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[Abstract

N

A thin-film graphite sheet was manipulated for 3D cubic structures by nanorobotic manipulation inside an electron micro-
scope. A cubic net of thin-film graphite sheet was designed and fabricated by Focused Ion Beam (FIB) etching for bending ma-
nipulation. Groove lines were designed and etched by FIB to bend at a desired position. Then, each surface of cubic net was bent
to form a cubic 3D structure. In this paper, the bending stress was measured using a silicon cantilever to determine the elastic and
plastic deformation regions for the bending manipulation. From the experimental results, the yield points are changed depending
on the thickness of the groove lines for the thin-film graphite sheet.
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Introduction

Graphene comprises carbon atoms with a sheet-like
nanostructure. It has received a great deal of attention after being
separated from graphite by a simple scotch tape method in 2004
[1]. Researches on graphene-based catalysts [2,3] and electric
devices [4,5], were conducted for applications recently. It has
various excellent physical properties such as mechanical strength
[6], mechanical conductivity [7], and thermal conductivity [8].
Until now, various applications in Nanoelectromechanical System
(NEMS) using graphene have been proposed such as optical
interferometers [9], photovoltaic devices [10], and LC circuits
[11]. Some sensors and actuator require Three-Dimensional
(3D) structure. Fabricating to 3D structure, such as Origami-
inspired construction of 3D microstructures [12] and fabrication
of 3D structure using FIB stress introduced deformation [13] etc.
Extending the Two-Dimensional (2D) structure of graphene into a
3D structure would make it useful for integration into a 3D NEMS.

To achieve a 3D thin-film graphite structure from 2D thin-
film graphite, we propose to use a Nanomanipulation technique.

We have previously worked on 3D Nanomanipulation of carbon
nanotubes inside a Scanning Electron Microscope (SEM) [14]
and a Transmission Electron Microscope (TEM) [15]; the SEM
enables us to obtain an almost real-time observation in 3D space.
A nanorobotics approach was recently developed to handle 2D
thin-film graphite structures using SEM Nanomanipulation
[16]. However, it is challenging to achieve a 3D graphene
structure by integrating 1) lifting, 2) bending, 3) cutting, and 4)
Nanomanipulation-based bonding techniques.

To obtain a 2D patterned thin-film graphite structure, some
etching techniques are required to fabricate a designed shape. For
example, direct mechanical force [17] and electrochemical etching
techniques [18] were demonstrated to selectively etch thin-film
graphite. In these techniques, a probe is needed, and it is not easy
to fabricate relatively complicated 2D patterned thin- film graphite
structures. On the other hand, an ion beam was used to obtain
2D patterning effectively [19]. This technique is widely used for
micro/nanofabrication and is useful for fabricating 2D patterns
thin-film graphite structures with arbitrary shapes. Additionally, it
is easy to change the etching depth depending on the dose rate of
the ion beam on the sample.
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On the other hand, the mechanical evaluation of thin-film
graphite was performed using Atomic Force Microscope (AFM)
manipulation. The Young’s modulus of monolayer graphene was
determined as 1 TPa and the breaking strength is 42 N/m [20]. For
polycrystalline graphene, the membrane has a 53 GPa maximum
failure stress [21], and the shear stress is revealed by a similar
technique [22]. Evaluation of the mechanical stress of graphene
was performed using elastic silicone substrates [23]. However, the
bending stress of thin-film graphite was not investigated in previous
work. Since the bending stress is important for 3D manipulation,
effective bending was especially considered in our design by
adding groove lines on the thin-film graphite to determine the
bending lines by concentration of the bending stress.

In this paper, we propose a fabrication strategy to turn 2D thin-
film graphite into a 3D cubic structure using Nanomanipulation.
Figure 1 shows the bending process of a thin-film graphite sheet.
Figure 1a shows a thin-film graphite sheet.
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Figures 1(a-c): Bending process of thin-film graphite sheet. (a) Thin-film
graphite sheet. (b) Fabrication of the groove line by FIB. (¢) Measurement
of thin-film graphite bending force by a silicone cantilever based on
nanorobotics manipulation.

