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We propose a microlens array-type snapshot hyperspectral microscope system that can provide spatial spectrum
sampling according to detector frame rates for the biomedical domain. The system uses a shared optical path
design. One path is used to perform direct microscopic imaging with high spatial resolution, while the other is used
to collect microscopic images through a microlens array; the images are then spatially cut and reimaged such that
they are spaced simultaneously by the prism-grating type hyperspectral imager’s dispersion. Rapid acquisition
of a three-dimensional data cube measuring 28 × 14 × 180 (x × y × λ) can be performed at the detector’s frame
rate. The system has a spatial resolution of 2.5µm and can achieve 180-channel sampling of a 100 nm spectrum in
the 400–800 nm spectral range with spectral resolution of approximately 0.56 nm. Spectral imaging results from
biological samples show that the microlens array-type snapshot hyperspectral microscope system may potentially
be applied in real-time biological spectral imaging. ©2021Optical Society of America

https://doi.org/10.1364/AO.417952

1. INTRODUCTION

Optical microscopes are instruments used to perform observa-
tions in the microscopic range, and hyperspectral imagers are
instruments used for the optical imaging and spectral analy-
sis domains. When these two instruments are used together,
they enable imaging of small areas while also providing a spec-
tral analysis capability within these areas. This combined
hyperspectral microscopy approach has been used widely in
pharmaceutical research [1], materials science [2], biotechnol-
ogy [3], mineral analysis [4], anticounterfeiting procedures
for paper money [5], and other fields. In the biomedical field,
the hyperspectral microscopy system can analyze important
structures and measure the biochemical or physiological infor-
mation contained in biological samples from the emission or
reflection spectra of the biological sample [6] and from the flu-
orophores that can be used to distinguish spectral overlap [7,8],
or can be applied to in vivo clinical diagnosis at the cell tissue
level [9,10]. Common methods used to realize the addition of
a spectral dimension to the dimensions of the two-dimensional
image include the point-by-point scanning mode of the two-
dimensional image dimensions [11], the one-dimensional
line-by-line scanning mode through slits [12], use of digital
light-processing methods [13], and use of an acousto-optic
tunable filter [14] or a liquid crystal tunable filter [15] to scan in
the spectral dimension.

The microspectroscopy system described above has to per-
form a lengthy scanning process when acquiring complete data
cubes, which limits its application to fields including analysis
of the biochemical reactions in living cells [16–18], chemical
synthesis [18], and drug release [19]. However, with the latest
developments in charge-coupled device (CCD) technology,
a class of hyperspectral imagers called snapshot imagers has
been developed. The term “snapshot” refers to the ability of
these spectrometers to record the wavelength (λ) stack in just
a single exposure of the camera [20]. These devices were first
used in astronomy [21] and remote sensing [22] applications.
The snapshot-type hyperspectral imager can be used to perform
longer exposures in the dark or can be used to acquire images at
higher speeds. This snapshot-type hyperspectral imager does
not require a scanning action and can also eliminate motion
artifacts in dynamic scenes [23]. The imager can thus reduce
the need for high excitation energies to reduce the amount of
photobleaching of the fluorophore [24].

Integral field spectroscopy (IFS) technology is a type of snap-
shot spectral imaging technology that uses a fiber array [25,26],
a mirror array [27], or a microlens array [20] to segment and
rearrange the microscopic part of the image to allow the CCD
detector to record the two-dimensional spatial image and the
spectral dispersion information simultaneously [28]. The fiber-
array-based snapshot imaging spectrometer is based on a series
of fiber bundles, with use of multiple spectrometers to observe
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the full field of view, thus allowing snapshot spectral imaging
to be achieved [29]. The mirror-array-based snapshot imaging
spectrometer divides the entire field of view into segments using
a series of micromirror arrays, but use of the mirror array brings
problems that include processing difficulty, large amounts of
stray light in practical applications, and low spectral resolution
[27].

In this work, our team has designed a microlens-array-type
snapshot hyperspectral microscope system. The system uses a
shared optical path design. While one path is used to perform
direct microscopic imaging with high spatial resolution, the
other path is directed through a microlens array, which allows
high-speed acquisition of the three-dimensional data cube
measurements to be performed at the frame rate of the detector.

