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A B S T R A C T

Hierarchical microchannels, which consist of the primary channel formation and superimposed
secondary nanostructures, are attracting ever-increasing attention due to their unique capacity to
enhance and modify the surface characteristics and functional performance. The mechanical machining
methods for microchannel fabrication, such as micro-milling and diamond turning, can achieve high
material removal rates without changing material properties. However, they have limited capacity to
control the channel cross-section profiles and shapes due to the relative size between the channel
dimension and tool geometry. This study proposes a new cutting-based approach for the fast and cost-
effective fabrication of hierarchical microchannels with controllable profiles and orientations by utilizing
modulated elliptical vibration texturing. The modulation motion is adopted to form the primary channel
in an incremental approach, while the elliptical vibration texturing is utilized to create micro/nano-scale
secondary textures. By controlling the tool modulation trajectory, hierarchical dimple arrays with
controllable cross-section profiles are first demonstrated. Then, by programming the layout of dimples to
adjust the overlapping ratio between each cut, channels can be formed with arbitrary cross-section
profiles and orientations. The efficacy of the proposed process has been demonstrated through numerical
simulation and experimental results. Hierarchical microchannels with straight and curving shapes, as
well as different cross-section profiles (sinusoidal, triangular, trapezoidal), have been presented.
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Introduction

Hierarchical microchannels consist of the primary channel
formation and superimposed secondary nanostructures. Various
creatures widely adopt them in nature for spontaneously tuning of
their skin properties, such as adhesion, wettability, and optical
response. With the utilization of hierarchical channels, various
specific bio-functions are achieved to assist creatures in combating
and surviving with the continuously changing environment [1].
For example, as shown in Fig. 1, sarracenia trichome utilizes
hierarchical microchannels to achieve ultrafast water harvesting
from surrounding fog to wet the slippery-footing peristome
surface for insects catching [2]. Inspired by nature, various kinds
of artificial hierarchical channels have been used to achieve unique
surface properties, such as directional liquid transport [3],
anisotropic wettability [4], drag/friction reduction [5].
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Many kinds of non-mechanical and mechanical micro/nano-
manufacturing methods have been introduced for the fabrication
of hierarchical microchannels. The non-mechanical methods
mainly include lithography, direct laser patterning, chemical/
electrochemical etching, etc. Lithography-based processes are
dominant in the fabrication of microchannel patterns [6].
However, as a laborious multi-step process to generate super-
imposed secondary nanostructures, the lithography suffers from
low efficiency. It is also challenging for lithography to control the
cross-section profile of hierarchical channels. Laser interference
patterning can be applied to fabricate hierarchical channels on
various kinds of materials, but the surface quality of laser
patterned structures is shallow due to the heating induced
material fusion [7]. Chemical or electrochemical etching is usually
applied to create hierarchical structures on metal surfaces for the
wettability modification, but it is not well-received in the modern
industry due to the utilization of environment-unfriendly chemical
etchants [8].

Compared with the non-mechanical methods, due to their
physical-based material removal principle, the mechanical ma-
chining methods are promising to fabricate hierarchical channels
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Fig. 1. Images of hierarchical channels on sarracenia trichome [2].

Fig. 2. Illustration of microchannel fabrication by (a) micro-milling and (b) diamond turning [11].
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with higher efficiency, accuracy, and surface quality, without
changing the original material properties. The mechanical
machining methods for microchannel fabrication mainly consist
of groove ruling, micro-milling, and diamond turning. Groove
ruling is the most widely applied technique for the fabrication of
microchannels. However, the microchannels fabricated by ruling
are usually restricted to straight channels with fixed cross-section
profiles. Micro-milling, which utilizes a high-speed rotational
micro cutter to remove materials with small chips, as shown in
Fig. 2(a), has multiplied in recent years to fabricate microchannels
on metal and polymers with feature size down to 10 mm in the field
of microfluidic devices [9]. However, due to its intrinsic kinematics,
micro-milling has limited capacity to create secondary nano-
structures on the generated primary microchannel [10]. Besides,
the minimal achievable width and cross-sectional profile are
limited by the tool radius and shape. One has to compromise the
design flexibility of microchannel profiles to the available tool
geometry to keep down the manufacturing cost. In order to
overcome the above restriction of micro-milling, Zhu et al.
proposed a tool path modulation method to adopt slow slide
servo and diamond turning for the fabrication hierarchical
channels, as shown in Fig. 2(b) [11]. However, due to the limited
dynamic bandwidth of slow slide servo, the method still suffers
from a low production rate. Moreover, the tool path modulation
method converts rotational motion into translational channel
formation, which adds more complexity and difficulty for
industrial implementation.

