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Elliptical vibration texturing is a newly arising method for the fast and cost-effective generation of near-
subwavelength micro-structures on metal surfaces. This study proposes a fabrication method for structurally
colored basso-relievo by combining the surface sculpturing and elliptical vibration texturing in one-step
machining. Synergistic modulations of both nominal cutting speed and depth-of-cut (DOC) in elliptical vibra-
tion texturing are applied to provide concave-convex topography and structural coloration. A new rendering
strategy for the face turning configuration with an equidistant spiral tool path has been presented to improve the
image rendering efficiency over the raster scan tool path. In addition, different from the conventional elliptical
vibration texturing, the nominal DOC dynamically changes pixel by pixel in the proposed new process. In order to
identify the effects of DOC and elliptical vibration trajectories on the surface quality and fidelity of generated
gratings, grooving experiments have been conducted on brass samples to further the understanding of nonlinear
tool-workpiece interactions. Finally, both raster scan and face turning tests have been performed on an ultra-
precision platform with optimized process parameters. Structurally colored basso-relievos with high quality have

been successfully demonstrated using the proposed fabrication method.

1. Introduction

Basso-relievo refers to the sculptural relief with a very shallow image
raised from the background. Colored basso-relievos fabricated on
metallic surfaces are well-received for functional decoration. The
fabrication of colored basso-relievos usually relies on a multi-step pro-
cess sequence to create concave-convex topography and to color the
surface separately. The concave-convex low relief is first sculptured by
micro-milling [1]. The surface color is then added through plating or
pigment painting. In addition to pigmented coloration, structural
coloration is another widely adopted principle of color production in
nature [2], which utilizes micro/nano-structured surfaces to manipulate
the visible light through diffraction, interference, and scattering [3].
Structural coloration shows unique visual effects compared with pig-
mented coloration; it is more dazzling, brighter, and often has the
viewing-angle dependent iridescent effect [4]. Inspired by nature,
structural coloration has an array of breakthrough applications in
decorative art, anti-counterfeiting, information storage, etc. [5]. It is
promising to apply structural coloration to the colored basso-relievo for
new functional performances.

* Corresponding author.

To provide structural coloration, various manufacturing technolo-
gies have been demonstrated to be capable of fabricating micro/nano-
structures on metallic surfaces, which can be divided into two main
categories, namely the mechanical and non-mechanical based ap-
proaches. In mechanical removal processes, diamond ruling is most
commonly used in industry to machine precise gratings on metallic
substrates. However, in addition to the limitation for generating gratings
with small spacing down to subwavelength, the low machining rate of
ruling restricts its further adoption in image rendering application. Non-
mechanical manufacturing methods are represented by chemical assis-
ted etching/lithography [6] and laser (e-beam, focused ion beam)
ablation [7,8]. Although chemical-assisted etching/lithography pro-
vides a flexible way of generating 2D microstructures, it is limited in the
capacity to texture a continuously curved surface required for
concave-convex basso-relievo. Etching wavelength and sub-wavelength
are also associated with high cost and special fabrication techniques.
Laser (e-beam and focused ion beam) ablation shows excellent perfor-
mance in terms of structure spatial resolution and surface integrity [9]
and has been widely adopted for proof-of-concept studies in micro-
structure applications. Nevertheless, the low material removal rate and
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high system cost make them undesirable for industrial mass production.

Recently, a cost-effective process based on elliptical vibration cutting
has been demonstrated in the structural coloration on metallic sub-
strates [10]. The process utilizes the elliptical vibration of a diamond
cutting tip along with a nominal cutting motion to generate overlapping
tool trajectories [11]. The machined scallops formed by the tool tra-
jectory represent conjunctive grating-like structures, whose pitch can be
controlled down to the near-subwavelength [12]. Through the
controlled variation of nominal cutting speed, the grating spacing can be
adjusted at each pixel location, resulting in colorized 2-D images based
on diffraction effects [13]. Due to its process superiority in flexibility,
efficiency and accuracy [14], elliptical vibration cutting can also be used
to texture surface structures for an array of breakthrough applications in
friction/drag reduction [15,16], wettability enhancement [17],
anti-counterfeiting [18], interface medication of lithium battery [19],
etc.