2. INSTRUMENT DESCRIPTION

A. Optical Layout

The optical layout of the proposed microlens-array-type snap-
shot hyperspectral microscope system is shown in Fig. 1. After
the sample is magnified using a microscope objective lens
(PLN100XOPH, Olympus) and a tube lens, the light is split
using a beam splitter. One light beam is used to perform imag-
ing with high spatial resolution, and the other beam is used
to perform segmentation and sampling of the enlarged image
obtained from the microscopic imaging part of the system
through the microlens array. The microlens array condenses
the high f-number (slow lens) light from the microscopic imag-
ing part into low f-number (fast lens) light to form an array of
microapertures that are separated from each other. The spa-
tial position of each microaperture corresponds to the spatial
position in the image sampled using the microlens array. These
microaperture arrays are separated from each other; the degree
of separation is determined by a combination of the microscopic
imaging part and the microlens unit. The microaperture array
formed by the convergence of the microlens array is collimated
using the collimating lens of the prism-grating (PG)-type sur-
face field-of-view hyperspectral imager, dispersed by the PG,
and then converged via the focusing lens before being dispersed
on the two-dimensional photodetector.

Fig. 1. Optical layout of the microlens-array-type snapshot hyper-
spectral microscope system.

Fig. 2. Microlens array.

B. Analysis of the Microlens Array

As shown in Fig. 2, the microlens array is an array composed of
lenses that each have a transparent aperture and a micrometer-
scale relief depth. The array performs the basic focusing and
imaging functions of traditional lenses and has a small unit
size because of its high level of integration. A smaller center
distance in the microlens unit leads to higher spatial resolution,
and the spectral resolution then increases after the dispersion
process of the hyperspectral imager; however, as the size of the
microlens unit decreases, more spectral bands are then dispersed
simultaneously on the rear CCD detector, and more closely
spaced spectral bands leads to increasingly serious band overlap.
Because the microlens unit is mostly composed of plano–convex
lenses, chromatic aberrations occur during the focusing process.
When only parallel light is incident along the optical axis, the
minimum light aperture after the light is collected remains
fixed. However, in practical applications, the front microscopic
imaging section is designed to be an image-side telecentric
system. When the telecentricity changes, the minimum clear
aperture also changes, and interference may then occur between
the microlens units. Therefore, it is necessary to analyze the
interference relationships between the microlens units, the front
microscopic imaging section, and the rear dispersion section.

In the microscopic imaging part of the system, a larger
numerical aperture indicates a stronger ability to collect incident
light. As shown in Fig. 3(a), when the image-side numerical
aperture of the microscopic imaging section is too large, part of
the light that should be concentrated behind the nth microlens
unit is then concentrated behind an adjacent microlens unit,
which will cause a difference in the interference that occurs in
the spectral information acquired by the microlens unit. As
shown in Fig. 3(b), when the image-side numerical aperture
of the microscopic imaging section is reduced, each microlens
unit n can converge all of the divided microscopic field of view
into that microlens unit n, thus ensuring that the microscopic
imaging area is enlarged and the resulting sample image does not
include interference between the microlens units.

The discussion above indicates that it is important to avoid
interference between the microlens units of the microscopic
imaging part that are used to magnify the sample image. When
designing the microscopic system for the snapshot dynamic
hyperspectral imager, the microscopic imaging part of the
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Fig. 3. Schematic diagrams of interference. (a) Interference; (b) no
interference.

imager should be designed to be an image-side telecentric
system because it is necessary to limit both the image-side tele-
centricity and the image-side field angle of the microscopic
imaging part simultaneously.

3. OPTICAL DESIGN OF THE
MICROLENS-ARRAY-TYPE SNAPSHOT
HYPERSPECTRAL MICROSCOPE SYSTEM

A. Optical Design of Microscopic Imaging Section

In this article, because of the long optical path length of the sys-
tem, the microscopic imaging and dispersion sections of the sys-
tem are described separately.

The optical structure of the microscopic imaging section
is illustrated in Fig. 4. A microlens array from SUSS Co. was
selected with an array size of 10 mm× 0 mm. The array
material is SiO2, the center distance of the microlens unit
is 250 µm, and its radius of curvature is 297 µm. The grat-
ing constant d= 300 l/mm, the diffraction order is −1, the
prism vertex angle β = 10.4◦. The microscope objective was
the PLN100XOPH (Olympus), which was used to form an
infinity-type microscope objective image on the surface of the
microlens array and ensure that the sample image magnified
by the microscopic imaging section will not be subject to inter-
ference between the microlens units. We designed a tube lens
structure composed of three lenses that is suitable for wave-
lengths ranging from 400 to 800 nm and has a focal length of
180 mm and telecentricity of 0.0012◦.

The detailed design parameters for the microscopic imaging
section are listed in Table 1.

Next, we analyze the limiting conditions for the field angle
on the image side of the microscopic imaging section. Figure 5
shows a schematic diagram of the edge-incident light on the
front image side of the telecentric microscopic imaging section.
When the edge of the microlens array is placed on the image
surface of the front microscopic imaging section, as illustrated
in Fig. 5, the refracted ray MK′ that originates from the incident
ray KM is located at the edge of the microaperture. Let θ be the
angle of incidence of light ray KM, and let θ ′ be the refraction
angle of the refracted light ray MK′. From the law of refraction,
we know that

Fig. 4. Optical structure of the microscopic imaging section.

