 20 × /NA0.45. Camera: maximum full-frame rate of
80fps at 2048 × 2048pixels. (b) Apparatus diagram. Including the LED source, the compact
microscope, the color CMOS camera, the motorized sample stage, and the DMD
coupling elements of TIR-prism and mirrors.

2.3 Hardware controlling and Image stitching
DMD (Digital Micro-mirror Device) controlling, image collection, stage movement and
image stitching were carried out by custom-developed software programmed in C + + with
Qt. Qt is a cross-platform C + + graphical user interface application developed by Qt
Company in 1991. The time sequence of this hardware controlling program is presented in
Fig. 2. For each axial plane in the z-axis scan sequence, the camera captured three images
synchronously with the three DMD fringe projections using an adjacent phase-shift of 2π/3.
When the rising edge of a square trigger signal (green lines) arrives the images start to be
written to the computer. Volume data for different axial layers were obtained by axial
movement of the specimen to different z-axis positions when the falling edge of a square
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of the thrree phase-shift
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OV imaging seq
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w x-y axis
position and the z-axis im
mage-capture seequence repeaated. Once thee entire FOV has been
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Designing
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with a large FOV is always a cchallenge.
Because our C-SIM
C
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y a multi-imag
ge stitching pro
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FT (Scale
Invariant Featture Transform
m), SURF (Speeeded Up Robusst Features), ettc. [28–30].

Fig. 2.
2 Timing diagram of the controlling
g system for the haardware. The red lline represents thee
triggeer signal of DMD
D. The purple line represents the trigger signal of camera which iss
synch
hronized with DMD
D. After each exposure, when the ri
rising edge of the green line arrives,,
the im
mage is written to the
t PC. The blue line
l represents thee trigger signal of sstage Z, after eachh
three images are writteen to the PC, the stage starts to m
move to next slicee. The brown linee
repressents the trigger signal of stage XY, after image colleccting of one FOV,, the stage starts too
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In our C-SIM system th
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ge had a positiioning accuraccy of 10 nm aand 50nm
uracy, which was
w sufficient to
t obtain pixell-level accuraccy. After optim
mizing the
repeated accu
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upling method and the LED, a uniform illuumination
was realized. Thus, in our stitching algorithm we did not need to extract feature points in
mposite images, we simply nneeded to recoord the relativee position
order to matcch adjacent com
between each
h FOV adjacentt. Similarly, we did not needd to deal with vvariable illuminnations at
the junctions of the image mosaic
m
because a globally uniiform illuminattion was achievved.
oned above, baased on these ad
dvantages, the 2D image stitching program
m is coded
As mentio
with Matlab R2017a
R
(The Mathworks,
M
Incc., USA). Whilee the 3D stitchhing software w
we used is
XUVStitch 1.8.009 (Univeersity of Freib
burg, Germanyy), an open soource softwaree. Its 3D
stitching proccess performs the following main steps: ((i) find the rellative positionn between
each pair of adjacent stack
ks (if there aree no rotationss, and this sim
mply means too find the
m); (ii) find a globally optim
mal placementt of stacks in the final
displacement between them
nto a single 3D
D image and substitute overlapping
image space; (iii) combinee all stacks in
regions with a blended versiion of them.
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2.4 3D height map calculation
Structural morphological analysis is important to the study of structural color because
microstructure is an important way through which insects construct their colors. Based on the
image data obtained by our C-SIM system, a height map of the sample can also be extracted.
This extraction algorithm is based on the earliest “shape from focus” method, which was
firstly proposed by Shree K. Nayar [31] and utilizes focus criteria (e.g., brightness, variance,
entropy) to recover the shape of the sample via integration from each axial image sequence.
Our implementation of this procedure is superior to the original “shape from focus” method
insofar as our method mostly wiped defocused information off with an SIM (Structured
Illumination Microscopy) section algorithm, resulting in much higher estimation precisions
and robustness. To mitigate the computing burden on our software we choose the overall
image brightness as the focus criterion. Thus, for every pixel we located the maximum point
of the brightness and estimated the height according to the following relationship:

h( x, y) = arg z max [ I ( x, y, z )]