In this paper, we demonstrate the combination of surface sculpturing
and elliptical vibration texturing to fabricate structurally colored basso-
relievo in one-step machining. Here we refer surface sculpturing as the
generation of nonperiodic structures, while surface texturing is the
generation of periodic structures. The length-scale of the two might have
some overlapping, but in general, sculpturing works in the micron-to-
millimeter scale, while texturing works in the nano-to-micron scale.
Based on the conventional vibration texturing, additional synergistic
modulation of both nominal cutting velocity and cutting depth are
applied to provide both concave-convex surface topography and struc-
tural coloration. New rendering strategies both in the raster scan as well
as face turning configurations are presented. In addition, with the dy-
namic change of nominal depth of cut (DOC) in the proposed new pro-
cess, the grating formation quality will be significantly affected by the
proper choice of tool vibration trajectories. Experimental studies are
carried out to further the understanding of non-linear effects from in-
teractions between the tool trajectories and workpiece, and to identify
the proper process window in terms of vibration trajectories and the
DOC range.
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2. Process principle
2.1. Modulated elliptical vibration texturing

The proposed method, modulated elliptical vibration texturing,
machines structurally colored basso-relievo in one-single step with
combined sculpturing and texturing operations. It can be mainly
ascribed to the synergistic modulation of nominal cutting speed and
DOC in elliptical vibration texturing. Fig. 1 shows the schematics of
modulated elliptical vibration texturing for both the raster scan and face
turning configurations. The modulation of nominal cutting speed is used
to generate near-subwavelength grating-type microstructures with
controllable spacing distances. The machined grating-type microstruc-
tures are able to diffract the visible white light to provide structural
coloration. Meanwhile, the modulation of DOC is used to adjust the
relative height variation of microstructures to provide the concave-
convex topography of basso-relievo. By combining the nominal cutting
speed and DOC modulation simultaneously, structurally colored basso-
relievos with stimulating visual effects can be fabricated. It is worth
noting that, for a fixed tool nose radius, the grating spacing generated by
elliptical vibration texturing is only related to the tool vibration tra-
jectory and cutting velocity, but independent of DOC. That is to say,
even with different DOC, the generated gratings are in principle iden-
tical, which is a critical feature to enable the fabrication of basso-
relievos with structural colors.

The fundamental of structural coloration in this study is the grating
diffraction as shown in Fig. 1(c). According to our previous study and
grating diffraction principle [13], for the incident angle §; = 45° and
diffractive angle 0x = 0° (the observing direction is rightly perpendicular
to the machined surface), the relationship between the spacing distance
d of grating patterns and light wavelength A at the second diffraction
order can be expressed as:

V.
d=2V2)=-5 1
7 @

where V. and f denote the nominal cutting speed and vibration

1 (d) <— Cutting path
Retracting path

Incident light -
(wavelength 4 )!

Fig. 1. Illustration of modulated elliptical vibration texturing: (a) process principle; (b) modulation of nominal cutting speed and depth-of-cut (DOC); (c) optical
diffraction of gratings; (d) raster scan tool path; (e) spiral tool path for face turning.
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frequency respectively. For the visible lights with a wavelength of 1
ranging from 380 nm to 740 nm, the grating spacing d can be calculated
as 1.1 pm to 2.1 pm.

2.2. 3D image rendering strategy with raster scan and face turning
configurations

The modulated elliptical vibration texturing can be implemented in
the planing setup with a raster scan tool path, as shown in Fig. 1(d).
Although the surface colorizing results created through the raster scan
setup are promising, it may suffer from the drawback of low machining
efficiency. In the raster scan setup, the tool has to perform a retracting
action after each cutting pass. The vibration texturing efficiency with the
raster scan tool path is significantly restricted due to the tool retracting
action. The time wasted can be as large as 50% due to the retracting
action for each feed. More seriously, the pre-acceleration and post-
deceleration motions outside of the cutting region could further
reduce its machining efficiency and affect the cutting stability.