Table 1. Detailed Design Parameters for the
Microscopic Imaging Section

Design Parameters Parameter Value

Wavelength range/nm 400–800
Magnification 100×
Focal length (mm) 180
Image f-number 79
Detector pixel size/µm2 7.4× 7.4
Detector size/mm2 14.0× 7

Fig. 5. Schematic diagram of edge-incident light on the surface of
the microlens unit in the image-side telecentric microscopy imaging
section.

n0 sin θ = n1 sin θ ′, (1)

where n0 is the refractive index of air and n1 is the refractive
index of fused silica. When only parallel light is incident along
the optical axis, the center distance of the microlens unit is
250 µm, i.e., BM= 125 µm. The minimum spot size of a
microlens array with a radius of curvature of OM= 297 µm
is 22.9 µm after the chromatic spherical aberration is taken
into account. QN= 11.45 µm represents half of the spot
size. A hyperspectral imager with detector pixel dimensions of
7.4 µm× 7.4 µm and a magnification of 1 is selected for the
analysis. To maximize the use of the CCD detector in the hyper-
spectral imager, it is assumed that the bandwidth of the spectral
strip after the dispersion section of the hyperspectral imager is
4 pixels (29.6 µm). Therefore, the microaperture must be lim-
ited to 29.6 µm, i.e., the half-pore diameter QK′ = 14.8 µm.
When simulated using optical design software, the distance
between the microaperture and point A on the front surface
of the microlens unit is AQ= 821.8 µm. This distance can be
obtained using the following geometric relationship:

θ = arctan

[
(AQ − AO +

√
O M2 − B M2)

(B M − QK ′)

]
− arccos

(
B M
O M

)
(2)

Substitution of Eq. (2) into Eq. (1) gives

∠W MT = arcsin

{
n1

n0
sin

[
arctan

((
AQ − AO +

√
O M2 − B M2

)
(B M − QN)

)

− arccos

(
B M
O M

)]}
,

(3)

∠K MW = arcsin

(
n1

n0
sin θ ′

)
−∠W MT ≈ 0.36226◦. (4)
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Fig. 6. Spot diagram of the microscopy imaging section.

Therefore, when the telecentricity of the tube lens is 0.0012◦,
the image-side f-number of the microscopic imaging section is
given by

F# =
1

2
(n0 sin(∠K MW − 0.0012◦))≈ 79.125 (5)

At this time, the spot diagram of the microscopic imaging sec-
tion is as shown in Fig. 6, and the spot size in each field of view is
less than 5.4µm.

B. Optical Design of PG Hyperspectral Imager with
Large Aperture and Surface Field

In practical applications, the microlens condenses the high
f-number (slow lens) light from the microscopic imaging sec-
tion into low f-number (fast lens) light. The preceding analysis
indicates that the spatial angle of incidence of the edge ray is
0.36226◦, i.e., as in Fig. 7,

∠W MD≈ 0.36226◦, (6)

∠V X M =
π

2
− arccos

(
B M
O M

)

− arcsin

[
n0

n1
sin (∠W MT −∠W MD)

]
. (7)

Therefore, the f-number of the hyperspectral imager behind
the microlens array should be given by

F#=
1

2n1 sin ∠V X M
≈ 2.36. (8)

The f-numbers of traditional reflective hyperspectral imagers
cannot meet the requirements of snapshot hyperspectral micros-
copy systems based on microlens arrays. Therefore, we designed
a transmission-type, large-aperture, surface-field-of-view hyper-
spectral imager system based on PG combined dispersion. The

Fig. 7. Schematic diagram of microaperture edge-incident light.

Fig. 8. Optical structure of PG hyperspectral imager with large
aperture and surface field.

Table 2. Detailed Design Parameters for the
Dispersion Section

Design Parameters Parameter Value

Wavelength range/nm 400–800
Focal length /mm 37.6
f-number 2.36
Spectral resolution /nm 0.56
Detector pixel size/µm2 7.4× 7.4
Detector size/mm2 14.0× 7

optical structure of this system is illustrated in Fig. 8. The image
surface of the microscopic imaging section is cut through the
microlens array, which solves the overlap problem between the
spatial information and the spectral information and realizes
spectral imaging of the surface field of view. Because the prism
and grating are in dispersion states, they cause the spectral line
to bend in opposite directions; the system therefore adopts a
combined form of dispersion for the prism and the grating that
can correct the spectral line bending of the system appropriately.