To address the research gaps discussed above, this study
proposes a novel mechanical machining approach for the fast
fabrication of hierarchical microchannels based on a modulated
elliptical vibration texturing process. The modulated elliptical
vibration texturing process, which combines the tool modulation
cutting and elliptical vibration texturing with a 2-D ultrafast non-
resonant tool, is utilized to generate hierarchical dimple patterns
on metallic surfaces in one step. By programming the overlapping
of hierarchical dimples, the hierarchical channels with controllable
orientations can be formed. In the meantime, the cross-section
profile of hierarchical channels can also be tuned by the tool
modulation trajectory. The machining efficiency can be enhanced
with the high-frequency bandwidth of the utilized vibration
cutting tool. Overall, the proposed new approach shows improved
efficiency as well as flexibility in terms of the control of cross-
section profiles and orientations over the existing methods (micro-
milling and diamond turning).



Fig. 3. Proposed generation principle of hierarchical channels. (a and b) Elliptical vibration texturing; (c and d) modulated vibration texturing.
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Hierarchical structures generation principle

Principle of modulated elliptical vibration texturing

Modulated elliptical vibration texturing combines the tool
modulation cutting and elliptical vibration texturing. In elliptical
vibration texturing, through its unique overlapping tool trajectory,
conjunct micro/nano-grooves can be created at the rate of
vibration frequency (several hundred hertz to 40 kHz). As shown
in Fig. 3(a) and (b), elliptical vibration texturing can be applied in a
ruling configuration for the direct fabrication of hierarchical
microchannels. Compared with diamond turning, it has improved
fabrication efficiency. However, direct elliptical vibration texturing
still has the drawbacks of low process flexibility: 1) the cross-
section profile of microchannel is hardly adjustable due to the
direct replication of the tool geometry. 2) The channel orientation
is not adjustable due to the restriction of the singular cutting
direction. 3) The relative orientation of superimposed secondary
nanostructures with respect to the primary channel is fixed, due to
the restriction of fixed elliptical vibration direction.

Through the addition of tool modulation motion on elliptical
vibration texturing, the process flexibility can be significantly
improved while maintaining its advantages of high efficiency. In
the newly proposed modulated elliptical vibration texturing, as
shown in Fig. 3(c) and (d), a low-frequency modulation motion is
added to the high-frequency elliptical vibration in the depth-of-cut
(DOC) direction. A similar approach of modulated elliptical vibration
texturing has been used to fabricate microstructures on difficult-to-
cut materials [12,13], which utilizes elliptical vibration to improve
material machinability [14,15]. However, in this study, the elliptical
vibration is leveraged to generate superimposed secondary nano-
structures on the primary microchannels. By effectively cutting the
channel in the oblique direction, the channels are machined in
segments. As shown in Fig. 3(c), the channel orientation and shape
can be adjusted by tool path planning, while the secondary feature
direction can be adjusted by tuning the relative angle between
the channel formation and cutting direction. Also, the cross-section
profile is de-coupled from tool geometry but relies on modulation
trajectory, which can be dynamically adjusted, as shown in Fig. 3(d).

The tool kinematics determine the geometries of generated
hierarchical structures. In order to describe the tool kinematics,
two coordinate systems are defined in Fig. 3(c). The workpiece
coordinate system (OwXwYwZw) is attached to the work-
piece surface. The tool coordinate system (OtXtYtZt) is established
on the nose center of the tool rake, assuming an indexable turning
insert. Xw and Xt are in the cutting direction; Yw and Yt are in the
DOC direction; Zw and Zt are in the feed direction. The resultant tool
motion in modulated vibration texturing consists of three motion
components: the nominal cutting, the low-frequency modulation,
and the high-frequency elliptical vibration. The overall tool motion
with respect to the workpiece can be expressed in the tool
coordinate system (OtXtYtZt) as,