A thin-film graphite specimen was fixed on the sample stage.
Figure 1b shows that the thin-film graphite was cut into arbitrary
shapes and grooved to facilitate bending by FIB. Figure 1c shows
that the bending force of the thin-film graphite was measured using
a cantilever. A Nanomanipulator with three degrees of freedom
was used to handle the end effectors in a coordinated manner. The
Nanomanipulator was installed inside a Field-Emission Scanning
Electron Microscope (FE-SEM) for high resolution observation in
a 3D space. A 2D cubic net of thin-film graphite was designed and
fabricated using FIB etching. Each surface of the cubic net was
bent to form a 3D cubic structure. The bending stress was also
measured by bending manipulation of the surface of the cubic net
using a silicon cantilever.

The advantage of our approach is that the 3D thin-film
graphite structure is obtained by simple bending process like an
Origami using a manipulator. The Origami processing method is
considered to be an effective method for fabrication of 3D various
micro-nano structures [12]. In addition, basically, the thin-film
graphite sheet has a structure formed by multilayered graphene,
which has advantageous such as simple fabrication process as

same as graphene, easy to handle for Nanomanipulation and easily
obtainable.

Experimental Equipment and Procedures
for Bending Thin-film Graphite Using a
Nanomanipulation System

NanoManipulation System Inside FESEM

We used a nanorobotic manipulation system inside a
FESEM for lifting and bending thin-film graphite. Figure 2a
shows a schematic diagram of the nanomanipulation system inside
a FESEM chamber. It comprises a sample stage for placing a thin-
film graphite sample and a nanomanipulator with 3 translational
degrees of freedom. A tungsten probe for bending the thin-film
graphite is attached to the nanomanipulator. Figure 2b shows a
photo of the nanomanipulation system in the FESEM. The thin-film
graphite was prepared using the scotch tape method from highly
oriented pyrolytic graphite [1]. To facilitate nanomanipulation, the
thin-film graphite was fixed on the sample stage inclined at 60°.

Thir-film graphite FESEM
e chamber

A\

~\‘ =~

Encl effectar

Sample stage

/

= Manamanipul atar

i

Figures 2(a,b): Experimental set-up of Nanomanipulation system inside
FESEM. (a) Schematic diagram of Nanomanipulation system in FESEM
(top view). (b) Overview photo of Nanomanipulation system in FESEM.

Preparation of End Effector by Tungsten Probe

To lift up the thin-film graphite sheet, an end effector was
prepared using FIB. A tungsten probe 1 um in tip diameter was
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attached to the nanomanipulator as an end effector. If the cubic
surface was lifted with the tungsten probe directly, the thin-film
graphite would be damaged because the tip of the tungsten probe is
too sharp. In this study, the size of the tungsten probe was adjusted
for the cubic net design to maintain the contact area. The width of
the tungsten probe was determined by the FIB etching process to
be 10 um; this size is same as the width of one cubic surface). The
thickness of the tungsten probe was thinned to about 5 um to avoid
contact with the sample substrate.

SEM images of the fabricated tungsten probe are shown in
Figure 3. Figure 3a shows the tungsten probe before fabrication,
and top and side views of the fabricated tungsten probe are shown
in Figure 3b and Figure 3c, respectively.

Figures 3(a-c): SEM images of fabricated tungsten probe. (a) Before
fabrication of tungsten probe. (b) Top view of the fabricated tungsten
probe. (¢) Side view of the fabricated tungsten probe.

Preparation of 2D Thin-film Graphite Structure

At first, a thin-film graphite cubic net was prepared using FIB
etching. The design is shown in Figure 4a; the width and length of
one cubic surface were designed to be 10 pm. For bending the
thin-film graphite net in the perpendicular direction, it is important
to decide on a groove line. Hence, FIB etching was operated under
two conditions; the outer lines were etched at a dose amount of
5900 x 10 ion/cm? to cut the thin-film graphite fully, and the
boundary of each surface was etched at a dose amount of 590
x 10" ion/cm? to form the groove line. The fabricated thin-film
graphite cubic net is shown in Figure 4b. The net was cut to form
a surface of box structure with a groove line.
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Figure 4(a, b): Fabrication of patterned thin-film graphite. (a) Schematic
of patterning of thin-film graphite. (b) SEM images of fabricated patterned
thin-film graphite.

Bending Procedure of Thin-film Graphite

In order to change the thickness of the groove lines, the
fabrication amount of thin-film graphite was measured for different
dose amounts of the FIB. Figure 5 shows the SEM images of the
fabricated thin-film graphite trench. The cross section area of thin-
film graphite trench was measured for different dose amount of FIB.
Each fabricated amount was 0.07 um? (Figure 5 a), 0.05 pm? (Figure
5b), 0.04 um? (Figure 5c¢), 0.03 pm? (Figure 5d), 0.02 pm? (Figure
5e), and 0.01 pm? (Figure 5f). Figure 6 shows the cross section area
of fabricated thin-film graphite trench by different doze amount.
This result indicates that a linear relationship between the fabricated
amount and the dose amount (1.0 x 10*um? /(10%ion/cm?)).