The detailed design parameters for the dispersion section are
presented in Table 2.

The spectroscopic system of the PG hyperspectral imager
system with its large aperture and surface field adopts the PG
structure and the front collimation system, and the rear imaging
system use achromatic design, thus generating parallel light for
transmission into the PG spectroscopic element and complet-
ing the secondary imaging process, respectively. The incident
end of the dispersion section introduces a specific tilt into the
dispersion direction to correct the spectral line curvature and
color aberrations from the surface field-of-view dispersion and
achieve high-quality imaging of the surface field of view. The
optical modulation transfer function (MTF) curves of the PG
hyperspectral imager with its large aperture and surface field at
400, 600, and 800 nm are shown in Fig. 9. The optical MTF of
the complete wave band and the full field of view at the MTF
cutoff position can reach 0.6. The system described above can
meet the design requirements.



1900 Vol. 60, No. 7 / 1March 2021 / Applied Optics Research Article

Fig. 9. MTF of the optical system of the PG hyperspectral imager at
various wavelengths. (a) 400 nm; (b) 600 nm; (c) 800 nm.

4. IMAGING RESULTS

Figure 10 shows part of the original flat-field image captured by
the detector that shows the spectrum of the illumination source
(OSL2, Thorlabs). Rotation of the microlens array to an appro-
priate angle causes the interference between adjacent spectral
bands to be eliminated. The flat-field image is used to correct
the nonuniform intensity of the microlens array. To decode the
spectral information and spatial information contained in the

Fig. 10. Planar dispersion image of the microlens array.

Fig. 11. Pixel image and acquired spectrum of the mercury lamps
used. (a) Pixel image: spectral image of the mercury lamp; (b) intensity
value: the mercury lamp spectrum extracted by the microlens unit.

original image, we used mercury lamps to locate several single-
wavelength positions and then used the three-dimensional
spectral reconstruction algorithm model to locate the positions
of the other wavelengths.

The spectral image of the mercury lamp is shown in
Fig. 11(a); the mercury lamp spectrum extracted by the
microlens unit is shown in Fig. 11(b). Based on inversion
calculations of the characteristic wavelengths of the mercury
lamps at 546.075, 576.961, and 579.067 nm, an actual system
resolution of 0.56 nm can be obtained.

We also performed experiments on gastric cancer samples
at a snapshot speed of 50 ms to verify the spectral and spatial
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Fig. 12. Images and spectra acquired from the gastric cancer
sample. (a) 500–600 nm direct gray-scale image of the gastric cancer
samples; (b) 500–600 nm microlens array surface dispersion spectrum
of the gastric cancer samples; (c) reconstructed single-channel image
(at 546.075 nm) of a gastric cancer sample; (d) 400–700 nm spectra
of the gastric cancer (red) cells and normal (blue) tissue cells, the sig-
nificant differences in the absorption spectrum of the gastric cancerous
tissue sample when compared with the characteristics of the normal
tissue absorption spectrum.

resolution capabilities of the system. Figure 12(a) shows a 500–
600 nm direct gray-scale image of the gastric cancer samples,
and Fig. 12(b) shows the 500–600 nm microlens array surface
dispersion spectrum of these gastric cancer samples. Figure 12(c)
shows a reconstructed single-channel image (at 546.075 nm)
of a gastric cancer sample. Because of the limitations between
the spatial resolution and the spectral resolution, the system
presented in this article can perform 180-channel spatial dis-
persion on a spectrum with a bandwidth of 100 nm in a single
shot. Figure 12(d) shows the absorption spectra of the gastric
cancer cells and normal tissue cells obtained by switching the
filters used; these spectra contain spectral features between
400 and 700 nm and illustrate the significant differences in the
absorption spectrum of the gastric cancerous tissue sample (red)
when compared with the characteristics of the normal tissue
absorption spectrum (blue).

5. CONCLUSIONS AND DISCUSSION

This article presents a microlens-array-type snapshot hyperspec-
tral microscope system. We produced an integrated portable
design for the proposed system. While one system path is
used to perform direct microscopic imaging with high spatial
resolution, the second path can perform high-speed acqui-
sition of three-dimensional data cube measurements at the
frame rate of the detector. The system has a spatial resolution
of 2.5 µm and can achieve 180-channel spectral sampling of
a 100 nm spectrum within the 400–800 nm spectral range
with a spectral resolution of approximately 0.56 nm. In the
experiments, because of detector size limitations, we used only
a 28× 14 microlens array, but we will expand this array size in
the future. We have presented the design results and have tested
the imaging performance of the designed system. The spectral
imaging results obtained in biological samples indicate that the
microlens-array-based snapshot microscopy system presented
here has great potential for use in the field of real-time biological
imaging research.
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