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Abstract
A modified five-axis cutting system using a force control cutting strategy was to machine
indentations in different annuli on the entire surface of a target ball. The relationship between
the cutting depths and the applied load as well as the microsphere rotation speed were studied
experimentally to reveal the micromachining mechanism. In particular, aligning the rotating
center of the high precision spindle with the microsphere center is essential for guaranteeing the
machining accuracy of indentations. The distance between adjacent indentations on the same
annulus and the vertical distance between adjacent annuli were determined by the rotating speed
of the micro-ball and the controllable movement of the high-precision stage, respectively. In
order to verify the feasibility and effect of the proposed cutting strategy, indentations with
constant and expected depths were conducted on the entire surface of a hollow thin-walled
micro-ball with a diameter of 1 mm. The results imply that this machining methodology has the
potential to provide the target ball with desired modulated defects for simulating the inertial
confinement fusion implosion experiment.

Keywords: force modulation, controllable indentations, entire micro-ball surface,
microsphere center alignment

1. Introduction

Anormal inertial confinement fusion (ICF) implosion continu-
ously compresses an imploding outer spherical shell towards
the target ball center by an intense radiation field, incessantly
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condensing and heating the fission fuel within the shell until
meeting fire requirements [1–3]. Due to the inherent defects
in the target surface, the asymmetric compression will trig-
ger implosion in the weak part, which can break the target
surface or result in performance failure from the generated
Rayleigh–Taylor (RT) instability on the surface of the fuel-
shell [4, 5]. Thus, RT instability has been a critical research
field with considerable experiments and intensive theories due
to its influence on ICF behaviors [6, 7]. The defects and rough-
ness of the target surface have been found to strongly affect RT
instability [8–10]. The shapes and sizes of target defects are
various and randomly distributed. In order to investigate the
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formation circumstances of RT instability, there is no doubt
that it is an urgent need to fabricate nanostructures with modu-
lated and controllable dimensions, which can simulate defects
on a target surface, so as to analyze the ICF experiments.
Most explorations regarding this subject focus on flat tar-
gets, where the evolution somewhat differs from a converging
geometry [11–13]. For example, a hollow thin-walled micro-
sphere around 1 mm in diameter is always regarded as a tar-
get ball. However, no effective processing technique exists for
solving the issue of easy deformation when machining nano-
structures on the surface of low-stiffness micro-balls. There-
fore, fabricating high-precision nanostructures on the whole
surface of a microsphere remains a challenge.

Nowadays, several processing approaches, such as laser
fabrication [14–16], micro turning [17–19], nanomachining
based on atomic force microscope (AFM) [20–22] and fast
tool servo (FTS) [23–25] cutting, have been adopted to prepare
nanostructures on microsphere surfaces. In 2000, some schol-
ars prepared a template of microstructures by excimer laser
processing. They obtained a sinusoidal microstructure with a
period of 60 µm and amplitude of 1 µm through imprinting
on a 280 µm × 280 µm area of the micro-ball surface [11].
However, due to the localization of the machining area and the
complexity of the polymer processingmechanism, thismethod
is restricted in the application of fabricating microstructures
on an entire rotary surface. Microgrooves with an average
width of 30 µm and a depth of 30 µm depth were achieved on
the microsphere surface by utilizing a six-axis ultra-precision
machining center [26]. Although the machining accuracy and
the sizes of machined structures can reach the micron level
using diamond micro turning, it is difficult to accurately con-
trol the expected depths at the nanoscale because of the motion
and limited detection precision of the machine tool. The AFM
tip-based nanomechanical machining technique [27, 28], in
which the cutting tip applies constant normal forces to the
sample, can fabricate nanodots [29, 30], nanowires [31, 32],
nanochannels [33, 34], and square-shaped, circular, and tri-
angular cavities on the microsphere surface [35]. Despite the
fact that the AFM nanomachining approach is regarded as an
effective method to machine microstructures on curved sur-
faces [36–38], the prominent disadvantages are its low effi-
ciency with a machining speed below 1 mm min−1, serious
tool wear, simple nanostructures, and most importantly lim-
ited machining area as well as small depths with approximate
200 nm [39]. For the sake of solving the difficulties in machin-
ing large depths over the non-planar surfaces of hard-brittle
materials, the force control FTS has been developed by learn-
ing from the AFM-based cutting strategy as well as the rigid
body of the machine tool for realizing high precision and high
efficiency fabrication. Differing fromAFM tip-based nanoma-
chining, the force control FTS supports sufficient stiffness and
much longer servo motion for the purpose of machining large
depths over large areas [40].