(1)

where Xm,Ym, Zm are the tool motion in the Xt-, Yt-, Zt-directions,
respectively. t denotes time. vc is the nominal cutting speed. feed
refers to the cross-feed distance. Tx is the total time of one cutting
pass in Xt direction. For the two-level tool modulation motion, f1
and A1y are the frequency and amplitude of modulation motion
(low-frequency). g is a function to describe the modulation motion,
which might be a non-harmonic periodic trajectory. f2, A2x, A2y, ’
are the frequency, amplitudes, and phase of elliptical vibration
(high-frequency). The three levels of tool motions are provided by
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different sources. To be specific, the nominal cutting motions are
provided by the machine tool motion stages. The modulation
motion (low-frequency) and elliptical vibration (high-frequency)
are both provided by a piezo-actuated 2-D non-resonant tool. The
combined modulated elliptical vibration motions provided by the
2-D non-resonant tool are in the cutting and DOC directions, which
are denoted by ux and uy in Eq. (1).

One-step machining of hierarchical dimples with controllable
cross-section profile

Hierarchical dimple is the basic structural unit that the
proposed modulated vibration texturing can fabricate. The primary
and secondary structures of a hierarchical dimple are the micro-
dimple and micro/nano-grooves, which can be generated by the
tool modulation and elliptical vibration, respectively.

Hierarchical dimple patterns with controllable geometric
parameters can be generated by adjusting the process parameters.
The derivation of hierarchical dimple geometry is shown in Fig. 4.
The geometric parameters of the primary structure include
the primary interval l1, width w, depth DOC, and length l. The
geometric parameters of the secondary structure include
the secondary interval l2, and depth h. The relationship between
the hierarchical dimple geometries and process inputs of
modulated vibration texturing can be expressed as,

li ¼ vc=f iði ¼ 1; 2Þ
w ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðR � DOCÞ2

q
l ¼ vc � Dt
h ¼ A2yð1 � sinð2pf 2t0 þ ’ÞÞ

8>>><
>>>:

ð2Þ

where Dt is the actual cutting time in one modulation period,
which can be calculated from modulation motion g(t) and DOC. t0 is
an intermediate variable of time, which can be obtained by solving
Fig. 4. Geometry configuration of hierarchical dimples. (a) Dimple layout; (b) geometric p
width; (d) calculation of the dimple length.
the following equations.

A2xsinð2pf 2t0Þ þ vct0 ¼ A2xsinð2pf 2t00Þ þ vct00
2pf 2ðt0 þ t00Þ þ 2’ ¼ 3p

�
ð3Þ

Generation of hierarchical channels by programming the layout of
hierarchical dimples

Channel arrays can be formed by programming the layout of
hierarchical dimples to control the overlapping of neighboring
dimples. The layout parameters of hierarchical dimples consist of
phase-shift distance d and feed distance feed, as shown in Fig. 5(a).
When feed is small enough, neighboring dimples can overlap with
each other to form a channel. The horizontal distance dO between
the boundary of neighboring dimples can be expressed as Eq. (4),
which indicates that the overlapping is determined by the tool
nose radius, feed distance, and DOC. To generate hierarchical
microchannels with continuous boundary formation, a larger tool
nose radius, a larger DOC, or a smaller feed distance is beneficial.
Also, the phase-shift distance d influences the overlapping of
neighboring dimples. With a relatively large phase-shift distance d,
the maximal allowable values for tool nose radius, DOC and feed
distance has to be further confined.

dO ¼ f eed � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðR � DOCÞ2

q
ð4Þ

The proposed process shows high flexibility for the control
of cross-section profiles. The cross-section profile can be tuned
through the design of modulation motion function g(t). If g(t)
has the definition of a sinusoidal, triangular, or trapezoidal
function, the formed channels will have the corresponding cross-
section profiles. Moreover, the channel orientation can be
controlled as well. The channel orientation angle ur, as defined
in Fig. 5(a), can be controlled by the feed distance feed and phase-
arameters of the diamond tool; (c) relationship between the depth of cut and cutting



Fig. 5. (a) Generation principle of hierarchical channel patterns; top view of the schematic of (b) zigzag and (c) wiggling channels.
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shift distance d as,

ur ¼ arctan
d

f eed

� �
ð5Þ

d = 0 corresponds to the horizontal straight channel formation.
When d is set to non-zero, oblique channels can be machined with
different orientations. Curving channels can also be fabricated if
the phase-shift distance d is set to a variable dN based on the index
number N. In particular, we demonstrated the cases of generating
zigzag and wiggling channels as shown in Fig. 5(b) and (c). dN is
defined according to the wavelength lw (ls) and amplitude Aw (As)
of the zigzag (wiggling) channels through Eqs. (6) and (7)
respectively.