Figures 5(a-f): Fabrication results of thin-film graphite by different dose
amounts of FIB. (a) Dose amount: 590 x 10" ion/cm?. (b) Dose amount:
492 x 105 ion/cm?. (¢) Dose amount: 393 x 10" ion/cm?. (d) Dose amount:
295 x 105 jon/cm?. (€) Dose amount: 197 x 10" ion/cm?. (f) Dose amount:
98 x 10" ion/cm?.
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Figure 6: Cross section area of the fabricated trench of thin-film graphite
by different doze amount.

For bending stress analysis, the thin-film graphite is required
to be lifted up. The lifting-up and measurement processes are
shown in Figure 7. At first, a single surface of the cubic net design
was prepared by FIB etching (Figure 7a). When lifting the single
surface of thin-film graphite, a groove line was formed (Figure
7b). Figure 7c shows the release of the probe. Thin-film graphite
is lifted by plastic deformation, making the measurement with a
cantilever easier.
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Figures 7(a-c): Schematic diagrams of lifting up process. (a) Cutting
thin-film graphite by FIB. (b) During lifting up. (¢) After lifting up (side
view).

Bending Stress Measurement of Thin-film
Graphite by Cantilever

Calculation of Bending Stress at the Groove Line of Thin-
film Graphite

The bending stress of one cubic surface was measured using
a silicon cantilever, and the bending force was calculated according
to Hooke’s law. The applied force of the cantilever tip, F, to the
thin-film graphite is given by Hooke’s law as

(1)

Where £ is the spring constant of the cantilever, ¢ is the angle
of the cantilever, and L, is the length of the cantilever. The applied
stress to the thin-film graphite surface, o, is written as

M Fig

Jg=—=
Z  bhifs

(2)

Where M is the applied bending moment to the thin-film
graphite, Z is the section modulus of the thin-film graphite, F is
the applied force on the thin-film graphite, and L, b, and / are the
length, thickness, and width of the thin-film graphite, respectively.
When the bending moment is applied to the thin-film graphite with
a groove line, the applied stress is concentrated on the thinnest part
of the groove line. The bending stress of thin-film graphite with a
groove line is written as

F-Lg
Tg =——— 3
9 bghg/e (3
Where bg and hg are the thickness and width of thin-film
graphite at the groove line, respectively. From this equation, the
concentration of bending stress is estimated.

Experimental Procedure of Bending Stress Measurement
of Thin-Film Graphite

In this experiment, three types of silicon cantilever were
used depending on the amount of bending stress applied. The

spring constant was 0.61 N/m with a length of 100 um, 0.16 N/m
with a length of 200 pm, and 0.02 N/m with a length of 200 pum.
Calibration experiment was conducted with the resonant oscillation
by applying electrostatic forces for the AFM cantilevers. The
relative errors of the resonant oscillations of the cantilever were
7%, 10% and 6%. It can be said that the value is correct because
the relative error is as low as 10% or less. The single surface of the
cubic net design was fabricated by FIB etching, as shown in Figure
7. The dimensions are 10 um cube edge length, 0.6 um thick, thin-
film graphite, and 0.5 pm thick groove lines. Figure 8 shows a
typical example of the lifting process of a single cubic surface. The
thin-film graphite before and after lifting up is shown in Figure 8a
and Figure 8b, respectively. Figure 8c shows a side view of the
lifted-up thin-film graphite by rotating it 90" in the SEM chamber.

Lifted thin-film
graphite

“Prahe

- i
Thin-film graphite

Figures 8(a-c): Experimental results of lifting up process of thin-film
graphite. (a) Before lifting up. (b) During lifting up. (¢) After lifting up
(side view).

To evaluate the amount of plastic deformation for different
thicknesses of groove lines, the bending stress is measured for a
single cubic surface of the thin-film graphite. A schematic diagram
of the bending stress measurement is shown in Figure 9. At first,
the single cubic surface is lifted up at an initial angle as shown in
Figure 9a. The lifted thin-film graphite is bent step-by-step using a
Nanomanipulator, and the applied bending force is measured by a
silicon cantilever (Figure 9b). The bending angles of the thin-film
graphite and the cantilever are measured from the SEM images.
After releasing the silicon cantilever from the thin-film graphite,
the thin-film graphite is bent by plastic deformation (Figure 9c).
In this experiment, bending stress of thicknesses of three groove
lines was measured. Each measurement was repeated three times
to obtain the amount of deformation after bending.

