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Abstract

This study proposed a processing method for the hierarchical structure based on the V-shaped groove. A novel
machining system was set up: a pyramidal tip usually used for nanoindentation was driven by two piezo actuators
to do revolving motions. Meanwhile, the system can achieve the control of the revolving trajectory and tip’s
orientation. The revolving trajectory was introduced on basis of the traditional scratches (face-forward and edge-
forward). By designing the collocation of the revolution and the orientation of tip to the feeding direction, three
kinds of hierarchical structures have been obtained. The primary microstructure is the V-groove with or without
pile-ups at two sides, and the secondary nanostructure is the texture on the surface of sidewall. The consistency
of texture from the groove’s top to the bottom and the texture periodicity along the groove have been analyzed.
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1. Introduction

The hierarchical structure can endow the special
function to the engineered surface, such as
anisotropic wetting [1], which is a focused research.
Many techniques for fabricating the hierarchical
structures have been studied based on the existed
processing techniques. But most of them are
achieved by the combination of two or more
techniques [2], which makes the fabricating process
more complicated. With the advantages of the broad
range machinable materials and the flexible
processing system, micro mechanical machining
technique is used to fabricate the hierarchical
structures by many scholars. In mechanical
machining technique, most of the hierarchical can be
machined by one-step. Guo et al. [3] machined the
channels with cusps formed at the bottoms by
utilizing the elliptical vibration cutting method and
controlling vibration amplitude and feeding velocity,
and the machined structure could change surface
wetting along different directions. Zhu et al. [4] used
method of single point diamond cutting on a ultra-
precision machine tool with four-axis servo motions
and by optimizing the toolpath successfully machined
the three-dimensional hierarchical structure.

For processing the hierarchical structure in
mechanical machining technique, though the
machined second-order structure could achieve the
nanometer size by designing the machining strategy,
the first-order structure is not able to be machined
very small due to the factor of the size of traditional
cutting tool. In order to create smaller features some
new machining methods have been developed. Xue
et al. [5] utilized piezoelectric translation stage to
revolve a micro three-sided pyramidal tip and
machined  three-dimensional  structures  with
dimensions ranging from ten micrometers to several
hundred micrometers.
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The purpose of this study is to propose a method
of tip-based revolving scratch to produce the
hierarchical structure on aluminum alloy surface,
which could generate the primary structure with
dimensions of several micrometers and the
secondary structure with nanoscale dimensions

2. Experimental details and methods

A new machining system was set up used for
fabricating the hierarchical micro-nanostructure as
the photograph shown in the Fig. 1(a), which was
mainly made by a rotation stage, a Z actuator, a XY
actuator, a three pyramidal tip, a tilt stage and a
positioning stage. Due to the asymmetry of the
pyramidal tip, scratching along different directions
would produce different types of grooves. And hence,
before the fabrication, the orientation of the
pyramidal tip should be determined, which is
achieved by the rotation stage making one of edges
of the tip parallel to the positioning stage. The Z
actuator is a linear piezo stage (P-753, Pl Company,
Germany) with the travel of 12 pm, resolution of 0.05
nm and unload resonant frequency of 5.6 kHz. The
XY actuator is a two-dimensional piezo scanner (P-
713, Pl Company, Germany) with the travel of 20 pm,
resolution of 0.1 nm and unload resonant frequency
of 2.2 kHz. The pyramidal tip used is the
nanoindentertip (cubecorner, Synton-MDP Company,
Switzerland) which has three cutting edges and is
made of diamond material. As shown in Fig. 1(b), the
face angle and nose angle of it are respectively 55°
and 105°, and the radii of cutting edges are scanned
by AFM and estimated about 40 nm all for three. The
workpiece material is aluminum alloy (2024) which
has the mirror-finish surface (about 5 nm Ra)
obtained by ultra-precision turning. The tilt stage is
used to eliminate the inclination of the workpiece
surface during machining experiments. And the
positioning stage (M-714.HD, Pl Company, Germany)
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provides the one-dimensional feeding motion for the
workpiece. The processing experiments were
performed under the ambient condition and free of
the cutting fluid.