To improve the machining efficiency, we also propose a face turning
configuration to implement the modulated elliptical vibration texturing,
as shown in Fig. 1(e). The tool path of face turning is an equidistant
spiral, which can be described by

0
ro — Z—E-Ar =r 2

where r is the radial position of tool; ry is the starting radius; Ar is the
spiral pitch; and @ is the accumulated angle of spindle rotation during
the process. By substituting the disrupted raster scan path by a contin-
uous tool path, the face turning operation can eliminate the time-
wasting retraction motion and achieve a more stable and continuous cut.

For both raster scan and face turning, the rendering strategy of
colored basso-relievos from a 3D image is illustrated in Fig. 2. The
colored 3D image can be developed according to the customized
requirement of visual effects using a professorial software-JD painting.
The colored 3D image consists of both the information of relative height
variation and colors of each pixel. Using JD painting, the height varia-
tion information can be exported as a 2D grayscale image, while color
information can be exported as a 2D colored image.

For a raster scan, the original image is segmented into pixels with the
same size along the scan path. A Cartesian coordinate system XY is
established on the original image, where (Xy, Y) is the coordinate of the
Nth pixel. The grayscale image can be expressed using a sequence Gray
(XN, Yn), which is used to control the modulation of depth-of-cut
through a function g;. On the other hand, the hue axis of the color in-
formation (HSV) of the 2D colored image can be expressed using a
sequence Hue(Xy, Yy) [131], which is used to control the modulation of
nominal cutting speed through a function g;. The tool modulation con-
trol functions g; and g; can be expressed as:
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{gl : DOC(Xy, Yy) = DOCpux (1 — Gray(Xy, Yy)/255) 3)

2 1 Ve(Xy, Yy) = 2V2-A(Hue(Xy, Yy))f

where DOC (Xy, Yy) and V. (X, Yyn) are the depth-of-cut and nominal
cutting speed of Nth pixel; DOCpax is the DOC range, namely the
maximum height variation of basso-relievo. For f = 1 kHz, the nominal
cutting speed V. range can be determined to be from 1.2 to 2.0 mm/s,
which characterizes the writing speed for the sculpturing and colorizing
process. In Eq. (2), A(Hue) establishes the relationship between the hue
of images and the wavelength of diffractive light [13] as:

—0.26-Hue + 0.64Hue < [0,0.9)

A(Hue) = { 0.7-Hue + 0.01Hue € [0.9, 1) )

For face turning, the spiral tool path can also be segmented into
pixels with the same size. A polar coordinate system is established on the
original image, where (ry, 0y) is the coordinate of the Nth pixel. The
corresponding gray and color sequences Gray (ry, 6n) and Hue (ry, 0y) in
the polar coordinate system can be obtained from the gray and color
sequences in the Cartesian coordinate system through simple coordinate
system transformation and linear interpolation and rounding:

Xy = ry cos(6y)
{ YN =TIy sin(GN) (5)

Then the pixel by pixel control equations g; and g for DOC and
nominal cutting speed modulation can be expressed as:

{gl : DOC(ry, 6y) = DOCpax (1 — Gray(ry, 6y)/255) ©)

& Velry, 0x) = 2V2-A(Hue(ry, 0))f

where DOC (ry, 0y) and V. (ry, 0n) are the depth-of-cut and nominal
cutting speed of the Nth pixel in face turning. Different from that in the
raster scan, the modulation of nominal cutting speed in face turning is
provided by the spindle rotation. The spindle rotating speed wy for the
Nth pixel in face turning has to be adjusted according to radial position
ry of the tool through

oy = Lelw-O) @

'

