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Abstract The application of self-excitation is proposed to

improve the efficiency of the nanoscale cutting procedure

based on use of a microcantilever in atomic force microscopy.

The microcantilever shape is redesigned so that it can be

used to produce vibration amplitudes with sufficient magni-

tudes to enable the excitation force applied by an actuator

to be transferred efficiently to the tip of the microcantilever

for the cutting process. A diamond abrasive that is set on the

tip is also fabricated using a focused ion beam technique to

improve the cutting effect. The natural frequency of the mi-

crocantilever is modulated based on the pressing load. Un-

der conventional external excitation conditions, to maintain

the microcantilever in its resonant state, it is necessary to

vary the excitation frequency in accordance with the modu-

lation. In this study, rather than using external excitation, the

self-excitation cutting method is proposed to overcome this

difficulty. The self-excited oscillation is produced by appro-

priate setting of the phase difference between the deflection

signal of the microcantilever and the feedback signal for the

actuator. In addition, it is demonstrated experimentally that

the change in the phase difference enables us to control the

amplitude of the self-excitation. As a result, control of the

groove cutting depth is achieved via changes in the phase

difference.
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1 Introduction

Various types of micromachining technology have been es-

tablished for use in microelectromechanical systems (MEMS)

manufacture [1]. Wet and dry etching processes [2,3], which

enable removal of materials for silicon bulk micromachin-

ing, are excessively dependent on variations in the concen-

trations of the rare chemicals used and the extreme environ-

mental created [4,5]. Laser processing [6] and focused ion

beam processing [7] techniques, which ablate materials us-

ing focused beams of light or ions, respectively, is limited

in processing accuracy by the divergence of the beam focal

point described by the wave theory of light [8] and the alter-

ation in the target layer due to heating by the incident beam

[9]. Also, these micromachining technologies are unsuitable

for nanoscale precision fabrication of structures with non-

flat surfaces. However, this problem was previously solved

using cutting methods that relied on a force control system

that could cut inclined or curved surfaces to the same depth

[10–12].

Atomic force microscopy (AFM) [13], which has been

used for nanoscale imaging of surfaces, has also been used

as a force control system for nanomachining to cut groove

of approximately 10 nm depth in single-crystal silicon [14].

The control of the distance between the microcantilever tip

and the sample surface in the AFM system was appropri-

ate for application of a constant force during the cutting

process. In addition, a microcantilever has been equipped

with a diamond on the tip, which acted as a useful cut-

ting tool [15]. The required groove has been achieved to

be cut to greater depths by increasing the pressing load set

on the tip of the microcantilever [16]. Nanomachining tech-

nology using the microcantilever in the AFM system has

been demonstrated to be a low-cost, high-precision method

for cutting of various materials into nanodots, nanolines,

and even two-dimensional and three-dimensional structures
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[17]. Those previous methods have limitations in improve-

ment of the process efficiency. On the other hand, various

types of vibration-assisted machining method have been pro-

posed for enhancing process efficiency, where either exter-

nal excitation or self-excitation is generally used [18,19].

This study intends to propose a new practical nanomachin-

ing technology and discuss the theoretic support by the fu-

sion of the vibration-assistance.

In this research, the shape of the microcantilever is re-

designed by adding a base step to produce the required mag-

nitude of the vibration amplitude. A diamond abrasive is set

on the tip and fabricated sharper using focused ion beam

(FIB) technology. Because the natural frequency of the mi-

crocantilever is modulated based on the different pressing

loads applied, the microcantilever cannot be maintained in

the resonant state at a constant excitation frequency under

external excitation. To overcome this difficulty, a new vibra-

tional cutting method is proposed that uses a self-excited

microcantilever. Through appropriate setting of the phase

difference between the microcantilever deflection signal and

the feedback signal for the actuator, self-excited oscillation

in the microcantilever is produced experimentally and the

resonance mechanism is then clarified theoretically. Further-

more, it is demonstrated experimentally that variation of the

phase difference enables control of the amplitude of the self-

excitation. As a result, variable groove depths are cut by

changing the phase difference appropriately.

