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Abstract

The use of submicron structures for structural coloration of surfaces has broad applications for color filters, projection
displays, virtual reality, and anti-counterfeiting. Currently, structural color images lack high resolution due to low manufac-
turing accuracy. In this study, the axial-feed fly cutting (AFC) method is proposed to fabricate submicron grooves for the
diffraction of visible light to create structural color images. We establish the relationship between the color information in
the pixels of the original image and the parameters of the array units corresponding to the pixels. An algorithm to determine
groove spacing and the tool path is established, and array units with the desired groove spacing are machined to reproduce
the structural color images. The submicron grooves fabricated by AFC have high quality and good consistency. Due to the
excellent diffraction performance of the machined grooves, images with high saturation and resolution can be reproduced.

It is verified that images with various colors can be efficiently fabricated using the proposed method and algorithm.

Keywords Submicron structure - Microgroove - Structural coloration - Structural-color image - Fly cutting - Micro-

machining

1 Introduction

Structural coloration has the advantages of high brightness,
no fading, and no pollution, and the method has a range of
applications for color filters, displays, virtual reality, and
anti-counterfeiting [1-4]. Structural coloration is not caused
by chemical pigments but instead by complex interactions
between visible light and the workpiece surface. The pho-
tonic mechanisms underlying structural coloration include
the plasma effect, as well as diffraction, scattering, and
interference [4, 5]. Diffraction-grating-induced structural
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coloration is a method to generate high-resolution struc-
tural color images by manufacturing submicron structures
and provides a pronounced iridescent effect [6—8], causing
apparent changes in the color at different viewing angles.

Submicron structure manufacturing requires high effi-
ciency and high quality. Lithography is a traditional method
for grating manufacturing and is highly efficient but limited
by the surface quality of the machined microstructures. Etch-
ing technology can be used to fabricate complex structures
at the nanometer scale. However, the machining process is
very complicated, and the size of the workpiece is limited
[9-11]. Femtosecond lasers are widely used to generate peri-
odic submicron structures and have been successfully used
to manipulate the color of the machined surface. Femto-
second lasers have high processing efficiency, but the poor
accuracy and homogeneity of the machined microstructure
result in color dispersion, which decreases the resolution of
the structural color images [12—-14].

Mechanical cutting methods using diamond tools are suit-
able for generating submicron-scale structures. Guo and Yang
used ultrasonic vibration in a microstructure machining pro-
cess to produce an elliptical vibration of the diamond tool and
achieve high-efficient fabrication of submicron strips [15, 16].
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Strip spacing is a crucial parameter in the optical manipulation
and is adjusted by changing the feed rate of the cutting tool
in elliptical vibration cutting (EVT). Submicron strips with
different spacings were produced by EVT to create colorful
images. However, the accuracy of the machined submicron
structures was low, and the boundaries between the adjacent
structures were deformed, which caused strong light disper-
sion and reduced the color resolution of the structural colora-
tion images. Therefore, a new machining method is needed to
improve the accuracy of the submicron structures and obtain
high-resolution images. In addition, challenges remain regard-
ing submicron-structure manufacturing and methods for creat-
ing structural color images [17-19].

In conventional fly cutting, the features in the workpiece
are fabricated by feeding the workpiece in the radial direction
of the spindle; a single groove is fabricated in each step, and
multiple cutting steps are required, resulting in low efficiency.
In this paper, we propose a mechanical cutting method called
axial-feed fly cutting (AFC) to fabricate submicron structures
for creating structural color images. During the AFC process,
submicron optical grooves are fabricated and arrayed using
a cutter with high-speed rotation and feeding the workpiece
in the direction of the spindle axis. Diffraction grating is
used, and an algorithm is established based on the relation-
ship between the pixel information and the parameters of the
array units. Process planning is used to fabricate and align
array units with color information; this configuration allows
for the generation of large, high-resolution images with excel-
lent color reproduction. The proposed cutting method provides
high accuracy of the submicron structures for structural colora-
tion, as well as high-efficiency reproduction of high-resolution
images. The machined image on the workpiece surface accu-
rately reproduces the original high-resolution image, demon-
strating that AFC is suitable for structural coloration and is
capable of high-resolution image production.