3. Non-linear interactions between tool vibration and
workpiece

The process parameters, such as the nominal cutting speed, DOC and
elliptical trajectory have critical effects on the surface generation quality
of gratings. For the high-quality sculpturing of colored basso-relievo, the
nonlinear interactive effects of process parameters should be carefully
explored to identify the proper process window. In the newly proposed
process, the nominal cutting speed and DOC are synergistically modu-
lated. However, the dynamic change of DOC in the basso-relievo

DOC,,,x
Depth-of-cut
Gray (Xy, Yv) [ V| modulation
or Gray (ry, Ox) g1 | DOC Xy, Yy)
or DOC (ry, 8y) [] ~ Celored
ST basso-relievo
1 D i
Cdlo ed‘3 Cutting speed by plam?mg
model in X | or turning
. Hue (Xy, Yv) | 82 modulation
JDPaint >
f or Hue (ry, 0y) | A V.(Xn, Yv)or
ormat
Vc (rN’ 0N )
2D colored Vibration frequency f |
image

Fig. 2. 3D image rendering process for both raster scan and face turning.
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sculpturing might violate the optimum generation condition of grating-
type microstructures as shown in Fig. 3. The tool-workpiece interactions
need to be systematically investigated to achieve both the high-quality
grating generation for better structural coloration; and 2) large DOC
adjustment range for more distinctive concave-convex effects.

3.1. Design of inclined grooving experiments

The surface quality of machined gratings is a crucial factor that af-
fects the optical performance of rendered images. In order to evaluate
the surface quality of grating patterns, the grating depth (diffraction
efficiency) and surface roughness (reflection efficiency) are used as the
characterizing indices as described in Fig. 3. The grating depth is the
maximum height variation of generated periodic microstructures, while
the surface roughness is a relatively macro height variation of the
machined surface by filtering out the grating profiles. The effects of
process parameters on these two surface quality indices can be assessed
through an inclined grooving test.

Inclined grooving experiments with elliptical tool vibrations were

e generation quality: grating depth and surface roughness.

Table 1
Experimental condition for process investigation (f = 1000 Hz).
Trajectory No.  Descriptions Nominal cutting speed V. (mm/
s)
@ a=3pm,b=1pm,0=0° 1,1.5,2,3
0] a=3pm,b=1pm,0=45° 1,1.5,2,3
©] a=3pm,b=1pm, 0 =090 1,1.5,2,3
0] a=3pum,b=1pm, 6=135° 1,1.5,2,3
® a=1pm,b=1pm,0=0° 1,1.5,2,3
® a=2pm,b=2pm,0=0° 1,1.5,2,3
@ a=3pm,b=3pm,0=0° 1,1.5,2,3

conducted on ultra-machinable 360 brass (Mcmaster-carr, USA) to
evaluate the effects of process parameters on the surface quality of
generated grating patterns. The experimental setup is shown in Fig. 4
with the detailed process parameters summarized in Table 1. A diamond
tool with a nose radius of 600 pm, a rake angle of 0° and a clearance
angle of 20° was used for cutting. As demonstrated in Fig. 4(a), the
cutting path has a relative inclination angle of 10 im/mm with respect to

a
@ ) )
‘/40 pm rDOC 1\0 pm/mm e ) ) o
iy . ] o o
Nominal cutting path y (A s (©
z ) =
Workpiece:brass Z:poc §
TITESTY
| ©) IGhaing diante S
41 ; . ;
T T4 5
3 ir T U 4
1t g
18.0 =
[
17.8 A Grating depth d, ?
E17.6 A N
N VA
N17.4 - . PR <]
Grating distance d Measurement direction
17.2 T T T T Y
1.875 1.88 1.885 1.89 1.895 1.9 4

Y/mm

Y:cutting direction/pm

Fig. 4. Illustration of grooving experiments for process parameter determination of basso-relievo sculpturing. (a) grooving path; (b) definition of elliptical trajectory;
(c) applied elliptical trajectories; (d) grooved surface; (e) enlarged surface morphology; (f) grating profile.
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Fig. 5. (a) Typical cross-sectional profile of a grooved surface; (b) optical photos taken with white light illumination.
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the workpiece surface. The maximum grooving DOC was set as 40 pm.