2 Self-excitation cutting method using AFM system

2.1 AFM application to nanoscale cutting

Figure 1 shows the AFM system used for the nanoscale cut-

ting operations. The microcantilever is connected to the bot-

tom of the piezo actuator through the holder. The piezo ac-

tuator is then charged to cause the microcantilever to oscil-

late. The optical angle sensor, which consists of a laser and a

quadrant photodiode, measures the deflection of the micro-

cantilever tip. The tube scanner is charged to move the work-

piece within the x-y plane and also performs positional con-

trol in the z-direction to maintain a constant pressing load

during cutting.

2.2 Redesigned microcantilever and diamond abrasive

By setting the same pressing load on the microcantilever tip,

the grooves were cut to the same depth regardless of the ap-

plication of the excitation because the response amplitude at

the microcantilever tip was too small, even in the resonant

state. Therefore, to produce a sufficient response amplitude

magnitude to ensure that the excitation force can be trans-

ferred efficiently to the tip, the microcantilever shape is re-

z

Piezo actuator

Laser

Photo diode

Mircocantilever
Diamond abrasive

Oscillation

Tube scanner

x y

Workpiece

Fig. 1 Schematic diagram of AFM system applied to nanoscale vi-

bration cutting method. The system includes a workpiece, a microcan-

tilever with a diamond set on its tip, a piezo actuator to enable the mi-

crocantilever oscillation, an optical angle sensor consisting of a laser

and a quadrant photodiode to measure the deflection of the microcan-

tilever tip, a tube scanner to move the workpiece in the x-y plane and

vary the distance between the microcantilever and the workpiece in the

z-direction.

Glass

Base step

Microcantilever

(a)

Glass

Diamond abrasive

Base step

Microcantilever

2mm

1.7mm

5
0

μ
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850μm
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Fig. 2 Photo (a) and Schematic diagram (b) of redesigned microcan-

tilever. The length, width and thickness of the base step are 1.7 mm,

2 mm and 50 µm, respectively. The length, width and thickness of the

microcantilever are 850 µm, 50 µm and 50 µm, respectively.

Fig. 3 Diamond abrasive. This abrasive is set on the microcantilever

tip and fabricated using focused ion beam technique. The angle of the

fabricated diamond is 90 degrees; this angle is formed by the sides and

the triangular faces at the profile vertex.
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designed as shown in Fig. 2(a). In this design, a base step

is connected to the microcantilever. The length, width and

thickness of this base step are 1.7 mm, 2 mm and 50 µm,

respectively. The length, width and thickness of the micro-

cantilever are 850 µm, 50 µm and 50 µm, respectively, as

shown in Fig. 2(b).

A diamond has previously been fabricated using the FIB

technique to achieve an improved cutting effect [20]. For

this reason, we set a diamond abrasive on the microcan-

tilever tip and fabricated it into a tetrahedron shape using

the FIB technique. The angle of the diamond is 90 degrees

and this angle is formed by the sides and the triangular faces

at the profile vertex, as shown in Fig. 3. Hereinafter, this

redesigned microcantilever is referred to as the microcan-

tilever.

2.3 Natural frequency of microcantilever

The first natural frequency of the cantilever is calculated

[21] to be

f1 =
λ1

2

2πl2

√

EI

ρA
, (1)

where λ1, l, ρ and A denote the first-order eigenvalue, the

length, the density and the cross-sectional area of the mi-

crocantilever, respectively. E and I are the Young’s modulus

and the moment of inertia of the area, respectively, as sum-

marized in Table 1. Using Eq. (1), the first natural frequen-

cies of the microcantilever and the base step are calculated

to be 55.97 kHz and 14.06 kHz, respectively.

Table 1 Parameters of the microcantilever.