We investigate the principle of structural coloration induced
by submicron optical grooves. Before fabricating the struc-
tural-color image, image processing is conducted to determine
the relationship between the pixel information and the param-
eters of the array unit, and process planning is performed for
image reproduction. Experiments are conducted to verify the
feasibility of the AFC method for structural coloration. Subse-
quently, the proposed AFC method and image processing algo-
rithm are successfully used for the creation of high-resolution
images.
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2 Surface Machining Using Fly Cutting

2.1 Periodic Submicron Grooves Created by Fly
Cutting

The structural coloration is created by the submicron struc-
ture array, which has the same scale as that of the wave-
length of visible light. Fly cutting has the advantages of sim-
ple operation, high efficiency, and high processing quality
for microstructure manufacturing [20, 21]. We proposed the
AFC method for efficient manufacturing and flexible control
of the microstructure. Figure 1 shows the schematic diagram
of the AFC method. A 90° V-shaped diamond cutting tool
is attached to a high-speed rotating spindle; the rake face of
the tool is perpendicular to the rotation direction of the fly
cutting process, and the workpiece is fed in the direction of
the spindle axis (Z-axis). One groove is generated per rota-
tion of the cutting tool, and the grooves are arrayed while the
workpiece is fed perpendicular to the rotation plane of the
cutting tool. Instead of removing the material step-by-step
to reduce the cutting volume and improve the processing
quality in traditional fly cutting, in the AFC method, the tool
rotates at high speeds to generate a groove in a single rota-
tion. The high cutting speed of the fly-cutting process allows
for high-efficiency manufacturing of submicron structures
while ensuring excellent quality.

During the AFC process, the radius of rotation of the
tool tip is within tens of millimeters, which is far greater
than the cutting depth of the submicron grooves. During a
single rotation of the cutting tool, one groove is machined
rapidly; therefore, the effects of feeding the workpiece on
the morphology of the grooves can be ignored. One groove
is generated on the surface during a single rotation of the

Fig. 1 Schematic diagram of the AFC method
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spindle, as shown in Fig. 2a. This groove has a very large
aspect ratio, and the depth of the groove increases from 0 on
both ends to the maximum in the middle. It can be learnt that
the cross-section profile of the machined submicron groove
is consistent with the projection of blade tip on base surface
during machining, which means the groove shape can be
regulated by the tool geometry.

When the workpiece is fed in the direction of the spindle
axis while the cutting tool rotates, parallel grooves are gener-
ated. Figure 2b shows the schematic diagram of the grooves
on the surface of the workpiece generated by AFC. The
groove spacing is defined as the distance between the cent-
ers of adjacent grooves, which is determined by the feed rate
when the spindle speed is fixed during machining. Parallel
submicron grooves are produced similar to those created by
diffraction grating. The groove spacing is adjusted to achieve
coherent diffraction of light for structural coloration. On
both sides of the structure, the distance between the grooves
differs from that in the middle of the grooves because the
cutting depth is low at the groove tips, which increases the
dispersion of the diffracted light and reduces the diffraction
efficiency and resolution. Therefore, the groove tips should
be removed when high-resolution images are desired.

In AFC, when the tool speed is given, the slower the
workpiece feed speed, the denser the submicron grooves are,
and the smaller the groove spacing is. The groove spacing
(d) has the following relationship with the rotation speed
of the tool (n) and the feed rate (V) of the workpiece in the
spindle-axis direction:

d=— ey
n

For example, at a tool rotation speed of 4500 rpm and a feed
rate of 4.5 pm/min, the groove spacing is 100 nm. The submi-
cron groove spacing can be adjusted in a wide range by set-
ting a reasonable tool rotation speed and feed rate parameters
during processing. During the operation, it is more conveni-
ent to adjust the feed rate and keep the rotation speed of the
tool constant, which allows for flexible control of the groove

Fig.2 Periodic submicron
grooves obtained by AFC.
a Single groove. b Parallel
grooves

spacing. Since the grooves have the same scale as the wave-
length of visible light, the AFC method to create submicron
grooves represents an advance in surface manufacturing for
structural coloration.