When machining  the  V-groove  with
nanostructure inside, the Z actuator and the x-axis of
the XY actuator are chosen to produce moving
trajectories in the XZ plane as shown in Fig. 1(c) and
the y-axis of the XY actuator is out of use. The XY
actuator is mounted on the bottom of the Z actuator,
and the tip is installed on the XY actuator. Therefore,
the movement of the tip is the resultant motion of
these two actuators. Two sinusoidal excitations (a
phase lag of 90°) with the same frequency are
respectively input to the actuators and made the
actuators drive the tip do the revolving resultant
motion. Due to the translation motion of each
actuator, the tip posture would not be changed with
the revolution. Meanwhile, by changing the amplitude
of excitation, the revolving radius can be controlled,
which shows the flexibility of this machining system.
Due to the influence of the load state and the
difference of the resonant frequency, the working
frequencies of actuators would be lower. In this study,
the revolving frequency is set to 50 Hz, under which
the tip can achieve the ideal trajectory. The specific
machined conditions are summarized in Table 1.
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Fig. 1 (a) The photograph of machining system, (b) the
geometry of the pyramidal tip and (c) the schematic of
machining process.

238 Guido Tosello, Hans Nergaard Hansen, Kornel Ehmann and Stefan Dimov (Eds.)

Table 1

The machining conditions for experiments.
Tool material Diamond
Workpiece material Aluminum alloy
Revolving radius (x=y) 5pum, 0.3 um
Revolving frequency 50 Hz

Phase shift 90°

Cutting depth 1 um

Feeding rate 20 pm/s, 40 ym/s, 60 pm/s

3. Results and discussion

In the traditional scratch of tip face-forward for
fabricating V-groove (as the condition 1 in the Fig.
2(a)), to suppress the burr formation the elliptical
vibration is often employed, which revolves forward
along the feeding direction. In the contrast, the
reverse revolution is chosen by us and the revolving
radius is larger than the groove depth (5 pm
revolving radius and 1 ym cutting depth) as condition
2 described in Fig. 2(a). From the SEM image in Fig.
2(b) the machined structure is stacked layer by layer
regularly like the scales. In each revolution the
material would be cut into two pieces by the tip edge
and respectively pushed to the two sides by the tip
faces stacked together with the previous pieces. The
feed rate would decide the thickness of the pieces.
Fig. 2(c) is the scanned image by AFM in which the
colored lines are corresponding to the cross-sections
in Fig. 2(d). It can be seen that the structure has V-
groove shape with pile-ups formed at the two sides
which is caused by the accumulation of pieces.
Meanwhile, the accumulation of pieces forms the
periodic nanostructure on the surfaces of pile-ups. In
Fig. 2(d) the red line is the cross-section of the
groove, and the other lines are the sections along the
grooves at different depths which can reflect the
periodicity of nanostructure. Combined with their
spectrums in the Fig. 2(e), it can be found that the
height variation of the secondary nanostructure is not
very prominent, and from the top to the bottom of the
pile-up, the periodicity of it gradually weakens.
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Fig. 2 The hierarchical structure machined by face-forward



revolving scratch with large revolving radius. The revolving
trajectory was the circle with 5 ym radius and 50 Hz
frequency; cutting depth 1 um; feeding rate 20 pm/s.

During the traditional edge-forward scratching
process, the removal material can not form a chip but
plastically flow to the groove’s two sides becoming
pile-ups as shown in Fig. 3(a). On this basis, a
revolving trajectory forward along the feeding
direction is added to the tip as shown in Fig. 3(b).
When the revolving radius is smaller than the cutting
depth to a certain extent, a kind of hierarchical
structure that pile-up with nano texture on the
sidewall can be obtained in one-step scratching
process as shown in Fig. 3(c), which is under the
condition of 0.3 ym revolving radius, 1 um cutting
depth and 20 pm/s feeding rate. There are well-
regulated and inclined texture formed on the groove’s
side-wall. Fig. 3(d) is the groove’s head
corresponding to the position of final cut. It can be
seen that the inclination of texture is opposed to the
feeding direction, indicating that each ridge of this
texture is not the tool mark but formed from the
material plastic deformation caused during tip
revolving to the rear. Similarly, the cross-sections at
different depths and corresponding spectrums are
shown in Fig. 3(e) and (f). It can be seen that though
the top section does not have the periodicity, the
middle and the bottom show well consistency and
periodicity of the nanoscale sinusoidal variation
which are much better than that in Fig. 2. If the array
of this hierarchical structure is machined, due to the
inclination of this secondary nanostructure, it may
cause different sliding angles of the droplet along the
groove.
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Fig. 3 The hierarchical structure machined by edge-forward
revolving scratch with small revolving radius. (a) is machined
directly by the edge-forward scratching, and (c) is machined
by introducing the revolution on the edge-forward scratching.
The revolving radius was set to 0.3 ym and frequency was
50 Hz, and the feeding rate and cutting depth were 20 pm/s
and 1 ym.