This paper proposes a novel approach using force
modulation between cutting tool and workpiece to fabric-
ate nanostructures with relatively large machined depths at
different annuli on the whole surface of a brittle material tar-
get ball, which breaks through the traditional rigid principle

of tool-based diamond cutting by displacement control. A
distinct advantage of the proposed force modulation cutting
strategy is similar to AFM-based nanomachining, in which
a force sensor measures the normal force loaded onto the
micro-ball, and a desired normal force can be loaded onto the
cutting tip by controlling the displacement of PZT. As a res-
ult, nanostructures with consistent depths can be achieved by
keeping the normal forces constant during scratching. Thus,
with regard to the employed force modulation cutting method
in this study, the sensitivity or measurement accuracy of the
force sensor as well as the material removal state mainly con-
tributes to the machining accuracy, and the stiffness of this
system has no influence on the form accuracy of indentations.
This paper is presented in the following sections. Section 2
briefly describes the establishment of a five-axis microma-
chining experimental setup based on a force feedback control
system. In addition, the relationship between the normal forces
and machined depths of the indentations as well as the pro-
cessing technique, such as the alignment of the microsphere
center, are analyzed.

2. Experimental details

2.1. Experimental setup

The modified five-axis micromachining system using load
modulation is shown in figure 1(a). This machining system
is composed of air floatation-driven high precision stages (X)
and (Y) with a resolution and stroke of 100 mm and 1 nm,
respectively, as well as a motor-driven coarse stage (Z) with
a resolution of 0.5 µm. These stages were used to adjust the
position of the cone tip relative to the micro-ball. Figure 1(c)
reveals the scanning electron microscopy (SEM) images and
the geometry of the conical diamond cone tip, which was
employed in the indentation process. AFM scanning estim-
ated that the cone angle was 60◦ and the arc radii (r) of cone
tip was 1 µm. During the machining process, the rotating
speed of the micro-ball was precisely controlled by an air-
bearing rotary stage (C), with a radial rotation accuracy of
0.26 µm, to control the distances between adjacent indent-
ations. A fine-tuning stage (LA1V-XY, NEWPORT Corpor-
ation, USA) with a dimensional resolution of 0.75 µm was
fixed on the rotary platform to align the microsphere cen-
ter with the rotating center and prevent low form accuracy
from a serious eccentric error. During the indentation process,
the cutting tip was aimed at the micro-ball center by a tur-
bine worm rotating platform (OptoSigma Corporation, KSPA-
986M, Japan), which has a rotating range and resolution of
360◦ and 52.9′′, respectively. The force-feedback control sys-
tem also contains essential components, including a controller
(UMAC, Delta Tau Data Systems, Los Angeles, CA, USA),
a piezoelectric (PZT) actuator (PSt150/7/60VS12, COREM-
ORROW, Harbin, China), and a force sensor of 50 g capacity
(LSB-200, FUTEK, Irvine, CA, USA).

In this study, a hollow thin-walled polymer microsphere
with a diameter and wall thickness of 1 mm and 30 µm,
respectively, as shown in figure 1(b), was glued to a syringe
needle. Both the applied force and the rotation speed of spindle
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Figure 1. (a) Photograph of the experimental setup. (b) Optical image of the micro-ball and cutting tool. (c) SEM images and geometry of
the diamond cone tip.

Figure 2. (a) Schematic of the proposed machining system and (b) periodic sinusoidal reference signal of applied normal force.

in the indentation process remained constant. The topography
of the machined indentations was observed through the tap-
ping mode of AFM (Dimension Icon; Bruker Corporation,
USA) using a silicon tip (TESPA, Bruker Company, USA)
with a resonant frequency of 13 kHz and spring constant of
0.2 N m−1.

2.2. Methodology of indenting on the microsphere surface

Figure 2(a) reveals the schematic of the proposed machining
principle for the force feedback control system. The normal
force loaded on the surface of the micro-ball through the tool
tip was measured by a high-sensitivity force sensor. Depend-
ing on the loaded normal force (FN) and the reference signal
of the periodic sinusoidal force, the UMAC controller decides
to extend or retract the PZT actuator to reach the feedback
control requirements. Figure 2(b) indicates that the period of
applied normal force was set at 1 s. During the first 0.5 s, the

normal force was loaded from zero to the expected peak and
then unloaded to zero. Afterwards, the normal force was kept
at zero for an additional 0.5 s. Moreover, when the rotating
speed of micro-ball was fixed, the shorter the period of nor-
mal force, the more indentations achieved. Although the com-
puter program can adjust the period of normal force, the lim-
ited response frequencies of PZT and the force sensor as well
as crowded indentations on one annulus, significantly influ-
ence the form accuracy of the machined indentations.