2.2 Principle of Generating the Surface

The diffraction of the visible light resulting from the submi-
cron-scale groove size is the underlying mechanism of struc-
tural coloration. Interference occurs when the light is dif-
fracted from different grooves, enhancing the intensity of the
diffracted light where the multiple diffracted light has the same
phase. Similar to diffractive grating, the submicron grooves
with submicron spacing produce iridescent structural color,
as shown in Fig. 3.

The relationship between the grating spacing and the angles
of the incident and diffracted beams of light is defined in the
grating equation:

d(sinf; +sinf,) =mi m=(0,+1,+2,...) )

where d is the groove spacing, 6; is the incident angle, 6,
is the diffraction angle (the viewing angle). A and m are the
wavelength and diffraction order of the diffracted light,
respectively. When beams of parallel white light are incident
on the surface with submicron grooves, iridescent color is
observed at different viewing angles. The light wavelength
A of the corresponding color is defined as:

1= d(sin6; +siné,)
- m

3

The intensity of the diffracted light decreases with increas-
ing diffraction order, and the maximum intensity occurs at the
first diffraction order [22]. When the observation angle (6,,) is
given, the diffraction wavelength is determined by the angle
of incidence (6,) and the groove spacing.

A=d(sin6; +sinb,,) 4)
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Fig.3 Schematic of struc-
tural coloration caused by the
grooves

If white light is incident in a direction perpendicular to
the surface (6;=0), the diffracted wavelengths obtained at
different viewing angles are determined as follows:

A=dsinf, )

According to Eq. (5), all diffraction colors with wave-
lengths shorter than the current groove spacing in the
spectrum can be obtained by adjusting the viewing angle.
In addition, according to grating diffraction theory, when
the groove spacing is close to the wavelength of visible
light, the intensity of the diffracted light is high at all
wavelengths. Therefore, the groove spacing is set to the
wavelength of the diffracted light of the target color in
the structural coloration design to improve the iridescent
effect as follows:

i=d (6)

According to Eq. (6), at the same incident angle and
viewing angle, grooves with a large spacing diffract light
with a long wavelength. The target structural color is only
determined by the submicron groove spacing (d) instead
of the groove shape, and the groove spacing can be flex-
ibly regulated by the feed rate in the VFC process. A small
groove produces structural color with a short wavelength.

According to diffraction theory, an array unit with par-
ticular submicron groove spacing will produce structural
color in a particular wavelength. Therefore, the surface
can be machined using array units with different spac-
ings, as illustrated in Fig. 4, and the groove spacing is
determined by the feed rate of the AFC method. This real-
time regulation of the feed rate in AFC allows for flexible
manipulation of the groove spacing, thereby improving the
manufacturing accuracy of the surface used for structural
coloration.

@ Springer

Fig.4 Structural coloration method to reproduce color using array
units

3 Algorithm for Image Reproduction
3.1 Image Processing

An image consists of pixels and can be considered a pixel
matrix. The color information of the image is stored in the
pixels. To reproduce structural-color images, an array unit
with particular groove spacing is used as the pixel unit.
The image reproduction process on a workpiece consists
of converting color information of pixels into the corre-
sponding diffraction wavelength; subsequently, then the
groove spacing is obtained based on the target diffraction
wavelength and is used during the manufacturing of the
array unit.