dN ¼
Aw � 2p

lw
� f eed; 0 < N � lw

2f eed

�Aw � 2p
lw

� f eed;
lw

2f eed
< N <

lw
f eed

8>><
>>:

ð6Þ

dN ¼ As sin
2p
ls

� f eed � N
� �

� sin
2p
ls

� f eed � N � 1ð Þ
� �� �

ð7Þ

Experimental setup and methods

Surface texturing experiments were conducted to verify the
efficacy of the proposed modulated vibration texturing process.
Three kinds of hierarchical structures are generated with their
optical images shown in Fig. 6, including (i) hierarchical dimples
with sinusoidal, triangular, and trapezoidal cross-section profiles;
(ii) hierarchical straight channels with sinusoidal, triangular, and
Fig. 6. Optical image of generated hierarchical structures with iridescent effects. (a) Hie
channels with zigzag and sinusoidal orientations.
trapezoidal cross-section profiles; (iii) curving hierarchical chan-
nels with zigzag and sinusoidal orientations. The optical images of
machined surfaces are shown in Fig. 6. The surfaces present
iridescent color. This color comes from light diffraction on the
periodic secondary microstructures. Though the structural colora-
tion is not the target application of fabricated hierarchical
structures, the presented iridescent colors can help to indicate
the successful generation of secondary structures.

An ultrafast 2-D non-resonant tool is used to provide modulation
motion and elliptical vibration simultaneously in this study. The
design of the vibration cutting tool is illustrated in Fig. 7(a), where
two piezo stack actuators are used to generate two-directional
motions, and then bridge-type displacement amplifiers are used to
magnify the motions from actuators. Due to its unique compact
design, the 2-D non-resonant tool has a full stroke of 9.5 mm � 15
mm, and a frequency bandwidth of up to 6 kHz. The structural
dynamics of the ultrafast tool have been presented in our previous
study [16]. The first resonant frequency of the tool is above 6 kHz,
which results in a good linear response in the whole frequency
bandwidth. This enables the precise control of tool trajectories in a
continuous frequency range. In addition to harmonic elliptical
vibrations, the developed tool is able to generate non-harmonic
trajectories, which can be used to provide modulation motion in this
study. On the one hand, to ensure the accurate trajectory generation
of modulation motion, the Fourier series of the non-harmonic
periodic excitation signals should have as many orders of frequency
contents as possible. On the other hand, the highest frequency
order should not exceed the tool bandwidth. The non-harmonic
excitation signal is usually set below one-twentieth of the first
natural frequency, which gives a usable frequency bandwidth up to
300 Hz for this tool. This bandwidth also largely depends on the
complexity of the non-harmonic trajectory.
rarchical dimples; (b) hierarchical straight channels; (c and d) hierarchical curving



Fig. 7. Surface texturing setup. (a) 2-D ultrafast vibration tool [16] and (b) experimental setup.

Table 1
Process conditions of surface texturing of aluminum alloy.

No. Feed (mm) Cutting speed Elliptical vibration Modulation motion

1 25, 75, 100, 200 9 mm/s 3000 Hz Sine, 20 Hz and 60 Hz
2 25, 75, 100, 200 9 mm/s 3000 Hz Triangle, 20 Hz and 60 Hz
3 25, 75, 100, 200 9 mm/s 3000 Hz Trapezoid, 20 Hz and 60 Hz

Fig. 8. Measured results of (a) sinusoidal, (b) triangular, and (c) trapezoidal modulated elliptical vibration trajectories and (d) original elliptical trajectory.

Fig. 9. Generated hierarchical dimples with a sinusoidal profile. (a) Simulated results and (b) experimental results.
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Fig. 10. Generated hierarchical dimples with a triangular profile. (a) Simulated results and (b) experimental results.

Fig. 11. Generated hierarchical dimples with a trapezoidal profile.
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The generation trajectories of modulated elliptical vibration
using the 2-D vibration tool can be described by:

uxðtÞ
uyðtÞ

� �
¼ Ax �Ax

Ay Ay

� �
ULðtÞ ¼ U1ðf 1; tÞ þ U2Lsinð2pf 2tÞ

URðtÞ ¼ U1ðf 1; tÞ þ U2Rsinð2pf 2t þ fÞ
� �

ð8Þ
where UL and UR are the input voltages of two piezo stacks,
respectively. Ax and Ay are the coefficients that transform input
voltages to output displacement. U1 describes the input voltage to
provide modulation motion. U2L, U2R, are the amplitudes and phase
differences of input voltages to generate elliptical vibration.