Thin-film
m graphite m m
O Bending
5 angle
', Initial
fMove angle E'% Releasing angle
Cantilever ‘

Figures 9(a-c): Schematic diagrams of bending stress measurement. (a)
Before measurement. (b) Bending force measurement from cantilever
deflection. (¢) After measurement.
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Experimental Results of Bending Stress Measurement of
Thin-film Graphite

Figure 10 shows the experimental results of the bending stress
analysis for the single cubic surface (hg: 0.2 pum first time). Figure
10a shows thin-film graphite before applying the bending force.
Initial angle was 32.8". The thin-film graphite was bent using the
silicon cantilever (spring constant: 0.02 N/m) by moving it in the
horizontal direction Figure 10b. The released thin-film graphite is
shown in Figure 10c. The angle of the thin-film graphite was 35.2°
after releasing from the maximum angle of 51.4°. Figure 11 shows
the experimental results of a bending stress diagram for a groove line
thickness of 0.2 pum. The bending process was repeated three times
to the same thin-film graphite sheet. As shown in Figure 11, the thin-
film graphite sheet was bent elastically. Under this experimental
condition, the plastic deformation was 1.8 £ 0.5° on an average
in the three times bending processes. The increase in the first and
second bending stress was linear. The angle of bending after release
returned to the starting angle. Hence, the bending is considered
to be in the elastic region for a groove line thickness of 0.2 pum.

]

Cantilever

Figures 10(a-c): SEM images of bending stress measurement using
a silicon cantilever (Thickness of groove line: 0.2 pum). (a) Before
measurement bending force (Initial angle: 32.8°). (b) During bending force
measurement (Bending angle: 51.4°). (¢) After measurement (Bending
angle: 35.2°).
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Figure 11: Bending stress diagram depending on bending angle of thin-
film graphite (Thickness of groove line: 0.2 pm).

Figure 12 shows the experimental results of the bending
stress analysis for the single cubic surface (4 : 0.4 um first time).
Figure 12 a shows thin-film graphite before applying the bending

force. The initial angle was 17.5". The thin-film graphite was bent
using the silicone cantilever (spring constant: 0.16 N/m) by moving
in the horizontal direction (Figure 12b). The angle was bent up
to 54.1°. The released thin-film graphite is shown in Figure 12c.
Releasing angle is 21.4°. Figure 13 shows the experimental results
of bending stress diagram for a groove line thickness of 0.4 pm.
The bending process was repeated three times to the same thin-
film graphite sheet. As shown in Figure 13, the thin-film graphite
sheet was bent elastically. Under this experimental condition, the
plastic deformation was 2.2 + 1.7 on an average in the three times
bending processes. Although the plastic deformation amount is
larger than 0.2 um, it has returned to almost the original angle.
Hence, the bending is considered to be in the elastic region for a
groove line thickness of 0.4 pum.

Figures 12(a-c): SEM images of bending stress measurement using
a silicon cantilever (Thickness of groove line: 0.4 pm). (a) Before
measurement bending force (Initial angle: 17.5°). (b) During bending force
measurement (Bending angle: 54.17). (¢) After measurement (Bending
angle: 21.4%).
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Figure 13: Bending stress diagram depending on bending angle of thin-
film graphite (Thickness of groove line: 0.4 pum).

Figure 14 shows the experimental results of the bending
stress analysis for the single cubic surface (hg: 0.5 um first time).
Figure 14a shows thin-film graphite before applying the bending
force. Initial angle was 3.6". The thin-film graphite was bent using
the silicone cantilever (spring constant: 0.61 N/m) by moving
in the horizontal direction (Figure 14b). The released thin-film
graphite is shown in Figure 14c, was bent up to 50.8°, and became
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22.5" after release. Figure 15 shows the experimental results of
bending stress diagram for a groove line thickness of 0.5 um. The
bending process was repeated three times to the same thin-film
graphite sheet. As shown in Figure 15, the thin-film graphite sheet
was bent elastically. Under this experimental condition, the plastic
deformation was 13.1 + 5.9" on average in the three times bending
processes. It was greatly plastic deformed than before. The
bending stress gradually changed after a linear increase. Hence,
plastic deformation occurred under this experimental condition for
a groove line thickness of 0.5 um.