The pixel color is described using a color model, and
the information is stored in a numerical matrix. The red,
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green, and blue (RGB) color model is a common color
model and is widely used in digital images. In the RGB
model, the red, green, and blue light is combined to obtain
various colors. The RGB model is advantageous and con-
venient for computer processing and recording. However,
it is difficult to convert a three-dimensional matrix to the
one-dimensional wavelength to achieve the correct groove
spacing. Therefore, the hue, saturation, and value (HSV)
model, which is also a three-dimensional color model, is
used in image processing to convert the color information.
In the HSV color space, the color information is described
by the hue axis instead of three axes. Therefore, the hue
of the HSV space is used to convert the color of the origi-
nal image to the corresponding wavelength and groove
spacing.

First, the colors of the original image in the RGB model
are converted to the hue values of the HSV model as follows:

-

0° if max = min

60° x —5=2 4 (° ifmax =randg > b
max-min

h=2360°x —£———4360° ifmax=randg<b (7)

max-min

60° X ———— +120° ifmax=g
max-min

60° X ——=5— +240° ifmax =b
max-min

The color distribution on the hue axis is similar to that of
the visible spectrum. The hue axis is a circular axis, where
purple is adjacent to red. The range of the normalized hue
is 0—1, and the wavelength range of the visible spectrum is
0.41-0.71 pm. Second, function fitting is used to convert
the obtained hue value into the wavelength using MATLAB.
The following calibrated linear transfer function is used to
associate the hue with the wavelength:

h €10,0.9)

L[ 026X h+ 064
= he09,1] ®)

0.70 x h + 0.01

Third, calibration is conducted by extracting the hue of
the captured diffracted color and mapping it to the wave-
length given by Eq. (5). According to Eq. (6), the diffraction
wavelength is the same as the submicron groove spacing;
therefore, the groove spacing is obtained. Image process-
ing, including color model transformation and extraction of
the hue value, are conducted in MATLAB; the process is
illustrated in Fig. 5.

Black and white are not included on the hue axis, which
means wavelengths cannot be used to describe these colors.
Black is obtained by combining the primary colors. Accord-
ing to Eq. (2), black in the structural coloration can be
obtained by reducing the groove spacing to the ultraviolet
spectrum, which weakens the diffracted visible light after
interference. Similarly, when the groove spacing is much
larger than the visible light wavelength, no iridescence will

occur, and the color of the workpiece will be nearly white.
According to the processing quality and the desired struc-
tural color, the groove spacings for white and black in the
structural coloration are set to 3000 and 200 nm, respec-
tively. Because there is no black and white on the hue axis,
the black and white colors of the original image are con-
verted to gray values instead of the hue value.

Theoretically, the proposed AFC method can be used to
fabricate images with no resolution limit. A higher resolu-
tion of the target image means that there are more pixels per
unit area on the surface and smaller grooves, resulting in
increased processing time for reproducing high-resolution
images. Therefore, the resolution of the target image needs
to be as high as possible to ensure good image quality while
minimizing the processing time. The optimization of this
process is performed using the imaging editing software
Adobe Photoshop (Adobe Inc.).

3.2 Tool Path Planning

The target image is divided into a pixel matrix, where every
pixel corresponds to an array unit on the machined surface.
Therefore, the goal of achieving high-resolution image
reproduction is equivalent to generating a matrix composed
of array units with the corresponding groove spacing.

The reproduction of the image is performed pixel-by-
pixel, where each pixel corresponds to an array unit with
a particular spacing. Since each pixel has only one color
value corresponding to a particular groove spacing, and the
groove spacing is determined by the feed rate, the feed rate
of the workpiece remains constant during the manufacturing
of one array unit. The feed rate changes to another constant
value when another unit is machined. Therefore, tool path
planning is conducted to convert the color information of
each pixel to the feed rate using the proposed algorithm.
The coordinate of the array unit is output and changed to G
code for the machine tool. It should be noted that there is a
ratio between the size of the original image and that of the
machined image, which means the coordinate transformation
from the original pixel has to consider this ratio.