(1)

where h(x,y) denotes the height map at the point (x,y), I(x,y,z) represents the measured
intensity data in three dimension, and the symbol “argzmax” is an operator to obtain axial
position at which the brightness intensity reaches its maximum, while the subscript “z” means
this operator acts in the axial direction at each axial position. However, the precision of the
calculated height estimation in this way is limited by the axial scanning interval and is
susceptible to noises or disturbances. To circumvent this problem, parabolic fitting of five
adjacent points is used to decide the precise maximum point of intensity.
3. Results
3.1 Fast 3D imaging with natural color
To demonstrate the FOV enhancement and color imaging capability of the microscope, we
captured images of three beetles with different centimeter size scales and different colors.
Illuminated by the white light LED, the maximum intensity projection (MIP) color images of
three beetles (two shining leaf chafers and one leaf beetle) are shown in Fig. 3.
Visualization 1, Visualization 2, and Visualization 3 present the “3D color images” of these
three beetles after 3D reconstruction. For comparison, we focused on a small region near the
center of the right elytron, indicated by the red arrow (Figs. 3(a)-3(c)). The elytra in dorsal
view are composed by a number of microstructures (punctae) with slight differences in size,
shape and color. The presence of such microstructures exert an indirect influence on their
color. Superposition of different colors from different parts forms the overall color we
observe with visually.
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Fig. 3. Results of maximum intensity projection images. (a) A shining leaf chafer (Mimela sp.)
observed with 4 × objective. The 3D volume is rendered from 50 data sets stitching. We sliced
181 layers at 20 μm axial intervals and captured 543 raw images in 2048 × 2048 pixels for
each data set. The 3D volume is about 7.6 × 13.1 × 3.6 mm3 (see Visualization 1). The data
acquisition time is 570.9 seconds, that is 50 FOVs × ((11 ms exposure time + 0.031 ms DMD
switching time) × 3 patterns × 181 layers + 30 ms Z-stage settling time × 180 axial slice
intervals.)) + 49 FOVs × 30ms XY-stage settling time. (b) A shining leaf chafer (Anomala
corrugata Bates, 1866) observed with 4 × objective and 12ms exposure time. The 3D volume is
rendered from 55 data sets stitching. The 3D volume is about 7.7 × 11.5 × 3.6 mm3 (see
Visualization 2). The data acquisition time is 654.3 seconds. (c) A leaf beetle (Clitenella
fulminans (Faldermann, 1835)) observed with 4 × objective and 20ms exposure time. The 3D
volume is rendered from 15 data sets stitching. The 3D volume is about 4.4 × 7.3 × 3.5 mm3
(see Visualization 3). The data acquisition time is 237.8 seconds. The images indicated by the
red arrow in the bottom are observed with 20 × /NA 0.45objective.