Seven sets of elliptical vibration trajectories were utilized with
different semi-major axis a and semi-minor axis b and orientation angle 6
as defined in Fig. 4(b). The adopted elliptical trajectories with a vibra-
tion frequency f of 1 kHz are demonstrated in Fig. 4(c). The nominal
cutting speeds were set as 1, 1.5, 2, 3 mm/s in the grooving experiments
to control the grating spacing distances as 1, 1.5, 2 and 3 pm. The
grooved surfaces with vibration texturing were observed and measured
using a 3D laser confocal microscope (OLS5000, Olympus, USA). Fig. 4
(d) and (e) show an image of the grooved surface and its locally enlarged
morphology, from which the periodic grating-type microstructures can
be identified. The cross-sectional profile of the generated gratings in
Fig. 4(e) is shown in Fig. 4(f), from which the grating depth d, can be
obtained.

The effects of DOC on the grating depth and surface roughness for
different nominal cutting speed and elliptical trajectory can be quanti-
fied from the cross-sectional profiles of the measured grooved surface.
Fig. 5 shows a typical cross-sectional profile of the grooved surfaces and
their optical images. As shown in Fig. 5(a), with the increase of scanning
length from left to right, the average depth of grooved surface increases
linearly. The average profile of machined groove can be fitted as a linear
line. Then, the grating depth and relative surface height with respect to
the average profile for different DOC can be obtained with represented
results shown in Fig. 6 and Fig. 7. In addition, the optical photos taken
with white light illumination are also used to help estimate the surface
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quality of generated gratings as shown in Fig. 5(b).

3.2. Effects of depth-of-cut (DOC) on grating generation

The change of DOC may have a decisive influence on the grating
depth. The variation of grating depth with the increase of DOC with the
corresponding diffractive colored images of machined grooves for two
typical vibration trajectories is shown in Fig. 6. It can be seen that, for
vibration trajectory @, there exists a sharp increase of grating depth
from an average value of dp, ;o to dj, nigh when the DOC exceeds a lower
limit value DOC¢;. When DOC < DOCcj, the depth of generated grating
is too small to provide sufficient diffractive color. In other words, only
when the DOC increases up to the lower limit value DOCc;, the white
light can be efficiently diffracted. This phenomenon could be attributed
to the ploughing effects in the cutting process. When the DOC is below its
lower limit, too much ploughing happens that restricts the clear for-
mation of grating structures. However, for vibration trajectory @, there
is no obvious evidence that the lower limit of DOC exists. The white light
can be efficiently diffracted by the gratings generated with vibration
trajectory ® for all values of DOC from 0 to 40 pm. This indicates that
the vibration trajectory should have significant effects on the surface
generation quality of gratings.

In addition to the grating depth, the DOC may also influence the
surface roughness of machined grooves. The variation of surface
roughness with the increase of DOC for two typical vibration trajectories
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and the corresponding diffractive colored images of machined grooves
are shown in Fig. 7. It can be seen that, for vibration trajectory @, there
exists a sudden deterioration of surface quality, when the DOC exceeds
an upper limit value DOC¢z. When DOC > DOCcy, the surface roughness
of generated grating patterns increases from R jow t0 Rq high Under the
circumstances, the machined surface is too rough to reflect and diffract
white lights. To ensure the white light be efficiently reflected and dif-
fracted, the DOC should be kept below its upper limit value DOC¢». This
phenomenon could be attributed to the instability in the cutting process.
When the DOC exceeds its upper limit, the large impact cutting force
might trigger the instability resulting in the deterioration of surface
quality. In contrast, for vibration trajectory ®, the upper limit of DOC
doesn’t exist. The white light can be efficiently reflected and diffracted
by the gratings machined with vibration trajectory @ for all values of
DOC from 0 to 40 pm. This example further demonstrates that the vi-
bration trajectory significantly affects the surface quality of gratings.
In summary, the above two exemplary cases in terms of the effects of
DOC on the grating depth and surface roughness defines the lower limit
and the upper limit of the applicable DOC. The applicable DOC is
bounded by its lower limit and the upper limit. Hence, for the high-
quality basso-relievo sculpturing, we would like to extend the range of
DOC defined by the lower limit DOC¢; and the upper limit DOCco.

