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A B S T R A C T

Snapshot spectral imaging enables single-exposure acquisition of spectral images but is constrained by bulky
designs and compromised spatial resolutions. This study presents a multiscale optical surface that integrates
macro-scale structures for multifocal imaging and micro-scale staircases for wavelength filtering into a uni-
fied ultra-compact form. The design employs a multiscale framework grounded in Fourier optics and is fabri-
cated using ultra-precision diamond turning. Validation experiments demonstrate the system’s ability to
capture discrete spectral images using only a single optical component, with measured spectral characteris-
tics closely matching theoretical predictions. This new design provides a compact and cost-effective solution
for diverse spectral imaging applications.

© 2025 CIRP. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, AI
training, and similar technologies.
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1. Introduction In this study, we propose an ultra-compact multiscale optical sur-
Spectral imaging systems produce images containing precise
spectral information, surpassing the capabilities of conventional cam-
eras that are limited to RGB outputs. These systems find extensive
applications across various fields, such as remote sensing, astronomy,
and biomedical engineering [1].

Spectral imaging systems are generally categorized into two types:
scanning-based and snapshot-based systems [1]. Snapshot spectral
imaging systems capture multiple-channel spectral images in a single
exposure without requiring scanning. While these systems are ideal for
high-speed and real-time applications, they present significant chal-
lenges in optical design. Among the popular snapshot imaging techni-
ques [2], both coded aperture methods [3,4] and lenslet arrays [5] can
achieve hyperspectral-level bandwidth but often require post-process-
ing or compromise spatial resolution. In contrast, the spectral sampling
method, such as prism-based [6] or filter-array-based [7] approaches,
generates complete images at specific wavelengths without reducing
spatial resolution. Nevertheless, this approach typically requires multi-
ple optical components with diverse functions to perform wavelength
filtering and image focusing, which often results in bulky systems and
limits their suitability for portable applications. The “Mosaic-array”
imaging sensor [8] or integrated filter array [9] offers a compact alterna-
tive but remains expensive and lacks compatibility with standard CCD/
CMOS sensors or direct human-eye observation. The meta-lens-based
design [10] offers extreme compactness but is limited to clean room
production and is challenging to replicate due to its multi-layer struc-
ture. Ultimately, existing snapshot spectral imaging solutions face a per-
sistent trade-off between system complexity, cost, and the need for
multi-step post-processing.
face that simultaneously achieves wavelength filtering and discretized
imaging in a single optical component, eliminating the need for post-
processing. Specifically, our design integrates wavelength filtering and
discretized imaging into a surficial structure with an extremely thin
profile (<30 mm),making it as portable as a coin and requiring no addi-
tional optical devices. The optical surface integrates macro-scale struc-
tures, which enable multifocal imaging similar to a specular freeform
mirror, with micro-scale staircase structures that filter wavelengths
into distinct band-pass ranges. Notably, the staircase design of the
micro-scale structures realizes the wavelength filtering using zero-
order diffraction exclusively at the specular angle. Our design is the
first attempt at using diffractive optics for one-step multispectral
imaging, with a single-layer surficial structure that enables easy repli-
cation when served as an optical mold. A cross-scale optical design
method is introduced, where macro- and micro-scale structures are
designed separately based on Fresnel diffraction in Fourier optics [11]
and then integrated into a single optical component. More impor-
tantly, this design represents the first all-in-one snapshot spectral
imaging solution in an ultra-compact surficial format.

To fabricate the proposed multiscale optical surface, ultra-precision
diamond turning is employed as the preferred method for mass produc-
tion due to its ability to provide deterministic material removal across
different scales [12]. It has also demonstrated feasibility in machining
microstructures [13], freeform surfaces [14], and high-aspect-ratio
structures [15]. In this study, a spiral tool path is generated through syn-
chronized servo axis motions, guiding the diamond tool to create the
multiscale optical structure with high precision. The resultant machined
surface is consistent with the multiscale design in both macro- and
micro-scales. An optical setup is constructed to validate the surface’s
optical performance. Using a standard imaging sensor, four discrete
images are successfully captured, and the spectral characteristics of
each image align with theoretical predictions when measured by a
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spectrometer. Due to the surficial design, the introduced multiscale
optical surface offers a compact, cost-effective, and scalable solution for
future spectral imaging applications.