The experimental setup is shown in Fig. 7(b). The 2-D non-
resonant tool is mounted on a direct-drive linear actuator
(ACT165DL, Aerotech, USA), which is utilized to generate the
nominal cutting motion along the X-direction relative to the
workpiece. The aluminum alloy workpiece with a dimension of
2 mm � 10 mm � 30 mm was glued to a two-degree-of-freedom tilt
stage, which could be used for inclination adjustment. The tilt
stage is mounted on a three-axis nanopositioning stage
(ANT130XY and ANT130LZ, Aerotech, USA), which is used to
generate relative feed motion. A natural single crystal diamond
cutter (Contour Fine Tooling, UK) with a nose radius of 500 mm, a
rake angle of 0�, and a clearance angle of 10� was used for cutting. A
digital camera was used for tool setting. The critical processing
parameters with sinusoidal, triangular, and trapezoidal waveform
modulation motions are listed in Table 1. The modulated vibration
trajectories were measured using a pair of capacitance displace-
ment sensors before actual texturing, which are plotted in Fig. 8.
The obtained structured surfaces were measured using a digital
microscope (RH-2000, Hirox) and an optical surface profiler (Zygo).
Numerical simulation is conducted to preliminarily verify the
feasibility of hierarchical microchannel formation and to validate
the process parameters before the texturing experiments. The
numerical simulation is based on the description of tool
kinematics, which is described by Eq. (1) in section “Hierarchical
structures generation principle”, as well as the tool geometries.
Due to the relative motion between tool and workpiece, the
interactions of the tool's rake, cutting edge, and flank face with the
workpiece meshes define the material removal in the simulation
procedure. Detailed information about the numerical simulation
procedure can be found in our previous study [17].

Results and discussion

Basic structural unit: hierarchical dimples

Hierarchical dimples with sinusoidal, triangular, and trapezoidal
cross-section profiles have been experimentally generated respec-
tivelyalong with the numerical simulation results shown in Figs. 9–11.
The cross-section profiles of the dimples can be dynamically adjusted
through the tool modulation trajectory. As shown in Figs. 9–11, every
single dimple consists of two-level structures: the primary dimple
profile and the secondary micro/nano-textures. The primary structure
is a general micro-dimple with different cross-section profiles, while
thesecondary textures areparallel grooveswith an interval distance of
three micrometers and the height of several hundred nanometers.
These structural parameters are determined by the combination of
cutting parameters, particularly the tool vibration frequencies and
amplitudes. The numerical simulation results of the cross-section
profiles of hierarchical dimples agree well with the experimental



Fig.12. Surface topography and profiles of generated hierarchical channels with controllable cross-section profiles. (a) Sinusoidal profile; (b) triangular profile; (c) trapezoidal
profile.
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results, which demonstrates that the numerical simulation can be
applied in the process parameters determination to study the
hierarchical structure formation.

Hierarchical channels with controllable cross-section profile

By tuning the layout of generated hierarchical dimples,
hierarchical channels with a controllable cross-section profile
can be fabricated efficiently. Through the design of tool modulation
trajectories, the microchannel cross-section profile can be de-
coupled from the tool geometry. Hierarchical straight channels
with various kinds of cross-section profiles have been fabricated by
setting the phase-shift distance d = 0. Fig. 12 shows the experi-
mental and numerical results of hierarchical straight channels
with sinusoidal, triangular, and trapezoidal cross-section profiles.
The numerical simulation results of the microchannel profile are
consistent with the experimental results. The successful fabrica-
tion of hierarchical microchannels with different cross-section
profile confirms the capacity of proposed modulated vibration
texturing in the cross-section profile control.
Hierarchical curving channels with controllable orientations

The orientation of hierarchical microchannels can also be
controlled by the overlapping layout of machined dimples. In
particular, the orientation of primary microchannel can be
adjusted by tool path planning, while the secondary nano-
structures direction can be tuned through the relative angle
between the channel formation and nominal cutting direction.
Hierarchical oblique channels have been fabricated by keeping the
phase-shift distance d as a non-zero value. The experimental
results are shown in Fig. 13, which demonstrates that the effect of
phase-shift distance on the channel formation. The fabricated
straight microchannels (Fig. 13(b)) with as small as zero phase-
shift distance, have much smoother boundaries than the oblique
microchannels (Fig. 13(a) and (c)) with non-zero phase-shift
distance. To improve the profile smoothness of oblique micro-
channels with a non-zero shift distance, a reduced feed distance is
recommended. The above results verify the capacity of the
proposed process in the fabrication of hierarchical microchannels
with controllable orientations.