For an original pixel matrix (3 X 3) (Fig. 6a), one row
of array units is fabricated in one Z-axis feed. The feed rate
changes during the fabrication, resulting in a step curve of
the feed rate, as shown in Fig. 6b. Moreover, the step width
of the feed rate is equal to the size of the machined array unit
and pixel. After one row of array units has been machined,
the rotating fly-cutting tool returns to the start position (non-
cutting path) before machining the next row of array units;
this process minimizes errors resulting from tool lifting, as
shown in Fig. 6b. The rows of array units are machined using
the same feed trajectory.

As discussed, the tips of the submicron grooves should be
removed before producing the structural coloration images.

@ Springer
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Fig.5 Image processing for the
generation of structural color
images

Since the pixel size is far smaller than the groove length, the
previous row of groove tips is removed during the fabrica-
tion of the next row of grooves. After machining, the pixel
information and the resolution are inherent in the groove
spacing of the array unit. The feed rate in AFC is automati-
cally planned and executed by the program; therefore, it is
possible to produce high-resolution images with various
colors using the AFC method.

4 Experimental Verification
4.1 Experimental Setup and Details

Since the material removal during the manufacturing of the
submicron grooves occurs at the submicron level, the fabri-
cation requires a sufficiently high spindle speed and accurate
feed motion in the Z-axis direction. Therefore, the stabil-
ity and accuracy of the machine platform have to be high.
The platform used for the AFC method is the ultra-precision
machine Nanoform X (produced by Precitech Corporation,
USA), as shown in Fig. 7. The tool is attached to the spindle
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to achieve high-speed rotation, and the maximum rotation
speed is 10,000 rpm. The peak-to-valley (P-V) value of the
dynamic balance is adjusted to less than 10 nm using the bal-
ance system of the ultra-precision platform. The X-axis and
Z-axis are the two moving axes, with a maximum stroke of
220 mm and a maximum feed rate of 4000 mm/min, which
meets the processing requirements. During processing, a
single row of array units of the target image is machined by
feeding the workpiece in the Z-axis direction, and row-by-
row processing of the array units is performed by feeding
the workpiece in the X-axis direction. The accuracy in the
Z-axis direction of the machine platform is 0.1 pm/50 mm,
and the resolution accuracy is 0.1 nm, resulting in accurate
positioning of the array units. In addition, the granite base
and TMC MaxDamp damping device of the ultra-precision
machine ensures stability during machining.

The workpiece material consisted of stainless steel with
a nickel phosphide (Ni—P) coating applied using electroless
plating. Electroless Ni—P coating has high strength and hard-
ness and good performance for micro/nano-scale machin-
ing [23-27]. The nominal diameter of the stainless steel is
13 mm, and the thickness of the Ni—P coating is 200 pm.
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Fig.6 Tool path planning for machining the pixel matrix. a 3 X 3 pixel matrix. b Machining of the 3 X 3 array unit matrix

The Ni—P workpiece was clamped on the workbench. The
90° V-shaped single-point diamond tool with rake angle of
0 and clearance angle of 12° was installed on the grooving
arbor in the radial direction; the tool has a low affinity with
non-ferrous metals and excellent mechanical properties. The
vertical position tolerance of the workpiece surface should
be within 100 nm; therefore, the workpiece was flattened
before structural coloration processing. Flattening was con-
ducted using conventional fly cutting technology and an R5
arc diamond tool. The surface roughness of the workpiece
was within 10 nm.

The positioning stage, which has a piezoelectric drive and
a frictionless flexible guiding structure, was used to adjust
the cutting depth and vertical positioning; this configura-
tion has the advantages of a large load, large displacement,
and high precision. The nominal stroke was 95 pm, and the

position resolution was 10 nm, which met the high precision
and rapid positioning requirements of the tool for structural
coloration processing.