2. Design of the multiscale optical surface

The multispectral imaging device is designed to perform two
essential functions: first, achieving wavelength selectivity by splitting
light into different bandwidths; and second, focusing light beams for
individual imaging for each bandwidth. To enable an ultra-compact
and scalable design, we propose integrating these two optical func-
tions into a single multiscale optical surface. In this design, the
macro-scale structures, which are significantly larger than the wave-
length of visible light, focus light beams onto sub-images at different
focal points. Simultaneously, diffractive micro-scale structures
embedded on the macro-scale surfaces filter each sub-image to iso-
late specific bandwidths. This new approach enables the display of
multiple sub-images, each corresponding to a distinct target band-
width, using a single optical device, as illustrated in Fig. 1.
Fig. 1. Multi-spectral imaging by multiscale optical structures.

Fig. 2. (a) Staircase ring structure design of the micro-scale structure; (b) simulated
spectrum induced by the structures of different λ0 and (c) corresponding angular distri-
bution; (d) simulated images of a point light source focused at Z = 800 mm.

Table 1
Simulation parameters for micro-scale structures.

Number of steps Step width
5 3 mm
Wavelength λ Objective distance Z0 Image distance Z
400 to 700 nm 200 mm 800 mm
As illustrated in Fig. 1, we analyze the light beam originating from the
object (represented by the gray “N” for Northwestern) positioned at (0, 0,
Z0), with a wavefront distribution U0(x, y) incident on the optical plane.
The resulting intensity distribution on the observation plane, located at a
distance Z is I(X, Y). The propagation of light can be uniformly described
using Fresnel diffraction [11] under paraxial conditions:

I X;Yð Þ ¼ I0e
j pZλ X2þY2ð Þ kF U0 x; yð Þe�j4ph x;yð Þ

λ ej
p
Zλ x2þy2ð Þn o k ; ð1Þ

where λ is the wavelength; h(x, y) represents the surface profile; I0 is
a constant for given λ and Z, and F denotes the Fourier transform.
Assuming that the surface profile h(x, y) is composed of the macro-
scale structure ha(x, y) and micro-scale structure hb(x, y), then the
convolution theorem can be applied to decouple their contributions
in the intensity equation as:

I X;Yð Þ ¼ I0e
j pZλ X2þY2ð Þ kF U0 x; yð Þe�j4pha x;yð Þ

λ ej
p
Zλ x2þy2ð Þn o

�F e�j
4phb x;yð Þ

λ

n o k ð2Þ

In Eq. (2), the intensity distribution induced by the hierarchical optical
structures is separated into the convolution of Fourier transforms related
to the macro-scale and micro-scale structure, respectively. This decou-
pling allows the independent design of optical structures at each scale.

2.1. Design of the micro-scale structure for wavelength filtering

The wavelength selectivity effect requires precise manipulation of
light at the wavelength level, which is achieved through micro-scale
structures. Here, we propose a staircase ring structure, as illustrated
Please cite this article as: X. Zhang et al., Multiscale optical surface in
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in Fig. 2a to achieve zero-order diffraction for wavelength filtering.
This structure consists of concentric stairs with periodic profiles
along the radial direction. Each step is designed with a width of 3 mm
to ensure machinability, while the height of each step is set to half
the target wavelength λ0. This design selectively retains light with a
wavelength approximately twice the step height, effectively filtering
out light of other wavelengths. For instance, if the target wavelength
is 560 nm (green light), the step height would be 280 nm.

Under the concentric (axial-symmetric) assumption, the intensity
distribution purely induced by the micro-scale structure Ib can be
written by:

Ib X; Yð Þ ¼ kF e�j
4phb rð Þ

λ

n o k
¼ k2pZ

R

0

e�j
4phb rð Þ

λ J0 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 þ Y2

p

λZ
r

 !
r dr k : ð3Þ

Here, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
. J0 represents the first-kind Bessel function, and R

denotes the radius of the outer ring in the concentric structure. AMATLAB
program was developed to simulate the optical performance of the
micro-scale structures, with the simulation parameters listed in Table 1.
Simulation results presented in Fig. 2b demonstrate that the micro-
scale structure functions as an effective wavelength-selective filter. As
depicted in Fig. 2c, the intensity distribution, where the angle is denoted
by r/Z, shows a significant value only near the zero point. This structure
does not alter the orientation of the light beam but instead filters the
optical spectrum. Then, assume that the micro-scale structure is illumi-
nated by a point light source and the light is focused at Z = 800 mm, a
set of dots corresponding to different wavelengths is observed, as
shown in Fig. 2d. This behavior indicates that the micro-scale structure
functions as a wavelength-filtering specular reflector, eliminating high-
order diffraction. Therefore, for practical applications, the optical behav-
ior of the micron-scale structure can be approximated as a delta func-
tion, where light intensity depends solely on the wavelength.