Fig. 13. Interfere photo of generated hierarchical channels (feed = 25 mm). (a) left-oblique channel when d < 0; (b) straight channel when d = 0; (c) right-oblique channels
when d > 0.

66 J. Wang et al. / CIRP Journal of Manufacturing Science and Technology 30 (2020) 58–67
Hierarchical curving channels with spatial-varying orientations
have also been fabricated by controllably adjusting the phase-
shift distance dN in Eqs. (5) and (6). Fig. 14 shows the surface
morphology of generated hierarchical curving channels. When the
dN follows the relationship with cutting passes defined in Eq. (5),
zigzag curving hierarchical channels can be fabricated as shown in
Fig. 14(a) and (b). On the other hand, when the dN follows the
relationship with cutting passes defined in Eq. (6), wiggling
curving hierarchical microchannels can be fabricated, as shown in
Fig. 14(c) and (d). The results in Fig. 14 further verify the capacity of
Fig. 14. Surface height maps of generated curving channels (feed = 25 mm). (
proposed texturing method in the orientation control of generated
hierarchical microchannels.

The results in Fig. 14 also demonstrate the effects of process
parameters (DOC and phase-shift distance) on the overlapping
of neighboring dimples. A larger DOC and smaller phase-shift
distance benefit the overlapping of neighboring dimples. By
comparing Fig. 14(a) and (b) and Fig. 14(c) and (d), we can find
that the boundary of the wiggling microchannels is smoother
than that of the zigzag microchannels. The better smoothness of
wiggling microchannel can be attributed to the larger dimple
a and b) zigzag curving channels; (c and d) wiggling curving channels.



J. Wang et al. / CIRP Journal of Manufacturing Science and Technology 30 (2020) 58–67 67
feature size (due to a larger DOC) to form wiggling microchannels
than that to form zigzag microchannels, which results from that
the actual DOC (<2 mm) for zigzag microchannels fabrication is
smaller than the DOC (>3.8 mm) for wiggling microchannels.
Besides, by comparing Fig. 14(c) and (d), we can also find that
the boundary of the microchannel with smaller phase-shift
distances (Fig. 14(d)) is smoother than that with larger phase-
shift distances (Fig. 14(c)). These results and findings are
consistent with the analysis with Eq. (4) in section “Generation
of hierarchical channels by programming the layout of hierarchi-
cal dimples”.

Conclusions

This study proposes a flexible and efficient method for the
fabrication of hierarchical channels with a controllable cross-
section profile and orientation using a modulated vibration
texturing process. A low-frequency modulation motion in
depth-of-cut (DOC) direction and a high-frequency elliptical
vibration are generated simultaneously with a 2-D ultrafast
vibration cutting tool. The modulation motion is used to create
the primary channels, while the elliptical vibration is used to
generate superimposed secondary micro/nanostructures. The
following conclusions can be drawn.

(1) A hierarchical dimple is the basic structural unit that the
proposed process can fabricate. By programming the layout of
hierarchical dimples to control the overlapping of neighboring
dimples, hierarchical microchannels with controllable orien-
tations and cross-section profiles can be generated.

(2) The primary channel orientation can be adjusted by tool path
planning, while the secondary nanostructures direction can be
tuned through the relative angle between the channel formation
and nominal cutting direction. In addition, the channel cross-
section profile can be de-coupled from the tool geometry but
dynamicallyadjustedthrough thetoolmodulationtrajectory. For
the fabrication of hierarchical microchannels with smoother
structural boundary, a larger tool nose radius and larger DOC and
smaller feed distance are beneficial.

(3) Based on the kinematics of the cutting tool, numerical
simulations have been performed to identify the dependency
of geometric parameters of hierarchical microchannel on the
process conditions, such as vibration parameters, tool geome-
tries, and cutting parameters. Hierarchical channels with
different cross-section profiles and spatial-varying orienta-
tions have been fabricated through surface texturing tests to
verify the efficacy of the proposed modulated vibration
texturing process and the accuracy of numerical simulation.
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