In order to obtain consistent indentations on the same annu-
lus of the microsphere during the continuous indentation pro-
cess, the micro-ball rotated at a constant angular speed, and
the cutting tool carried out reciprocating motions via the PZT
actuator, ensuring the constant depth of each indentation.
Obviously, the value of sinusoidal force amplitude determines
the cutting depths of indentations. The angular speed of the
micro-ball rotation determined both the number of indenta-
tions on the same annulus and the distance between adjacent
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Figure 3. (a) Schematic of the relationship between the rotation angle of the diamond cone tip and moving distances in Y and Z directions
and (b) illustration of calculation process.

indentations. In addition, the distance between different annuli
was adjusted by a high precision moving stage Y and a coarse
moving stage Z as well as a turbine worm rotating platform,
which is described in the following section 2.4.

2.3. Alignment of the micro-ball center

If the cone tip coincides with the center of the microsphere
during thewhole indentation process, it guarantees the consist-
ency of each indentation and the same distance between adja-
cent indentations, while considering the PZT’s limited range
of motion. Therefore, aligning the microsphere center with the
rotating center of the air-bearing driven high precision spindle
is absolutely essential. Firstly, for the coarse alignment, the 2D
fine-tuning stage with the glued microsphere was installed on
the rotary platform, which rotated a microsphere 360◦. Optical
capture software monitored the microsphere’s center position.
For the fine alignment process, the 2D fine-tuning stage was
used to adjust the position of the micro-ball. The details of the
centering adjustment method are provided below.

(a) The high-precision spindle stays stationary at position 1.
Meanwhile, the circular features, including the spherical
center position and contour of the microsphere, can be
obtained by extracting eight points uniformly distributed
on the dynamic video capture projection image.

(b) The microsphere rotates 180◦ to position 2. Using a
method similar to step 1, another circular contour can
be obtained. An optical software conducts the centering
adjustment operation.

(c) By fitting the two rotation centers and contours of the
microspheres obtained in steps 1 and 2 to be com-
pletely coincident, the rotation center and contour of the

microsphere should be the position where the microsphere
center coincides with the spindle gyration center.

(d) The microsphere is moved to the new circular contour
along the orthogonal directions of the 2D manual fine-
tuning stage through two screws that adjust the position.

(e) The high-precision spindle rotates 180◦ to verify that the
center of microsphere coincides with the spindle gyration
center by observing the circular contour. If the position of
the micro-ball is always within this circular contour, the
process of fine centering alignment is successfully com-
pleted. Otherwise, the above steps should be repeated.

2.4. Movement calculation for indenting on different annuli

For machining indentations at different annuli, the cone tip
was rotated along the entire surface of the microsphere by
a turbine worm rotating platform. However, it is difficult to
make the cone tip coincide with the microsphere center when
moving from one annulus to another, which results in the fail-
ure of geometries of machined indentations. Stated in the pre-
vious study [35], the largest rotation angle of the cutting tool
is restricted by the moving capacity of the 2D high preci-
sion stage. With the improvement of micromachining tools,
any desired rotation angle of the cutting tool can be imple-
mented by the high-precision stages Y and Z and the turbine
worm rotating platform in this study. The principle of accurate
mathematic calculation for the relationship between the rota-
tion angle (θ) of the cone tip and moving distances in Y and Z
directions is illustrated in figure 3(b).

Firstly, note that a vertical distance inevitably exists
between the cutting tip and the rotating center of the turbine
worm stage, defined as e in figure 3(a). In the upright direc-
tion of PZT, the cutting tool applies very little force when
approaching the microsphere vertex. In the meantime, the
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current position of PZT is recorded. For machining on the first
annulus, the cone tip was lifted and the required rotation angle
(θ′) was developed by the chosen vertical distance between the
vertex of the microsphere and the desired machined annulus
(∆h), as follows:

∆h= R−Rcosθ ′ (1)

where R is the radius of the microsphere. Based on the rotating
angle (θ′), the Y and Z stages move over distances l1 and z1,
respectively. When machining on the first annulus, the same
normal force was loaded for approaching the surface of the
microsphere and recording the extension value of PZT. Com-
pared with the value recorded in the upright position of PZT,
the increasing value of PZT extension (∆k1) can be calcu-
lated. When indenting on the second annulus, the cone tip was
adjusted to continue rotating another angle (θ′′) depending on
the desired vertical distance (∆h′) between the first machined
annuli and second one, as solved in the following equation:

∆h ′ = Rcosθ ′ +Rcos(180◦ − (θ ′ + θ ′ ′)) . (2)

The previously mentioned steps were repeated, including
moving a distance of l2 and z2, obtaining the difference (∆k2)
between the upright position of PZT in the case of rotating θ′′.
Thus, the value of h0 and e can be derived in the form of:

h0 − z1 = cosθ ′(h0 +∆k1 + e tanθ ′) (3)

z1 + z2 − h0 = sin((θ ′ + θ ′ ′)− 90◦) [h0 +∆k2
−e tan(180◦ − (θ ′ + θ ′ ′))] (4)

where θ′, θ′′, z1, z2, ∆k1, and ∆k2 are known parameters.
The moving distances l1 and l2 of the high-precision stage
Y defined with respect to the tip rotating angles of θ ′ and
θ′′, respectively, are described by the following equations (5)
and (6), which consider the geometry relationship as shown in
figure 3(a):

l1 = (h0 − z1) tanθ
′ − e

cosθ ′ + e (5)

l1 − l2 = (z1 + z2 − h0) tan(180
◦ − (θ ′ + θ ′ ′))

+
e

cos(180◦ − (θ ′ + θ ′ ′))
+ e. (6)

3. Results and discussion

3.1. Fabrication by loading different normal forces

To evaluate the capability of the proposed five-axis microma-
chining system using a force modulation cutting strategy, the
experiments of indenting by varying the loading normal forces
were first conducted on the microsphere surface. The amp-
litudes of applied normal forces were set at 5, 10, 15, 17, 20,
23, 26, and 30 mN. And the rotation speed of the spindle was
held constant at 3◦s−1.

The AFM images with cross section measurements cor-
responding to the setting normal forces of 5, 10, 17, 23, and
30 mN are shown in figure 4. The indentation depths were
evaluated to be 0.83, 1.2, 3.14, 3.58, and 4.01 µm. The rela-
tionship between the applied normal forces and cutting depths
is illustrated in figure 6(a). Three regions of the map were
clearly observed. In the case of machining forces from 5 to
15 mN, when the indenting depth was smaller than the arc
radius of cone tip, approximately 1.5 µm, the spherical cap
of the cutting tool played a critical role in machining. How-
ever, as the applied normal forces increased to the second part
from 15 mN to the critical point of 17 mN, the indentation
depths increased dramatically from 1.58 µm to 3.14 µm. This
phenomenon occurred because the machined depths were sig-
nificantly larger than the arc radii of the cone tip. As a res-
ult, the spherical cap and the cutting edge participated in the
indentation process, which dramatically increased the machin-
ing depths. For the third part with cutting forces larger than
17 mN, the growth rate of the depths slowed. This might be
attributed to the influence of material pile-up. The tool edges
contributed more to the indentation depths.

3.2. Fabrication by varying the rotating speed of the
micro-ball

To identify the influence of the microsphere’s rotating speed
on the topography of the machined indentations, the experi-
ments were extended to make indentations by selecting rotat-
ing speeds from 1◦s−1 to 3◦s−1 with an increment of 0.5◦s−1.
The applied normal force was set at 10 mN.

The AFM images and the section profiles corresponding to
rotating speeds of 1◦s−1, 2◦s−1, and 3◦s−1 are presented in
figure 5. The depths were consistent and evaluated to be 1.4,
1.21 and 1.21 µm. As shown in figure 6(b), the rotating speed
of the microsphere within a certain range, that is, increas-
ing from 1◦s−1 to 3◦s−1, has little influence on the depths of
the machined indentations. The depths obtained from rotat-
ing speeds less than 1.5◦s−1 were almost unchanged. When
the rotating speed increased to 2◦s−1, the machined depth
obtained was slightly smaller. As the rotating speed increased
to 3◦s−1, the depths became constant again. More importantly,
it is evident from figure 7 that the shape of machined indent-
ations differed from the shape of the cone tip, which sug-
gests that the machined indentations tailed off in the direction
opposite of the micro-ball rotation. This was mainly attrib-
uted to the fact that the micro-ball remained rotating during
the entire loading and unloading process of tracking the sinus-
oidal normal force signal. That is to say, when the machin-
ing tip contacted the micro-ball surface, the microsphere kept
moving. Furthermore, the faster the rotating speed of micro-
sphere, the larger the tailing off of the machined indentations.
That is the reason why the rotating speed should be controlled
within 3◦s−1 to avoid unexpected nanostructures. In addition,
the microsphere was made of a hard, brittle polymer. Thus,
slight deformation or squeezing might occur during the mater-
ial removal process. When the cutting tip left from the surface
of the micro-ball, the material elastic recovery contributed to
minor shape deviation.
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Figure 4. AFM images of the machined indentations: (a) 5 mN,
(b) 10 mN, (c) 17 mN, (d) 23 mN, and (e) 30 mN.