Because the convolution of any function with a delta function yields
the function itself, the optical performance of the macro-scale structure
then can be designed independently of the micro-scale structure.
tegrating multifocal imaging and wavelength filtering for compact
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2.2. Design of the macro-scale structure for multifocal imaging

The optical function of the macro-scale structure is to focus the
image onto multiple points. To achieve this, the macro-scale structure is
divided into four quadrants, as illustrated in Fig. 3. The radius R of each
quadrant is 5 mm. Given the object point (0, 0, Z0), each quadrant is
assigned an individual focus point (Xi, Yi, Z), where i ranges from 1 to 4.
Furthermore, by rewriting the macro-scale component of Eq. (2), the
intensity distribution induced by the macro-structure can be repre-
sented by:

Ia X;Yð Þ ¼ I0 k Z Z
V

e
j4pλ �h x;yð Þþ x�Xð Þ2þ y�Yð Þ2

4Z þx2þy2

4Z0

� �
dxdy k ; ð4Þ
Fig. 3. Integration of macro- and micro-scale structures of four quadrants into the

Fig. 4. (a) Experimental setup and (b) tool path generation method for turning of the
multiscale optical surface.
where V represents the area of interest. To focus the light beam onto
the focus point (Xi, Yi, Z), the surface profile ha(x, y) is determined by
the following solution:

ha x; yð Þ ¼ x� Xið Þ2 þ y� Yið Þ2
4Z

þ x2 þ y2

4Z0
: ð5Þ

The macro-scale surface profile is calculated using the parameters
listed in Table 2 and consists of four quadrants. Each quadrant is
assigned a specific target wavelength, corresponding to different micro-
scale structures. The designed multiscale optical surface, integrating
both the macro-scale and micro-scale structures, is illustrated in Fig. 3.

multiscale optical surface.
Table 2
Parameters of four quadrants of different target wavelengths.

Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4

Focus (X1, Y1) Focus (X2, Y2) Focus (X3, Y3) Focus (X4, Y4)
(5, 5) mm (�5, 5) mm (5, �5) mm (�5, �5) mm
Target
wavelength λ0

Target
wavelength λ0

Target
wavelength λ0

Target
wavelength λ0

480 nm 560 nm 620 nm 680 nm
3. Fabrication of hierarchical optical structures

We employ a three-axis tool path generation algorithm (C, X, Z),
incorporating constant angle discretization and Steady X tool radius
compensation. The coordinate configuration is shown in Fig. 4a. In
contrast to traditional planning, our tool servo turning defines the
path control points for the servo axes in a spiral pattern, as illustrated
in Fig. 4b. This spiral path is created by combining the radial feed
motion of the X-axis with the tangential feed motion of the C-axis.
The cutting depth of the diamond tool along this path is adjusted by
the reciprocating motion of the Z-axis. Therefore, the tool trajectory
Please cite this article as: X. Zhang et al., Multiscale optical surface in
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points in polar coordinates ðr; u; zÞ can be described as follows:

r nð Þ ¼ R� fsnDt
u nð Þ ¼ 2pwCnDt

z nð Þ ¼ �h r nð Þ; u nð Þð Þ
;

8<
: ð6Þ

where n is the path index number; R represents the radius of the fab-
ricated surface; fs is the feed rate of the spiral path; Dt denotes the
time interval; wC is the rotary speed of the C-axis; �h is a function of
the Steady X compensation [16] dependent on the diamond tool
radius and the target surface.

Diamond turning experiments were conducted on a commercial tri-
axis ultra-precision machine tool (250UPL, Nanotech, USA), as shown in
Fig. 4a. A brass workpiece was mounted on the C-axis, while two dia-
mond turning tools were attached to the Z-axis. The macro-scale struc-
ture of the substrate surface was machined using a round tool with a
254 mm radius, whereas the micro-scale structure was created using a
round tool with a 3.5 mm radius. For the finishing cut of the micro-scale
structure, a spiral tool path was commanded with a rotary speed of 83
RPM, a feed rate of 0.5 mm/r, and an angular interval of 0.5°
4. Experimental result

The exemplary multiscale optical surface was fabricated using the
parameters outlined in Tables 1 and 2, and the resulting workpiece was
examined under a digital microscope (VHX-X1, Keyence, Japan). At
20 £ magnification, the entire machined area is displayed, as shown in
Fig. 5a. The moir�e pattern observed at the transition zones between differ-
ent micro-scale structures highlights the boundaries of different quadrants.
At 1000£magnification, themicroscopic image reveals the central portion
of the fabricated micro-scale structures, displaying a concentric, periodic
staircase patternwith a clean surface finish, as intended.