3.2 Quantitative analyses in high resolution
To demonstrate the data-analysis capability of our microscopic imaging system, we have
obtained precise measurement data (e.g., length, curvature) for ultrastructural aspects (e.g.,
punctae, scales, setae) of five beetle species. For exam ple, the radius of curvature of two tiger
beetles’ compound eyes are shown in Fig. 4. To quantify the spatial resolution of the height
map we used a spline interpolation to plot the intensity distribution of the individual
compound eye (Figs. 4(c) and 4(g)). The profile along the blue line-scan indicates that the
radius of curvature of the whole compound eye is about 1.75 mm and the curvature of a single
ommatidia is c. 0.13 mm for the first specimen (Fig. 4(d)) and c. 1.09 mm and 0.1 mm for the
second (Fig. 4(h)). According to Shi et al. [32], the focal length of each ommatidia is about
1.7mm based on the average of ten ommatidia. It is clear that the height map can resolve
structures such as cavities and pro trusions on the eye ommatidia in great detail (Fig. 4). In
these specimens the shape of ommatidia in Fig. 4(b), which is hexagonal with high filling
rate, was distinguished from that of Fig. 4(f), which is spherical with lower filling rate.
These two tiger beetles both exhibit bright metallic lusters and colorful stains. However,
these colors and stains are quite different (compare Fig. 4(a) and Fig. 4(e)). For the tiger
beetle shown in Fig. 4(a), the whole 3D volume is 18.7 x 9.4 x 7.0 mm3. For the tiger beetle
shown in Fig. 4(e), the 3D volume is 19.5 x 8.3 x 6.6 mm3. The Visualization 4 and
Visualization 5 present the “3D color image” of these tiger beetles after 3D reconstruction.
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Fig. 4. Imaging results of two tiger beetles. (a) Maximum intensity projection image of a tiger
beetle. We sliced 350 layers at 20 μm axial intervals and captured 1050 raw images for each
data set (see Visualization 4). The whole image is stitched by 84 data sets (6 rows and 14
columns), and the data acquisition time is 1766.7 seconds. (b) Maximum intensity projection
image of the compound eye shown in (a) in the red rectangular box, the SIM image is observed
with 20 × /NA 0.45 objective at 200nm axial intervals. (c) The 3D height map. (d) The profile
along the blue line-scan (Fig. 4(c)). (e) Maximum intensity projection image of another tiger
beetle. The whole image is stitched by 65 data sets (5 rows and 13 columns) and 990 raw
images for each data set are captured (see Visualization 5). The data acquisition time is 1288.9
seconds. (f) Maximum intensity projection image of the compound eye shown in (e) in the red
rectangular box, the SIM image is observed with 20 × /NA 0.45 objective at 200nm axial
intervals. (g) The 3D height map. (h) The profile along the blue line-scan (Fig. 4(g)). a-d:
Cicindela chinensis DeGeer, 1774; e-h: Cosmodela separata (Fleutiaux, 1893).

The maximum-intensity projection of the melolonthine beetle shown in Fig. 5 indicates
that the entire body is covered with white scales. This whole image has been stitched together
from 55 data sets (5 rows, 11 columns) and the whole 3D volume is 15.1 x 7.1 x 6.6 mm3.
Visualization 6 presents the 3D color reconstruction for this specimen. Additional details and
colors of these white scales can be found using a higher magnification objective (Fig. 5(b)).
The precise 3D form of the white scales covering back of this specimen was quantified using
the 3D optical sectioning and the height map extraction algorithm operating over a userselected region of interest (the rectangular box in Fig. 5(b)) and is shown in Fig. 5(c). The
range of variation exhibited by these scales is approximately 38 μm.
This characteristic can be compared to analogous data collected from a different beetle, a
monkey beetle which was covered with golden heart-shaped scales (Fig. 5(d)). This image
was stitched from 28 data sets (4 rows, 7 columns) and exhibits a 3D volume of 5.8 x 8.8 x
2.9 mm3. Visualization 7 presents the 3D color reconstruction of this specimen. The rough
surface of these scales and broader color component was documented in Fig. 5(e) using a
higher magnification objective. Using the 3D optical sectioning images and our developed
height map extraction algorithm, the 3D morphological height map of this golden heartshaped scale covering back is extracted, the rough surface is different from what we see by
naked eyes (Fig. 5(f)). The range of variation exhibited by this specimen’s scales is
approximately 26μm.
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Fig. 5. Maximum intensity projection image of a melolonthine beetle and a monkey beetle. (a)
A melolonthine beetle with white scales covered the entire body observed with 4 × objective.
We sliced 333 layers at 20μm axial intervals and captured 999 raw images for each data set
(see Visualization 6). The data acquisition time of the whole 3D insect is 1100 seconds with
10ms single exposure time. (b) shows much more details and colors of the insect which are
observed with 20 × objective at 200nm axial intervals. (c) is the extracted 3D morphological
height map of this white scale covering back. (d) A monkey beetle with golden heart shaped
scales covered in the back observed with 4 × objective. 494 raw images with 148 layers at
20μm axial intervals are captured for each data set (see Visualization 7). The data acquisition
time of the whole 3D insect is 323.5 seconds. (e) shows rough surfaces and more colors of
these scales which are observed with 20 × objective at 200nm axial intervals. (f) is the
extracted 3D morphological height map of the scales. a-c: Cyphochilus sp.; d-f: Ectinohoplia
auriventris Moser, 1915.