3.3. Effects of elliptical vibration trajectory on grating generation

The elliptical trajectory also has crucial effects on the surface gen-
eration quality of gratings. To quantitatively evaluate the effects of
elliptical vibration trajectory on grating generation quality, the char-
acterizing indices of surface quality including grating depths: dj, jow, dp,
high, Surface roughness: Rgiow, Rahigh and critical DOC:DOCc1, DOCc2
were obtained for all designed experimental conditions. The excavated
data of characterizing indices are shown in Fig. 8 and Fig. 9 to demon-
strate the effects of vibration trajectory.

The elliptical trajectory significantly affects the lower limit and
upper limit of DOC. As shown in Fig. 8, only trajectory No.@®® are
applicable in terms of relatively large grating depth, since they have a
lower limit of DOC (DOC¢;) with zero value. However, if considering the
surface roughness of machined surfaces, trajectory No.® is excluded
from the applicable trajectories group, due to the obvious degradation of
surface quality as shown in Fig. 9. This could result from the sharp in-
crease of chip thickness during the vibration cutting process with tra-
jectory No.®, which has a 45° orientation angle. As demonstrated in our
previous study regarding silicon cutting [20], trajectory No.® is not
beneficial to improve the surface integrity of machined surfaces due to
undesired chip thickness variation. Hence, considering both the surface
roughness and grating depth, trajectory No. ® and @ are acceptable.

s @ @ ® @ ® ® @
T T T T
S_ = Critical depth of cut DOC;
SJ 10 1 —O—Upper value of grating depthd ,high
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Fig. 8. Effects of vibration trajectories on grating depth.
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Fig. 9. Effects of vibration trajectories on surface roughness.

But considering that trajectory No. ® can achieve larger DOCcy, it is
slightly better than trajectory No. @ for the high-quality fabrication of
structurally colored basso-relievo.

In summary, for sculpturing colored basso-relievo on ultra-
machinable 360 brass with grating spacing distances of 1-3 pm, the
best elliptical trajectory is an uninclined ellipse witha =1 pm, b = 3 pm,
which can achieve maximum practicable DOC>20 pm without deteri-
orating the surface quality of generated grating patterns.

4. Vibration sculpturing results
4.1. Sculpturing and measurement setup

The sculpturing tests were performed on an ultra-precision machine
center (Nanoform X, Precitech, USA) with three linear axes (XYZ axis) and
a spindle (C axis). The machine setup with the coordinate system defi-
nition is shown in Fig. 10. The brass workpiece is mounted on the
spindle through a vacuum chuck. The workpiece surface is pre-turned
before basso-relievo sculpturing to ensure a flat and perfectly aligned
surface. A non-resonant 2-D vibration generator, which has been pre-
viously developed with a frequency bandwidth up to 2 kHz and a stroke
space of 15 pm x 16 pm, is used to generate elliptical vibration [20].
Tool vibration signals are generated using a Labview program and
outputted through a high-speed data acquisition card (National In-
struments, USA) and amplified by a two-channel piezo amplifier (PX200,
PiezoDrive, Australia). The cutting tool is mounted on the Y slide on top
of the Z slide. The cutting motion with the controlled velocity modula-
tion is provided by the Y-axis motion with the position-velocity-time
interpolation method in the raster-scan configuration; while in the
face turning configuration, the primary cutting motion is provided by
the spindle rotation. The Z slide dynamically controls the DOC for sur-
face sculpturing. The X-axis stage carries the spindle assembly to provide
the cross-feed motion.