The spindle speed was 4500 rpm to ensure spindle sta-
bility and processing efficiency. As discussed above, the
groove period used in the manufacturing process was in the
visible spectrum (380-760 nm). The experimental results
of using the AFC method for the fabrication of the sub-
micron grooves are shown in Fig. 8. Grooves with a spac-
ing of 1000 nm and 100 nm were fabricated with feed rates
of 4.5 mm/min and 0.45 mm/min, as shown in Fig. 8a, b,
respectively. It is observed that the grooves machined with
a 4.5 mm/min feed rate have a spacing that is similar to
the designed value of 1000 nm, and the grooves have high
consistency and are parallel. No defects are observed. The
grooves machined with a 0.45 mm/min feed rate have

@ Springer
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Fig.7 AFC platform for
structural-color image manufac-
turing. a Installation diagram of
the AFC platform and b photo-
graph of the AFC platform

a period of approximately 100 nm, which is the same as
the designed value. As mentioned before, the advantage
of image reproduction by AFC is the ability to control the
feed rate during the machining process. The feed rate was
changed from 9 mm/min to 1.35 mm/min (with a groove
spacing of 2000 nm and 300 nm, respectively) to assess the
effect of changing the feed rate, as shown in Fig. 8c, d. It is
observed that a change in the feed rate does not affect the
groove spacing; the grooves with different spacing exhibit
good consistency, and only one or two grooves show differ-
ences in the spacing. These results verify that the proposed
AFC method is well suited for high-efficiency fabrication
of submicron grooves; the ultra-precision machining plat-
form meets the requirements for the reconstruction of images
using structural coloration.

4.2 Fabrication of High-Resolution Images

The proposed AFC method was used to create structural
color images. As shown in Fig. 9, the original image
(Fig. 9a) is accurately duplicated, and structural color
images are created on the Ni—P coating (Fig. 9b). The
original colorful image is divided into a 158 X 158 pixel

@ Springer

matrix, which means that the machined array units all have
the same size of 85.4 pm X 85.4 pm after being machined
on the surface with a diameter of 13.5 mm. Spindle speed
of 4500 rpm is fixed and the feed rate corresponding to the
groove spacing is changed according to the target color
during the machining process. The total processing time of
the image shown in Fig. 9b is about 363 min. Iridescence
is observed on the grooved surface under natural light. A
white light from a mobile flashlight (iPhone 6s) illumi-
nates on the machined surface. The cartoon image “Angry
Bird” is shown under a white light with an incident angle
of 0°, and an image is acquired with a digital camera. The
photograph shows that the structural color images have
high color saturation, bright colors, high resolution, and
a clear outline. The results verify the feasibility of using
the AFC method to generate submicron grooves and obtain
structural color images with high resolution.

The proposed algorithm that combines image process-
ing and tool path planning can be used theoretically to
reproduce images of any color on a surface using AFC.
The grooves produced by AFC have high diffraction for
visible light and high manufacturing efficiency of struc-
tural color images.
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Fig.8 Machined submicron grooves: grooves machined with a feed rate of a 4.5 mm/min and b 0.45 mm/min; change in the feed rate from ¢

9 mm/min to 1.35 mm/min and d from 1.35 mm/min to 9 mm/min

Fig.9 High-resolution struc-
tural color images created with
the AFC method. a Original
images. b Structural color
images

5 Conclusions

We proposed the AFC method to fabricate submicron opti-
cal structures for structural coloration. Theoretical analy-
sis was conducted, and the proposed method consisting
of image processing and tool path planning was used to
reproduce high-resolution structural color images on Ni—P
coating. The main conclusions are as follows:

AFC proved highly suitable for manufacturing submi-
cron optical structures with high efficiency. The desired
colors of the images are determined by the groove spac-
ing, which was controlled by adjusting the machining
parameters.

An algorithm was developed to convert the pixel infor-
mation into the required spacing of the grooves of the
array units. The RGB information of the original image

@ Springer
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was converted to the hue value, and a linear transfer
function was used to determine the corresponding
groove spacing.

3 The array units were arranged side-by-side to ensure a
parallel feed trajectory of the workpiece, and high-res-
olution images with high-saturation colors were repro-
duced.

The resulting high-resolution images demonstrated that
the submicron structures fabricated using the AFC method
provided good color rendering. The proposed method has
potential applications in the fields of micro-optics, anti-
counterfeiting, and displays.
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