As noted above, when imaging sudden and abrupt phase changes on objects, such as
specimens characterized by very rough surfaces or a large step height, 3D scanning tools
based on light interferometry will fail. Although Nguyen et al. could extract color information
from such specimens by texture mapping, their method is failed for specimens covered with
fine hairs [7]. In order to demonstrate the capability of our system for these specimens, Fig. 6
shows a composite image assembled for a shining leaf chafer. Obviously, the hairs have been
resolved clearly and in great detail (Fig. 6(b)). A 3D morphological height map can also be
obtained from these SIM data (Fig. 6(c)). As indicated in Fig. 6c, the diameter of the golden
hair is approximately, 10 μm and its length ranges from 100 μm to 260 μm. Visualization 8
presents the “3D color image” of the shining leaf chafer after 3D reconstruction.
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Fig. 6. Imaging results of a shining leaf chafer. (a) A shining leaf chafer observed with 4 ×
objective. (Mimela sp.). The back in the left and the abdomen in the right. The 3D volume is
rendered from 60 data sets stitching (see Visualization 8). The whole FOV is 9.7 × 13.1 × 4.0
mm3. (b) Maximum intensity projec-tion image of the hair shown in A in the red rectangular
box, the SIM image is observed with 20 × /NA 0.45 objective at 200nm axial intervals. (c) 3D
height map.