Description Symbol Value Unit

First-order eigenvalue λ1 1.875

Young’s modulus E 199.14 × 103 Pa

Density ρ 7.93 × 10−3 kg/m3

Length of microcantilever lm 0.85 × 10−3 m

Length of base step lb 1.7 × 10−3 m

Moment of inertia of Im 0.52 × 10−18 m4

area of microcantilever

Moment of inertia of Ib 0.21 × 10−16 m4

area of base step

Cross-sectional area Am 0.25 × 10−8 m2

of microcantilever

Cross-sectional area Ab 0.1 × 10−6 m2

of base step

Figure 4(a) shows the frequency response curve under

external excitation in air. The first natural frequencies of the

microcantilever and the base step were measured to be 44.35

kHz and 12.88 kHz, respectively. These values show close

agreement with the theoretical frequencies. Figure 4(b) shows

that the first natural frequency of the microcantilever is 15.49

kHz under a pressing load of 400 µN. The response am-

plitude is of sufficient magnitude to transfer the excitation

force to the tip effectively. Furthermore, because the bound-

ary condition of the microcantilever tip is changed under ap-

plication of the pressing load, the response amplitude disap-

pears in the case where the excitation frequency is within

the vicinity of the natural frequency of the microcantilever,

but the response amplitude is maintained in the case where

the excitation frequency is in the vicinity of the natural fre-

quency of the base step. Only one remaining vibration mode

is self-excited according to the method proposed in the fol-

lowing section.

(a) 20

15

10

5

0

A
m

p
li

tu
d
e 

[n
m

]

6050403020100
Frequency [kHz]

(b) 30

25

20

15

10

5

0

A
m

p
li

tu
d
e 

[n
m

]

6050403020100
Frequency [kHz]

Fig. 4 Response frequency curve (a) in air and (b) under a 400 µN

pressing load. The first natural frequencies of the microcantilever and

the base step in air were experimentally measured to be 44.35 kHz and

12.88 kHz, respectively. The first natural frequency under a 400 µN

pressing load was experimentally measured to be 15.49 kHz.

3 Cutting method using self-excited microcantilever

3.1 Change in natural frequency under various pressing

loads

In a series of experiments performed using the external ex-

citation cutting method, it is determined experimentally that
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the natural frequency of the microcantilever changes under

the application of different pressing loads, as shown in Fig.

5. Therefore, under the condition where the pressing load is

changed, the microcantilever is not maintained in its reso-

nant state under application of the external excitation.
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Fig. 5 Natural frequency of microcantilever under various pressing

loads with application of external excitation.

II

I

III

Fig. 6 Image of grooves cut with the external excitation cutting

method acquired using AFM. The upper groove is I, the middle groove

is II and the lower groove is III.

Figure 6 shows three grooves that were cut using the ex-

ternal excitation cutting method; the image shows the ex-

perimental results measured by AFM. Figure 7 shows the

sectional views of these grooves. The upper groove (I) and

the middle one (II) in Fig. 6 were cut under pressing loads

of 200 µN and 400 µN, respectively, at an excitation fre-

quency of 15.41 kHz, which is the natural frequency under

the pressing load of 200 µN. The lower groove (III) in Fig.

6 was cut under application of a 400 µN pressing load at an

excitation frequency of 15.49 kHz, which is the natural fre-

quency under the pressing load of 400 µN. The results are

summarized in Table 2. As indicated by the sectional view

shown in Fig. 7(b), the middle one (II) could not be cut into

groove.
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Fig. 7 Sectional views of three cut grooves acquired using AFM. (a),

(b) and (c) represent the sectional views of the three cut grooves I, II

and III, respectively.

Table 2 Results of groove cutting using the external excitation cutting

method.