Two optical measurement systems are set up to capture the visual
appearance of structurally colored basso-relievos, as illustrated in
Fig. 11. Since the machined grating structures are always perpendicular
to the cutting direction. The rendered images are observed in the in-
plane mount with an incident white light beam at 45° and an
observing direction perpendicular to the machined surface. Images are
taken by a digital camera mounted with a fixed focal length lens (Sony,
Japan). For the turned samples, the gratings are along the radial direc-
tion of the round workpiece, whose direction varies for each angular
position. A ring light is used to illuminate the workpiece to achieve full-
field diffraction effects, while the camera is mounted in the perpendic-
ular direction to the machined surface. In addition, the machined sur-
face profiles are obtained with a 3D laser confocal microscope
(OLS5000, Olympus, Japan).
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Fig. 10. (a) Experimental setup for modulated elliptical vibration texturing; process parameters for (b) raster scan and (c) face turning.
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Fig. 11. Optical measurement system for (a) raster-scanned and (b) face-turned basso-relievos.

Table 2
Information of images to be rendered.

Image label Geometric dimension Render strategy

25 mm x 25 mm
@ 25 mm

Raster scan
Face turning

Chinese dragon
Chinese dragon

Landscape 20 mm x 35 mm Raster scan
Oowl 20 mm x 30 mm Raster scan
Tiger 20 mm x 27 mm Raster scan

4.2. Experimental conditions for sculpturing tests

As described in the rendering strategy section, modulated elliptical
texturing is carried out to render several 3D images (see Table 2) with
both a raster scan tool path in a planing configuration and an equidistant
spiral tool path in a face turning setup. Fig. 10(b) and (c) show the
process parameters for the configurations of raster scan and face turning
respectively. The pixel size for all sculpturing tests is set to 70 pm x 70
pm, so the cross-feed is maintained at 70 pm, while the cutting velocity is
adjusted in a range of 1.1-2.1 mm/s at a fixed distance of 70 pm
accordingly. The maximum variation range of DOC (DOCpax)for every
pixel is set to 20 pm. The elliptical vibration (a =1 pm, b =3 pm, § = 0°,
f=1KkHz) is generated on a single crystal diamond insert (Contour Fine
Tooling, UK), which has a nose radius of 600 pm, a rake angle of 0°, and a
clearance angle of 20° in all sculpturing experiments.
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4.3. Results of structurally colored basso-relievo

A design of Chinese dragon is rendered in a raster scan tool path with
the recorded visual appearance compared in Fig. 12. In Fig. 12(a),
conventional elliptical vibration texturing is first applied to achieve a
structurally colored image without the modulation of DOC. Fig. 12(b)
shows the basso-relievo sculptured result without structural colors.
Fig. 12(c) demonstrates the colored basso-relievo machined by the
proposed modulation vibration texturing. Similar results of basso-
relievo have also been demonstrated on hardened steel in Suzuki
et al.‘s study [21] through an amplitude control method in elliptical
vibration cutting. In their study, the elliptical vibration is utilized to
improve the material machinability through its unique capacity of chip
thickness reduction, rather than to generate grating-type microstruc-
tures. Hence, their results only have the concave-convex visual effects
with no structural colors. In this study, the newly proposed process
combines the elliptical vibration to create gratings for structural colors
and the DOC modulation to generate concave-convex surfaces.
Compared with the results in Fig. 12(a) and (b) that only show the
structural coloration or relief image, the colored basso-relievo is more
eye-catching with refined details. For the inset in Fig. 12(c), the
microscopic view at the center of the basso-relievo is presented in Fig. 12
(d). The detailed surface profiles both measured along the cross-feed
(Profile 1) and cutting (Profile 2) directions are presented in Fig. 12
(e). Concave-convex surface features are successfully captured and
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900

Fig. 12. Machined results of a Chinese dragon design (scale bar = 2 mm). Optical images of textured samples for (a) elliptical vibration texturing without DOC
modulation (6; = 45°); (b) with DOC modulation (¢; = 0°); and (c) with DOC modulation (¢; = 45°). (d) surface profile measurement of the dragon horn; (e) cross-
sectional profiles along the cutting and cross-feed directions; (f) surface height map.