To evaluate the accuracy of the macro-scale structure, a white-light
profilometer (NewView 7300, Zygo, USA) was used to measure the
workpiece. The measured surface profile, shown in Fig. 5b, closely aligns
with the desired morphology depicted in Fig. 3. At higher magnifica-
tions, aliased micro-scale structures become visible as their dimensions
approach the diffraction limit of the microscope. The global forming
error, derived by comparing the measured profile with the theoretical
profile represented by Eq. (5), is illustrated in Fig. 5c. The error remains
within 2 mm and is likely caused by aliased micro-scale structures, mea-
surement stitching errors, and errors in the turning process.

To validate the formation of the micro-scale structures, atomic
force microscopy (AFM) tests were performed on randomly selected
areas within each subarea, with the results shown in Fig. 5d. The AFM
image presents an exemplary depth map for a structure where λ₀ is
620 nm and the measured profiles reveal a staircase pattern with a
tegrating multifocal imaging and wavelength filtering for compact
5), https://doi.org/10.1016/j.cirp.2025.03.025
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Fig. 6. (a) Setup for measurement of optical performance; (b) measured spectrum of
images of different λ₀; (c) the original image, digitally filtered images, and captured
spectral images using a bare digital camera without any lenses.

Fig. 5. (a) Microscopic images of the multiscale optical structure; (b) surface profile and
(c) forming error of the machined surface; and (d) results of the AFMmeasurement.
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36-micron period and step heights incrementally increasing with λ₀
while the machined error (RMS) ranges from 31 to 49 nm.

Functional tests were performed to evaluate the optical perfor-
mance of the fabricated hierarchical optical structure. The optical
setup diagram is shown in Fig. 6a. A mask featuring the “N” pattern
(representing Northwestern) was illuminated using a 5000 K LED
light source, with the reference spectrum displayed on the right side
of the figure. The original image was captured using a standard mir-
ror without wavelength-selective properties, serving as a baseline
case. The illuminated mask acted as the object, while the machined
optical surface focused and filtered the light from the object,
Please cite this article as: X. Zhang et al., Multiscale optical surface in
snapshot spectral imaging, CIRP Annals - Manufacturing Technology (202
projecting four focused images, each corresponding to a specific
wavelength range, onto the spectrometer or the imaging sensor
plane.

When measured using a spectrometer (CCS200, Thorlabs, USA),
the spectra of the four focused images are presented in Fig. 6b. Com-
pared to the reference spectrum of the light source, the original spec-
trum is successfully split into four distinct portions with the central
wavelengths designed at 480, 560, 620, and 680 nm, respectively.
The bandwidths (�3 dB threshold) are measured to be 42 nm, 64 nm,
77 nm, and 52 nm, while the RMS similarity to the simulated spec-
trums (source spectrum considered) is 89.6%, 90.3%, 86.0%, and
84.1%, respectively. Additionally, the spectral images are directly pro-
jected to the CMOS sensor of a digital camera (a7, Sony, Japan) with-
out using any additional lenses from the camera. The spatial
resolution of the spectral imaging system, measured using the cam-
era, is 4.8 mm/pixel after magnification by the surface. The results val-
idate that the “N” pattern is individually focused onto four distinct
locations, selectively displaying the target wavelength information as
spectral images. Fig. 6c presents a direct comparison of original
images and digitally filtered (spectrum in Fig. 2b applied) results
with the captured spectral images. The captured images show consis-
tent color tones and outlines with the original images.

The object size is currently restricted to 2.5 mm to prevent unde-
sired oversampling in the demonstrated design. However, it can be
adjusted by modifying the focus points. Ghosting in the image arises
from machining errors in micro-scale structures, leading to light
energy diffusion, while macro-scale errors cause imperfect focusing.
The current design includes four channels, with the flexibility to
expand by incorporating additional subareas. The bandwidth, pres-
ently limited to approximately 50 nm, can be further narrowed by
increasing the steps in micro-scale structures.
5. Conclusion

We propose a multiscale optical surface that offers a compact and
cost-effective solution for snapshot spectral imaging by integrating
macro-scale structures for multifocal imaging and micro-scale struc-
tures for wavelength filtering. These micro- and macro-scale features
are seamlessly combined into a single surficial optical surface, with
an optical structure height of less than 30mm. Fabricated using ultra-
precision diamond turning, the multiscale optical surface demon-
strated high forming accuracy and clean finishes at both scales. Vali-
dation experiments confirm its ability to split the reference spectrum
into four distinct bands and project focused spectral images onto an
imaging sensor without requiring additional optical components. The
design presented in this study demonstrates the generation of four
distinct spectral images. The number of spectral bands can be further
extended by applying the same design concept, dividing additional
subareas with different target wavelengths, and compensating for
the light intensity loss by enlarging the optical radius. In conclusion,
our design represents the first all-in-one snapshot spectral imaging
solution in an ultra-compact surficial format, paving the way for
future solutions in diverse spectral imaging applications.
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