Cutting Pressing Excitation Amplitude Depth

groove load frequency

[µm] [kHz] [nm] [nm]

I 200 15.41 25.51 30.61

II 400 15.41 11.64 Null

III 400 15.49 32.08 35.27
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Comparison of the upper groove (I) with the middle groove

(II) shows that the groove cannot be cut to be deeper when

the microcantilever is not in its resonant state. Comparison

of the upper (I) and lower grooves (III) reveals that a deeper

groove can be cut if the microcantilever remains in the reso-

nant state, even if the natural frequency is changed under the

larger pressing load. Consequently, in the case of vibrational

cutting using external excitation, it is necessary to measure

the natural frequency modulation depending on each press-

ing load in advance to tune the excitation frequency to be the

natural frequency during the process. To overcome this dif-

ficulty, a self-excitation cutting method is proposed in this

research that can maintain the microcantilever in its reso-

nant state independently of the pressing load during cutting

without the need for tuning the excitation frequency.

3.2 Analytical model of self-excited microcantilever

Microcantilever
Piezo actuator

Base step

x

xe

∆

Fig. 8 Schematic diagram of self-excited microcantilever.

Self-excitation of the microcantilever used in AFM has

been produced via linear feedback control [22,23]. We there-

fore introduce a discretized model with a single-degree-of-

freedom for the microcantilever system with the base step,

as shown in Fig. 8. The dynamics of the proposed self-excited

microcantilever in air are governed by

m(ẍe +∆ ẍ)+ c∆ ẋ+ k∆x = 0, (2)

where m, c and k are the mass, the damping and the stiff-

ness of the microcantilever, respectively. ∆x represents the

displacement of microcantilever tip. xe is the applied dis-

placement for self-excitation. We set the integral feedback

to be

xe =−klin

∫

∆xdt, (3)

where klin is the linear feedback gain. Substitution of Eq. (3)

into Eq. (2) yields

m∆ ẍ+(c− clin)∆ ẋ+ k∆x = 0, (4)

where clin = mklin. We produce the self-excited oscillation

using negative damping. Therefore, the feedback gain clin is

set to ensure that c− clin is negative. In practice, the equiv-

alent beam displacement ∆x is measured using an optical

angle sensor and the displacement xe is applied by a piezo

actuator, as shown in Fig. 9(a). The input signal to the piezo

actuator is generated by the feedback circuit, as shown in

Fig. 9(b), where the input and output are the output signal

from the optical angle sensor and the input signal to the

piezo actuator, respectively. Hereinafter, this circuit is called

the self-excited electronic circuit.

Laser
Optical angle sensor

Piezo actuator

Workpiece

Microcantilever

Self-excited electronic circuit

From 

optical angel sensor

                  To 

piezo actuator

R0

C1
R

R0

C1

R0
R0

R1

R0

R0

R1

C0              
C0

C0
C0

R2

R0

R0=10kΩ

Voltage follower Phase shifter Inverted amplifter (I)

Inverted amplifters (II III)Intergrating circuit

R1=100kΩ R2=0~500kΩ C1=1000pFC0=1000nF

(a)

(b)

Fig. 9 Schematic diagram of the self-excited system. (a) includes a

workpiece, a microcantilever, a piezo actuator, a self-excited electronic

circuit and an optical angle sensor that consists of a laser and a pho-

todiode. (b) includes a voltage follower, a phase shifter, an integrating

circuit and three inverting amplifiers.

3.3 Comparison between vibrational cutting methods using

external excitation and self-excitation

We now compare the two types of vibrational cutting method

using external excitation and self-excitation. In the external

excitation cutting method, the microcantilever is excited at

its natural frequency measured under a 400 µN pressing load

with a 20 Vp-p sinusoidal signal. In the self-excitation cut-

ting method, the input of the piezo actuator is adjusted to

be 20 Vp-p via linear feedback control. The depths of the

grooves cut under each pressing load are shown in Fig. 10,
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where the triangles and the dots represent the cutting depths

achieved when using the external excitation cutting method

and the self-excitation cutting method, respectively.