4. Discussion
The new imaging technology described in this report takes into account six factors important
to the investigation of insect morphology (high resolution, large scale, 3D, fast imaging,
natural color, and quantitative analyses) simultaneously. It will be a powerful tool to collect
the data necessary to address many biological or interdisciplinary research problems, for
example, the relationship between compound eye function and insect phototaxis, the
theoretical basis in insect visual for understanding the insect orientation, positioning,
navigation, food locating, spouse searching, flight, and other life activities. Insect color plays
an important role in insects’ daily life, which is a mixture of pigmentary and physical (or
structural) colors in most cases. Structural color comes from the interaction between light and
microstructure, including reflection, refraction, scattering, diffraction and interference.
Insects’ structure colors is directional, high saturation, not easy to fade, and producing
iridescent effect. In this case, it is one of the sources of physicists to explore new materials
and the study of structural color is also an active interdisciplinary research field [22]. In
particular, the natural color that can be acquired by our imaging system could provide new
physiology-based approach to the study of insect structural color.
High-resolution quantitative analyses will be a powerful research approach that can be
employed across many fields. The example biological analyses described above focused on
the extraction of morphological data from compound eyes, punctae, scales, and setae. Insect
compound eyes, which consist of thousands of single ommatidia, play extremely, complex,
and important roles in the life and evolution of insect species that are little understood at
present [33]. However, research in this area has been stymied because of the practical
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difficulties of extracting accurate morphological data from such small and complex structures.
Among image-based data-acquisition techniques, CLSM has been shown to have great
potential. In 2012, Michels et al. shown high resolution CLSM maximum intensity projection
images of compound eyes with resilin blue auto fluorescence [34]. Compared with CLSM,
our C-SIM system have similar spatial resolution, but faster imaging speed, additionally, the
natural color information can be obtained at the same time.
High-end commercial confocal laser scanning microscopes combine the resonant scanner
and galvo scanner together to obtain higher scanning speeds. For example, the Olympus
FV3000 microscope can work with 30fps at 512 x 512 pixels, which is approximately 1.8fps
at 2048 x 2048 pixels [35]. If the melolonthine beetle (Fig. 5) is scanned by this microscope,
the total time required to obtain the 3D volume is c. 82009 seconds ( = 22 hours). The data
acquisition rate of our system is 74 times faster, which means the same image can be
collected in as little as 20 minutes. However, even faster image acquisition rates are possible.
The optimization and improvement for the opto-mechanical system of our previous work
is really a significant improvement for large scale sample imaging. Compared quantitatively,
for example, for the insect shown in Fig. 5(a), if the single exposure time were 200ms, the
whole data acquisition time would be 11540 seconds (about 3.2 hours), which is 10.5 times
longer than using the current system with 1100 seconds data acquisition time (10ms single
exposure time). Therefore, only millimeter-size objects can be imaged in our previous work.
For the insect shown in Fig. 5(a), 15.1 x 7.1 x 6.6 mm3 3D volume was realized. It is three
orders larger than the biggest object in volume we imaged in our previous work [24]. The
time for stitching the whole 3D volume of Fig. 5(a) (55 data sets, 333layers) is about 18
minutes. The computer we used is Dell Precision T5810 (Intel Xeon e5-1620 V3 @3.5GHz,
32GB RAM, Nvidia Quadro M2000).
These above mean our imaging system provides much of this needed capability, and so
can be used to open up this field of entomological investigation. Our C-SIM system is an
ideal tool to facilitate the quantitative investigation of a wide range of complex morphological
phenomena that have proven resistant to such study to date.
Although our C-SIM system represents a powerful means of obtaining high resolution 3D
data on centimeter-size samples with full natural color, there are still several issues that
require further development.
The “shadow problem” is a common trouble for 3D morphological imaging. There are
two main reasons for this phenomenon. One is due to the uneven distribution of insect surface
reflectance, and the other is because the surface of the insect is undulating. The imaging of
highly curved or tilted surfaces is widely recognized as one of the most challenging and
unsolved problems in 3D optical imaging and metrology technology. The reason for this is
that the numerical aperture (NA) of the objective lens is finite, the steepness of the features
causes the light to be reflected in such a way that it is not captured by the objective lens in the
system. Using camera with high dynamic range and increasing exposure time can solve this
shadow problem to some extent. However, if the reflected light from the sample beyond the
NA of the objective lens, this “shadow problem” still exists. To overcome this limitation,
fluorescent labeling is an effective method [36]. However, for specimens that we want to get
the true color information, this method is clearly not acceptable.
During the process of image collection, the most time-consuming operation involves
repositioning of the specimen using the motorized stage. This stage needs 30 ms to reset
before the next movement while the image is collected in tens of milliseconds. If a more
advanced and faster stage can be devised, composite image acquisition times can be reduced
significantly. For example, a stage with 10 ms settling time would decrease the acquisition
time for the image described above to 12 minutes, a 33.2 percent reduction. Also, at the
present version, we employ a 2048 x 2048 pixel commercial color CMOS camera with 5.5
μm pixel size. Higher acquisition speeds could be achieved by using faster camera with a
larger optical area. For example, the existing 12M (4096 x 3072) pixel color CMOS camera
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(SP-120000C-CXP4, JAI Ltd., Denmark) has maximum full-frame rate of 189 fps at 8-bit
output and 5.5 μm pixel size. Compared with our current system, integration of this camera
would result in the acquisition of a 3x larger FOV. Thus, for the melolonthine beetle image
shown in Fig. 5, only 20 FOVs would be needed, compared to the 55 FOVs collected by our
current camera. Implementation of this camera would, therefore, realize a composite image
acquisition rate of as little as 3 minutes, an increase in the capability of our present system of
over 80 percent.
The routine collection of large FOVs at high resolutions also poses other, non-optical
challenges to researches. For example, for the purpose of reconstructing the 3D representation
of the tiger beetle shown in Fig. 4(a), we collected a total of 84 raw images consisting of 2048
x 2048 pixel arrays. This amount of digital information corresponds to a few hundred GBytes.
Storing and subsequent processing of such a large amount of data is a very serious problem.
Data volumes obtained from centimeter-sized specimens represent the upper limits of
capability in the low-cost computer systems available to researchers nowadays. But these
limits will rapidly be exceeded with further refinements to image system design and hardware
(see above). It will undoubtedly result in high requirements for storage capacity and dataprocessing speed over the availability at present.
5. Conclusion
In summary, our current C-SIM system, based on DMD projection and LED illumination,
enables us to collect high-resolution 3D optical sectioning images with full natural color and
produce 3D height maps of centimeter-sized insects. This imaging system can provide a new
level of support for the study of insect structural color, which is a crucial factor for insect
systematic. Additionally, our system, and other systems assembled along the same principles,
has the potential to become a new tool for the border investigation of a wide range of
microscopic morphological features. In this way it has the potential to provide a very
promising research tool for many fields that are concerned with patterns of variation in subcentimeter aspects of morphological variation (e.g., evolution, taxonomy, developmental
biology, functional morphology, paleontology, agronomy, forestry, and engineering).
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