Figures 14(a-c): SEM images of bending stress measurement using
a silicon cantilever (Thickness of groove line: 0.5 pm). (a) Before
measurement bending force (Initial angle: 3.6%). (b) During bending force
measurement (Bending angle: 50.8%). (¢) After measurement (Bending
angle: 22.5%).
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Figure 15: Bending stress diagram depending on bending angle of thin-
film graphite (Thickness of groove line: 0.5 um).

Table 1 shows a summary of experimental data obtained by
the bending stress measurement for each thickness of a groove line
with an initial angle, a maximum angle, an angle after releasing,
an angle difference by plastic deformation, an applied force at
maximum angle, and a bending stress at maximum angle. When
the thickness of the groove line was increased, the amount of

plastic deformation was also increased. As shown in Figure 11 and 13, the bending stress diagram shows an almost linear relationship
for a groove line thicknesses at 0.2 um and 0.4 pm. On the other hand, as shown in Figure 15, the bending stress diagram shows a non-
linear relationship for the groove line thickness at 0.5 um. As summarized in this table, these results show that the bending was in the
elastic deformation region for the thicknesses at 0.2 um and 0.4 um, whereas the bending was in the plastic deformation region for the
thickness at 0.5 pm. From these results, to perform a bending process using plastic deformation, it is necessary to conduct the bending

with the thickness of the groove line of 0.5 pm or more.

Groove line |Bending|Initial angle|[Maximum angle|Releasing angleAngle difference by plastic| Applied force at Bending stress at
thickness [um]| time | ¢ 1) [deg] | @ no0) [deg] d ) [deg)] deformation [deg.] maximum angle [uN]| maximum angle [MPa]
1 32.8 514 35.2 2.4 1.5 189.3
0.2 2 32.7 54.5 34.4 1.6 1.5 206.9
3 34.5 62.3 36.1 1.5 1.0 129.6
1 17.5 54.1 21.4 3.9 5.0 165.5
0.4 2 21.3 52.9 23.6 2.3 4.8 166.0
3 23.6 51.1 24.1 0.5 4.4 146.8
1 3.6 50.8 22.5 18.8 21.2 459.5
0.5 2 144 48.8 28.0 13.6 13.8 326.9
3 22.6 49.7 29.6 7.0 10.2 235.9

Table 1: Angle differences by plastic deformation for each groove line thickness.

Table 2 shows the bending stress at the same bending angle for each thickness of groove line. This value is calculated from the
approximated curves for each bending process obtained by the least squares method. From this result, the bending stress was higher
when the thickness increased as the applied force was increased. The plastic deformation occurred due to the high bending stress by
bending of the thick groove line that is higher than 0.5 pm under approximately 60° bending angles.
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Groove line Bending Bending Bending Bending Bending
thickness time angle 35 deg. | angle 40 deg. [ angle 45 deg. | angle 50 deg.
[uml [MPal [MPal [MPal [MPal
1 421 98.8 144.0 177.6
0.2 2 43.6 112.1 159.0 184.4
3 154 71.8 111.9 135.8
1 149.0 165.1 172.4 170.7
0.4 2 124.9 147.3 160.8 165.5
3 106.5 130.9 143.0 143.0
1 489.0 492.1 479.0 449.7
0.5 2 294.6 322.5 334.0 329.0
3 230.5 265.8 267.8 236.3

Table 2: Bending stress for each groove line thickness of groove lines at
different bending angles.

Fabrication of Three-Dimensional Structures of
Thin-film Graphite

Based on the above technique, thin-film graphite was
selectively bent into a 3D cubic structure from a 2D cubic net
design as shown schematically in Figure 16. Four groove lines
were fabricated to determine the bending position of the cubic net
for a 3D cubic structure. Each surface was bent individually using
nanomanipulation.