Because the self-excitation cutting method maintains the

resonant state automatically under any pressing load, the

grooves are cut more deeply under each pressing load than

in the external excitation case. Therefore, it is demonstrated

experimentally that the self-excitation cutting method of-

fers higher efficiency for nanoscale cutting regardless of the

pressing load.
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Fig. 10 Depths of grooves cut under each pressing load with two types

of cutting method. The triangles and the dots represent the depths using

the external excitation cutting method and the self-excitation cutting

method, respectively.

4 Change in cutting depth with the self-excitation

cutting method

4.1 Amplitude change using linear feedback control

To cut a groove with variable depth, amplitude control of

the microcantilever is required. The solution to Eq. (4) can

easily be expressed as

∆x(t) = eσt(a1 cosωdt +a2 sinωdt). (5)

where σ = (clin − c)/2m and ωd =
√

4mk− (clin − c)/2m.

Here, a1 and a2 are constants that are determined by the ini-

tial conditions. The amplitude increases to infinity in theory

in the case where the negative damping σ > 0. However,

in the experimental results, the response amplitude is kept

constant. It is well known that the self-excited oscillator can

only maintain a constant amplitude when external nonlin-

ear effects act on the system [24]. We do consider methods

to change the amplitude experimentally, but the theoretical

investigation required to determine the source of the nonlin-

earity for the constant amplitude will form part of a future

work.

Figure 11 shows the change in the response amplitude

under application of a 400 µN pressing load caused by vari-

ation of the feedback gain. In the case where the linear feed-

back gain klin is above approximately 160 [1/s], the self-

excited oscillation is produced. Even if the linear feedback

gain is increased, the response amplitude does not change

greatly. Variation of the feedback gain cannot be used for

the amplitude control required to change the depth of the

cut groove. Therefore, another way must be found to change

the magnitude of the amplitude.
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Fig. 11 Change in amplitude caused by controlling linear feedback

gain klin [1/s] under application of a 400 µN pressing load.

4.2 Theoretical analysis of self-excitation using phase

difference

Microcantilever

Optical angle sensor

∆x

vin

g2∫voutdt

Piezo actuator
xe

Phase shifter Integrating circuit
vout 

Inverted amplifier

Self-excited electronic circuit

[m]

[V]

g3=0.85×10-7 m/V

g1=-4.0×107 V/m

[V]

 [V]

[m]

gian=5000gian=1

Fig. 12 Block diagram of the self-excited system.

A method based on linear feedback control was pro-

posed in section 4.1; however, this method is not suitable for

amplitude control. In this section, we theoretically consider

another method to produce the self-excitation that involves

setting the linear feedback for negative damping and shifting
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the phase difference between the microcantilever deflection

signal and the feedback signal for amplitude control. The

experimental verification of this method is discussed in the

next section.

Figure 12 shows a diagram of the entire self-excited vi-

bration system. To perform a theoretical analysis of the pro-

cess of self-excitation by phase modulation, we rewrite ∆x

and xe as the input and output voltages of the phase shifter

vin and vout using the relationships vin = g1∆x and xe =

g2g3

∫

voutdt, respectively, where g1 is the sensitivity of the

optical angle sensor, g2 (5000 [1/s]) is the product of the

gains of the inverted amplifier (I), the integration circuit and

the inverted amplifiers (II) (III), which are 10, 1/s, 10 and

50, respectively, g3 (0.85 ×10−7 m/V) is the piezoelectric

coefficient of the piezo actuator that is experimentally de-

termined subsequently in accordance with the experimen-

tal value. Consequently, the equation for the self-excitation

of the microcantilever and the differential equation for the

phase shifter in the self-excited electronic circuit are rewrit-

ten as

{

mv̈in + cv̇in + kvin =−g1g2g3mv̇out ,

C1Rv̇in − vin =C1Rv̇out + vout ,
(6)

where C1 and R are the values of the capacitance and the re-

sistance in the phase shifter, respectively, as shown in Fig.