Figure 5. AFM images of machined indentations by 10 mN:
(a) 1◦s−1, (b) 2◦s−1, and (c) 3◦s−1.

3.3. Fabrication of indentations on the entire surface of a
microsphere

In order to demonstrate the effectiveness of machining nano-
structures over the entire microsphere surface using the pro-
posed five-axis micromachining system, the indentations were
conducted on different annuli of the micro-ball. Since the
annuli on the microsphere have different radii, the circumfer-
ences of the annuli are different. However, the computer pro-
gram ensured that the same number of indentations were made
on each annulus. Therefore, the selected rotating speed should
not be too slow, as to avoid the overlapping of adjacent indent-
ations on the annulus with a smaller circumference due to the
dense indentation. At the same time, considering the surface
quality of themachined indentations, the rotating speed should
not be too fast to cause tailing. To this end, the rotating speed
was set at 2◦s−1, that is, there were 180 indentations on each
annulus, and the machining time took 180 s. According to the
relationship between the normal forces and machining depths,
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Figure 6. Relationship between the indentation depths and (a) the applied forces and (b) the microsphere rotating speed.

Figure 7. Entire and local optical images of the machined indentations over the whole microsphere surface.

as shown in figure 6(a), the amplitude of normal force was set
at 10 mN to prevent puncturing the hollow thin-walled micro-
ball. In the present study, 28 different annuli located on the
entire surface of microsphere were selected for the indentation
process. The vertical distance between adjacent annuli and the
high precision stage movement were calculated by applying
the method described in section 2.4.

As shown in figure 7, the overall optical image of the
obtained indentations over the entire microsphere surface and
the local image of the indentations on different annuli are
marked from ‘1’ to ‘10.’ The following controllable ver-
tical distances between adjacent annuli were achieved: 12 µm
between ‘1’ and ‘2’, ‘3’ and ‘4’; 32 µm for ‘4’ and ‘5’, ‘5’ and
‘6’; 28 µm for ‘8’ and ‘9’, ‘9’ and ‘10’. Cross-sections of two
different positions were obtained by AFM scanning to assess

the quality of indentations over the whole microsphere’s sur-
face (i.e. depth and consistency). There is no doubt that the
indentation cutting depths were guaranteed to be constant at
positions 1 and 2, where the depths were 1.4 µm and 2.1 µm,
respectively, as indicated in figure 8. However, notice that the
depths in both positions were different. A possible reason for
this was that the surface material of micro-ball had a consid-
erable effect on the machined depths, which means that the
microsphere material was not uniform. In the future, accord-
ing to the indentation depths, the distribution of material on
the surface of the microsphere may be preliminarily judged
by selecting processing indentations at different positions on
the entire surface of the microsphere. The goal of machin-
ing indentations at different annuli over the entire microsphere
surface using the proposed cutting strategy was achieved.
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Figure 8. AFM images of machined indentations by 10 mN and
rotating speed of 2◦s−1: (a) position 1 and (b) position 2.

4. Conclusions

This paper investigated the possibility of machining indenta-
tions at different annuli over a hollow thin-wall microsphere
surface with a 1 mm diameter using the proposed tip-based
micromachining approach. The influence of loaded normal
forces and micro-ball rotating speeds on the machined indent-
ation depths were explored. The rotating speed of the micro-
ball determines the distance between adjacent indentations on
the same. Based on the movement calculation, adjusting the
high precision stage and the worm rotating platform based
on the movement calculation can control the vertical distance
between adjacent annuli. Most importantly, the microsphere
center should be aligned with the gyration center of rotating
stage, which is a key factor to ensuring the surface quality of
machined indentations. Finally, the effectiveness of the pro-
posed methodology of machining nanostructures on the entire
surface of microsphere was validated successfully. Further-
more, these positive results are expected to overcome the dif-
ficulties of machining high precision 3D nanostructures on the
target ball surfaces used in ICF experiments, which will pro-
mote the improvement of RT instability research.
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