Each ridge of structure is formed in once
revolution, and hence the periodicity of texture is
decided by the feeding rate. Fig. 4(a) and (b) shows
the structures machined under the conditions of
larger feeding rates. It can been seen that the
textures with different periodicities also have well-
regulated and consistency. From the spectrums in
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Fig. 4(c), it can be found that the feeding rate can not
only change the periodicity but affect the wave
amplitude of the texture. The structure machined
under the 40 um/s feeding rate has larger amplitude
of the wave. Meanwhile, with the feeding rate
increasing there will be new harmonic wave

produced as marked in black arrow, which indicates
that in these conditions the texture is on longer
similar to the single sinusoidal variation but the
superposition of two sinusoidal waves.
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Fig. 4 The secondary structures with different periodicities of
hierarchical structures machined by the same edge-forward
revolving scratch under different feeding rates. (a) was under
40 pm/s feeding rate and (b) was 60 um/s.

For fabricating prim arrays as a injection mold,

the pile-ups at groove’s two sides may be not wanted.

To obtain the groove without pile-ups, the face-
forward scratch can be used which machines the
groove as shown in Fig. 5(a). Similarly, by designing
the machining strategy (Fig. 5(b)), the hierarchical
structure based on this groove can be fabricated as
shown in Fig. 5(c). In this condition, the revolving
trajectory is added to the face-forward scratch with
forward revolution along the feeding direction, which
is similar to Fig. 2(a) but has much smaller revolving
radius (0.3 pm). In traditional face-forward scratch,
the material would be cut by the tip’s edges and then
form a long chip contacting to the groove’s head. At
the two sides there will be slight side burr formed due
to the side-flow of material caused by the effect of
chip interference. However, the height of this side-
burr is much smaller then the height of pile-up in Fig.
3. Meanwhile, due to the small radius the revolution
plays a minor role in machining process, which would
not change the removal way of material but form the
texture on the sidewall. Due to the tip geometry, the
texture also has a certain inclination. Fig. 5(d) and (e)
are under the conditions of different feeding rates,
which shows the variation of texture’s periodicity. And
from the image of sections it can be found that the
consistency of nanostructure along the sidewall is
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guaranteed. This hierarchical structure can be
machined into the array of concave die on the
surface on the aluminum alloy. By the replication, the
prism array with secondary nanostructure can be
obtained on the surface.
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Fig. 5 (a) The structure was machined by the face-forward
scratch. (c) The hierarchical structures was machined by the
face-forward revolving scratch. (c) and (d) are the
hierarchical structures machined under different feeding
rates, respectively 20 pm/s and 40 pm/s.

4. Conclusions

In this study a novel machining system based on
revolving scratch of a micro pyramidal tip was set up,
which could control not only the revolving trajectory
of the tip in vertical plane without changing the tip’s
posture but also the tip’s orientation to the feeding
direction. By designing the coordination of revolving
amplitude and tip orientation, three kinds of
hierarchical structures based on V-groove have been
obtained. The first is the V-groove with pile-ups at
two sides caused by the chip accumulation which
has the nano texture on the pile-up. The structure of
texture is not very prominent and gradually
disappears from the top to the bottom of the groove.
The second is the V-groove with pile-ups at the sides
caused by plastic flow of the material and the nano
texture on the groove’s sidewall. The third is the
groove with slight side-burr and the nano texture on
the groove’s sidewall. In the last two conditions, the
secondary nanostructure shows better periodicity
and consistency, and can be changed the period by
changing the feeding rate.
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