Experimental Procedure of Fabrication of 3D Structure
of Thin-film Graphite

A cubic net design of thin-film graphite was fabricated by FIB
etching experimentally as same as previous sections (Figure 16a).
Grooves were fabricated on the multilayered graphene surface by
FIB etching to act as groove lines (Figure 16a). One of the surfaces
of the cubic net was bent by the end effector of a nanomanipulator
(Figure 16c). The second, third and fourth surfaces of the cubic
net were bent in the same way (Figure 16d and 16e). A cubic 3D
structure of thin-film graphite was fabricated by bending process

at the groove lines (Figure 16f).
Bendin @
Thir-filrn graphite

[ () Groove line [ (b
[ (@) [ (@) | [ o
Bending/,% Eiending?@ @

Cutting Bending :
K
Frobe
Figures 16(a-f): Schematic of fabrication process 3D cubic structure of
thin-film graphite. (a) Cutting as a cubic net design by FIB. (b) Bending
of the one surface of the cubic net. (¢) Bending of the second surface of
the cubic net. (d) Bending of the third surface of the cubic net. (¢) Bending
of the fourth surface of the cubic net. (f) Fabricated 3D cubic structure by

plastic deformation based on nanorobotic manipulation.

Experimental Result of Fabrication of 3D Structure of
Thin-film Graphite

Figure 17 shows the fabrication result of the thin-film
graphite cubic structure. A net of thin-film graphite that becomes
a box with a square of 10 pm on one side was cut by FIB and 0.8
um thickness at the groove lines. The plastic deformation could
be uses for the bending process of the cubic structure because
the thickness of the groove line was higher than 0.5 um. The
fabricated thin-film graphite cubic net is shown in Figure 17a. One
of the surfaces of the cubic net was bent by the end effector of
a nanomanipulator (Figure 17(b)). The second, third, and fourth
surfaces of the cubic net were bent in the same way (Figure 17¢,17d
and 17e). Fabrication of a thin-film graphite cubic structure using
nanomanipulation was successful (Figure 17f). In this manner, a
3D structure of thin-film graphite was fabricated by bending using
a nanomanipulator without breaking thin-film graphite.

Figures 17(a-f): SEM images of fabrication 3D cubic structure. (a)
Cutting as a cubic net design by FIB. (b) Bending of the one surface of
cubic net. (¢) Bending of the second surface of cubic net. (d) Bending of
the third surface of cubic net. (¢) Bending of the fourth surface of cubic
net. (f) Fabricated 3D cubic structure.

Conclusion

Astrategy to fabricate thin-film graphite with a cubic structure
using nanomanipulation was presented. A nanomanipulator with
three degrees of freedom was used to handle an end effector in
a coordinated fashion. The mechanical properties of the bending
process were evaluated using nanorobotic manipulation. In this
study, the bending stress of thin-film graphite was also measured
using asilicon cantilever to reveal the elastic and plastic deformation
regions by bending manipulation. In this study, the spring constant
is supposed by Hooke’s law as the equation (1), and bending stress
is supposed as the equation (2). For this experiment, a tungsten
probe was used with FIB etching to adjust the size of the cubic net
design for the bending process. From the experimental results, the
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yield points changed depending on the thickness of the groove line.
In this experiment, elastic deformation occurred in the thin-film
graphite with a thickness of 0.4 um or less, but plastic deformation
occurred at a thickness of 0.5 um. To fabricate the 3D structure,
it is necessary to bring a plastic deformation for maintaining a
deformation as a designed 3D structure, not an elastic deformation
back to its original. From our experimental results, we conclude
that it is required to conduct the bending nanomanipulation of
thin-film graphite sheet with the thickness of 0.5 pum or more for
obtaining around 90 degrees bending angle.

Finally, a cubic net was designed and fabricated using thin-
film graphite by FIB etching, and each surface of the cubic net
was bent to form a 3D cubic structure. In this paper, the width and
length of one cubic net surface were designed to be 10 um. The
bending stress was also measured by bending manipulation of one
surface of the cubic design using a silicon cantilever. By bending
at an angle of more than 90", the bending stress decreased slightly
and then increased. From this bending point, the thin-film graphite
was considered to undergo plastic deformation.

In future work, various 3D thin-film graphite structures will be
fabricated using nanomanipulation based on the proposed method.
It needs to reveal maximum bending angle by a bending test,
since the graphite or graphene is considered to be brittle material
basically. Additionally, a cycle test is required to obtain a fatigue
strength. In another aspect, some additional supporting technique
might be available to build certain shape micro-nano structures at
the fabricated 3D structure. For example, EBID (Electron Beam
Induced Deposition) can be considered as a proposal to improve
durability [24,25]. It is considered that the durability can be
improved by reinforcing the groove line and bent faces with the
additional 3D structures. By applying the technique of'this research,
it is expected that thin-film graphite is applied into various 3D
structures or 3D devices, such as four-sided pyramid and cylindrical
column etc. various 3D structures [12], 3D devices such as nanosplit
rings [13] and nanogripper opening and closing by electric [26].
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