Fig. 13. Results of basso-relievo on brass samples (scale bar = 2 mm): (a) landscape; (b) owl; (c) tiger with a raster-scan tool path; and (d) Chinese dragon from the

face turning configuration.

further illustrated in Fig. 12(f). In addition, more results of structurally
colored basso-relievo are demonstrated in Fig. 13. These results have
verified the efficacy of the proposed approach to fabricate colored
basso-relievos, which should be able to achieve even higher machining
efficiency with an ultrasonic elliptical vibration tool [22]. The successful
fabrication of structurally colored basso-relievo also demonstrates the
unique capacity of the proposed process in freeform surface texturing.
This could enable its unique application potentials compared with other
surface texturing processes.

Compared with established techniques for structurally surface
colorizing such as femtosecond laser structuring [23] and laser inter-
ference patterning [24,25], the proposed modulated vibration texturing
process can realize one-step machining for colored basso-relievo fabri-
cation by combining surface sculpturing and texturing with a single
setup. It might be possible that the laser-based process can also be used
for surface sculpturing by improving the power input to enhance the
material removal volume. However, the surface quality and material
removal volume of laser-based process cannot be achieved simulta-
neously. Hence, the process has to be divided into two discrete steps
including surface sculpturing (utilizing micro-milling for example) and
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surface texturing (by laser-based process) [26]. The separation of two
micro-machining steps not increases the manufacturing time and costs,
but also brings more technical challenges of real-time focusing due to
the variation of surface height of sculptured surfaces.

5. Conclusions

This study proposes a one-step fabrication method for structurally
colored basso-relievo with modulated elliptical vibration texturing. The
modulation of nominal cutting speed controls the generated gratings
spacings to provide diffractive structural coloration. In the meantime,
the synergistic modulation of DOC controls the relative height variations
of generated gratings to provide concave-convex topography. Grooving
experiments were conducted on brass workpieces to understand the
nonlinear interactions between tool and workpiece. The grating depth
and surface roughness were utilized to characterize the surface quality
of generated grating patterns. The process window in terms of vibration
trajectory and DOC range was identified based on the above cutting
mechanism study. The following conclusions can be drawn.
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(1) New 3D image rendering strategy for both raster scan and face

(2

3

turning configurations have been presented. The face turning
setup utilizes an equidistant spiral tool path. It is able to improve
the image rendering efficiency by eliminating the time-wasting
tool retracting action over the raster scan.

For the high-quality basso-relievo sculpturing, the applicable
DOC should be bounded by a lower limit and upper limit. This
results from the inverse effects of DOC on the grating depth and
surface roughness. The applicable range of DOC is significantly
dependent on the elliptical trajectory. The best elliptical vibra-
tion trajectory is an uninclined ellipse with amplitudes of 1 ym
and 3 pm in cutting and DOC directions respectively. It can
achieve the maximum upper limit of DOC>20 pm without dete-
riorating the surface quality of generated grating patterns.
Sculpturing tests with a line writing speed of 1.1-2.1 mm/s on
brass verified the efficacy of the proposed process. It can fabricate
structurally colored basso-relievos in one-step machining. The
speed can be potentially improved 10-30 times by adopting an
ultrasonic vibration cutting tool. Compared with the machined
results with only structural colors or basso-relievo, the structur-
ally colored basso-relievo demonstrates a more eye-catching vi-
sual appearance with refined details.
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