9(b). Equation (6) is nondimensionalized using the dimen-

sionless time t∗ =
√

k/m t as follows

{

v̈in + γ v̇in + vin =−β v̇out ,

α v̇in − vin = α v̇out + vout ,
(7)

where

α =C1R

√

k

m
, β = g1g2g3

√

m

k
, γ =

c√
mk

. (8)

Equation (7) is then rewritten into matrix form as

d

dt∗





vin

v̇in

vout



= A





vin

v̇in

vout



 , (9)

where

A =





0 1 0
β
α −1 −γ −β β

α

− 1
α 1 − 1

α



 . (10)

Using eigenvalue analysis, we investigate the possibility

that self-excitation can be produced by varying the dimen-

sionless parameter α , which is related to the value of the

resistance R in the phase shifter. The characteristic equation

of the matrix in Eq. (10) is derived as

λ 3 +

(

β + γ +
1

α

)

λ 2 +

(

1−
β − γ

α

)

λ +
1

α
= 0. (11)

The system parameters are summarized in Table 3. The

piezoelectric coefficient of the piezo actuator is identified

experimentally using eigenvalue analysis.

Table 3 Parameters of the microcantilever and the self-excited system.

Description Symbol Value Unit

Mass m 1.37 × 10−6 kg

Stiffness k 260 N/m

Damping coefficient c 0.12 × 10−3 Pa · s

Capacitance C1 1.0 × 10−9 F

Sensibility of g1 -4.0 × 107 V/m

optical angle sensor

To realize self-excitation in a third-order system, the eigen-

values must be one negative real root and a pair of complex

conjugate roots with a positive real part. According to the

results shown in Fig. 14, the self-excitation of the microcan-

tilever in air begins when the resistance is set at 40.6 kΩ.

Using the first equation in Eq. (8), we obtain αcr = 0.5603

at the critical point with a negative real eigenvalue q and a

pair of conjugate purely imaginary eigenvalues ±iω . Sub-

stitution of iω into Eq. (10) and separation of the real and

imaginary parts yields







Re :
(

β + γ + 1
αcr

)

ω2 − 1
αcr

= 0,

Im : ω3 −
(

1− β−γ
αcr

)

ω = 0.
(12)

From Eq. (12), the relationship between αcr and β is

calculated to be

αcrβ
2 +(1−αcr

2)β − γ(αcr
2 +αcrγ +1) = 0. (13)

We then obtain β = -1.2366. From the second equation

in Eq. (8), the piezoelectric coefficient g3 is identified exper-

imentally as 0.85 × 10−7 m/V, where the linear feedback g2

is 5000 [1/s], in accordance with the experimental value.

Because the parameters for the entire self-excited sys-

tem have been determined, the root locus produced by vary-

ing α is shown in Fig. 13, where we change α from 0 to

∞, which are represented by the symbols × and ◦, respec-

tively. Meanwhile, the real part of a pair of complex con-

jugate roots can be changed from negative to positive but

the real root remains negative. The required self-excitation

can be produced by setting the resistance value R appropri-

ately. However, it is predicted using linear theory that the

amplitude will grow infinitely. The amplitude remains con-

stant, as shown in the subsequent experiments. Because self-

excitation with the steady-state amplitude is produced by the
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nonlinear damping term as a van der Pol oscillator[25], the

cause may be dependent on the nonlinear characteristics of

the contact force between the microcantilever and the work-

piece. Further theoretical discussions will form part of a fu-

ture work.
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Fig. 13 Root locus of the self-excited system.

4.3 Amplitude control using the phase modulation

A method based on phase modulation is proposed for am-

plitude control of the self-excited microcantilever. In air, a

constant linear feedback gain is set in advance. We then vary

the resistance value R in the phase shifter from 20 kΩ to 50

kΩ to cause the phase difference between the input and the

output of the self-excited electronic circuit to shift. When

the resistance value is varied from 40.6 kΩ to 50 kΩ, the

response frequency is measured to change in the neighbor-

hood of 13.03 kHz, which is almost agreement with the nat-

ural frequency of the base step 12.88 kHz, therefore we can

conclude that only the base step is in the self-excited oscil-

lation caused by appropriate setting of the phase difference,

as shown in Fig. 14(a). In the same way, the microcantilever

can be self-excited individually when the resistance value is

varied from 23 kΩ to 40.4 kΩ, as shown in Fig. 14(b), ac-

cording to the response frequency measured to change in the

neighborhood of 45.98 kHz, which is almost agreement with

the natural frequency of the microcantilever 44.35 kHz.

Under application of a 400 µN pressing load, we changed

the resistance value in the phase shifter from 10 kΩ to 35

kΩ with a constant linear feedback gain. Figure 15(a) shows

that the change in the resistance value causes the phase dif-

ference to shift. Figure 15(b) shows the change in the am-

plitude magnitude caused by the phase shift. Above 14 kΩ,

self-excitation occurs with the single response frequency of

15.49 kHz, which is approximately equal to the natural fre-

quency under the application of the 400 µN pressing load, as
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Fig. 14 Change in the amplitude magnitude in air caused by phase

modulation. (a) and (b) show the amplitude magnitude changes in the

cases when the base step and the microcantilever are self-excited, re-

spectively, while the resistance value in the phase shifter is varied.
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Fig. 15 Results for the phase difference and amplitude changes caused

by phase modulation under application of a 400 µN pressing load while

the resistance value in the phase shifter was varied from 10 kΩ to 35

kΩ. (a) Change in the phase difference. (b) Change in the amplitude

magnitude.
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shown in Fig. 4(b). By shifting the phase difference, the am-

plitude can be varied arbitrarily under the 400 µN pressing

load to realize different groove cutting depths, as discussed

in section 4.4.

4.4 Varying the cutting depth with a controlled amplitude

using the phase modulation

In the cutting experiments performed under application of

the 400 µN pressing load, the four resistance values in the

phase shifter were set as 15 kΩ, 20 kΩ, 25 kΩ and 30 kΩ.

The corresponding amplitudes were 165.31 nm, 207.70 nm,

317.63 nm and 483.04 nm, respectively. Four grooves were

cut with different magnitudes under the controlled ampli-

tude condition. The experimental results acquired by AFM

are shown in Fig. 16. Sectional views of these cut grooves

are shown in Fig. 17. The results indicate that deeper groove

cutting is achieved because of the greater magnitude of the

controlled amplitude, as illustrated in Fig. 18. It is thus demon-

strated experimentally that grooves can be cut with various

depths under the 400 µN pressing load with controlled am-

plitudes by varying the phase difference in the self-excitation

cutting method.

II

I

III

IV

Fig. 16 Image of grooves cut under the 400 µN pressing load by phase

difference modulation with the self-excitation cutting method. Grooves

I, II, III, and IV were cut while the resistance values were set at 15 kΩ,

20 kΩ, 25 kΩ and 30 kΩ, respectively.
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Fig. 17 Sectional views of four cut grooves. (a), (b), (c) and (d) repre-

sent the sectional profiles of the cut grooves I, II, III and IV, respectively.
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Fig. 18 Changes in amplitude when the microcantilever was self-

excited under the 400 µN pressing load caused by changing the phase

difference when the resistance values were 15 kΩ, 20 kΩ, 25 kΩ and

30 kΩ.

5 Conclusion

A self-excitation cutting method is proposed to improve the

efficiency of the nanoscale cutting. The validity and useful-

ness of the proposed method are demonstrated through a se-

ries of cutting experiments. Conclusions are as follows:

• The deeper grooves can be cut under application of the

same pressing load than using the external excitation cutting

method, because the microcantilever can be maintained in

its resonant state independently of the pressing load when

using the proposed method.

• The amplitude of the microcantilever has been demon-

strated experimentally to be controlled to have different mag-

nitudes by shifting the phase difference between the micro-

cantilever deflection vibration signal and the feedback sig-

nal.

• The relationship between the amplitude and the groove

cutting depth has been used to demonstrate that the deeper

grooves are cut at larger magnitudes of the controlled ampli-

tude.
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Figures

Figure 1

Schematic diagram of AFM system applied to nanoscale vibration cutting method. The system includes
a workpiece, a microcantilever with a diamond set on its tip, a piezo actuator to enable the
microcantilever oscillation, an optical angle sensor consisting of a laser and a quadrant photodiode to
measure the de�ection of the microcantilever tip, a tube scanner to move the workpiece in the x-y plane
and vary the distance between the microcantilever and the workpiece in the z-direction.



Figure 2

Photo (a) and Schematic diagram (b) of redesigned microcantilever. The length, width and thickness of
the base step are 1.7 mm, 2 mm and 50 μm, respectively. The length, width and thickness of the
microcantilever are 850 μm, 50 μm and 50 μm, respectively.



Figure 3

Diamond abrasive. This abrasive is set on the microcantilever tip and fabricated using focused ion beam
technique. The angle of the fabricated diamond is 90 degrees; this angle is formed by the sides and the
triangular faces at the pro�le vertex.

Figure 4

Response frequency curve (a) in air and (b) under a 400 μN pressing load. The �rst natural frequencies of
the microcantilever and the base step in air were experimentally measured to be 44.35 kHz and 12.88
kHz, respectively. The �rst natural frequency under a 400 μN pressing load was experimentally measured
to be 15.49 kHz.



Figure 5

Natural frequency of microcantilever under various pressing loads with application of external excitation.



Figure 6

Image of grooves cut with the external excitation cutting method acquired using AFM. The upper groove
is I, the middle groove is II and the lower groove is III.



Figure 7

Sectional views of three cut grooves acquired using AFM. (a), (b) and (c) represent the sectional views of
the three cut grooves I, II and III, respectively.



Figure 8

Schematic diagram of self-excited microcantilever.



Figure 9

Schematic diagram of the self-excited system. (a) includes a workpiece, a microcantilever, a piezo
actuator, a self-excited electronic circuit and an optical angle sensor that consists of a laser and a
photodiode. (b) includes a voltage follower, a phase shifter, an integrating circuit and three inverting
ampli�ers.



Figure 10

Depths of grooves cut under each pressing load with two types of cutting method. The triangles and the
dots represent the depths using the external excitation cutting method and the self-excitation cutting
method, respectively.



Figure 11

Change in amplitude caused by controlling linear feedback gain klin [1/s] under application of a 400 μN
pressing load.



Figure 12

Block diagram of the self-excited system.



Figure 13

Root locus of the self-excited system.



Figure 14

Change in the amplitude magnitude in air caused by phase modulation. (a) and (b) show the amplitude
magnitude changes in the cases when the base step and the microcantilever are self-excited, respectively,
while the resistance value in the phase shifter is varied.



Figure 15

Results for the phase difference and amplitude changes caused by phase modulation under application
of a 400 μN pressing load while the resistance value in the phase shifter was varied from 10 kΩ to 35 kΩ.
(a) Change in the phase difference. (b) Change in the amplitude magnitude.

Figure 16

Image of grooves cut under the 400 μN pressing load by phase difference modulation with the self-
excitation cutting method. Grooves I, II, III, and IV were cut while the resistance values were set at 15 kΩ,
20 kΩ, 25 kΩ and 30 kΩ, respectively.



Figure 17

Sectional views of four cut grooves. (a), (b), (c) and (d) represent the sectional pro�les of the cut grooves
I, II, III and IV, respectively.



Figure 18

Changes in amplitude when the microcantilever was selfexcited under the 400 μN pressing load caused
by changing the phase difference when the resistance values were 15 kΩ, 20 kΩ, 25 kΩ and 30 kΩ.


