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In this paper, a novel micro/nano surface texturing method, namely ‘ImpEC (impact excitation cutting)’, is proposed. To machine micro/nano-textures, 
vibration cutting and fast tool servo have been utilized. However, the former one is limited to formation of periodical combination of sine waves since the 
resonance(s) of the cutting tool system is used, and the latter one is limited in terms of efficiency since it has conventionally been utilized within the 
bandwidth of the servo system, e.g. 3 kHz. Hence, conventional methods cannot realize high flexibility and high efficiency simultaneously. In the proposed 
ImpEC, the frequencies higher than the resonant frequency are also used, and a series of impacts (pulses) are utilized to diminish the residual vibration. 
The proposed cutting method can create structures in a short time since the high frequency components are also used, and it can also realize high flexibility 
since a variety of texturing motions without residual vibrations can be triggered at any timing. The effectiveness of the proposed method is verified both 
analytically and experimentally. 
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1. Introduction 

Micro/nano textures on surfaces of products can enhance 
characteristics such as hydrophobicity [1], optical functionality [2], 
and tribological performance [3]. Hence, research interest has 
focused on the manufacturing of these textures [4]. Especially, 
ultraprecision diamond cutting has received special focus because 
of its high precision and high efficiency. 

In the literature, a variety of methods have been developed, 
and many of them have been utilized in practice. The most famous 
method is the fast tool servo [5-6]. In this method, the frequencies 
below the resonant frequency of the cutting tool system have been 
conventionally used to control the trajectory of the tool. Therefore, 
periodic/aperiodic structures can be machined with a high degree 
of freedom. Moreover, an ultrafast tool servo was also developed 
to increase the bandwidth of the system, where a flat gain up to 
around 3 kHz can be obtained for the closed-loop system [7]. 
However, this method has a limitation in efficiency since only the 
frequency components below the resonance are used, and hence 
the adopted cutting speed is low. 

Another method is the vibration cutting [8-9]. To achieve a 
micron-order vibration amplitude at an ultrasonic frequency, the 
mechanical resonance of the cutting tool is generally utilized. Due 
to this nature, the fabricable structures are limited to periodic sine-
waves. On the other hand, to increase the flexibility of the 
machinable micro/nano structures, multi-mode vibration cutting 
has been developed, where multiple modes of the vibratory cutting 
tool are utilized so that combination of sine waves can be output 
[10]. However, the structures are still limited to periodic structures 
since only the resonant frequency components are utilized. 

In summary, it can be said that there is no texturing method 
which realizes high flexibility and high efficiency simultaneously. 
In this paper, a novel cutting method named ‘ImpEC (impact 
excitation cutting)’ is proposed. In this method, a high frequency 
range, which includes frequencies higher than the resonance of the  

 
Fig. 1. Schematic of ImpEC. 

 
Fig. 2. Texturing and residual vibration suppression in ImpEC. 

 
cutting tool system, is used so that a high cutting speed can be 
adopted. In addition, the residual vibration due to the impact 
excitation of the cutting tool is suppressed by a series of other 
impacts based on the input shaping method [11]. As a result, a 
variety of micro/nano structures can be machined at an arbitrary 
timing, i.e. the flexibility is high. Therefore, the proposed ImpEC 
can realize high efficiency and high flexibility simultaneously. 
 
2. Proposal of ImpEC and analytical investigation 

In this chapter, the characteristics of ImpEC is explained in 
detail. Figure 1 shows a schematic of the proposed method, and 
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Fig. 2 shows a schematic of how the vibration is suppressed in 
ImpEC. For simplicity, a single resonant mode for the cutting tool 
with a resonant frequency of 𝑓!  is assumed. In the proposed 
ImpEC, a series of impacts are utilized to achieve the micro/nano 
structure and suppress the residual vibration due to other impacts 
based on the input shaping method [11]. In the beginning, a simple 
example where the impact is an impulse function is taken into 
account. Note that electrical impacts are assumed in this research, 
but force impacts are applied in these simple simulations for 
simplicity. Firstly, a first impact with a magnitude of 𝑎" is input at 
an arbitrary timing. As a result of this impact, vibration occurs 
mainly at the resonance of the cutting tool, which is shown by a 
black solid line in Fig. 2. This is because the impact in this example 
is an impulse. Secondly, another impact is input right after half the 
resonant time period 𝑇!  has passed after the first impact. The 
vibrations by these two impacts after this half wave length, which 
are shown by dashed lines, cancel each other out. This is the basic 
idea of input shaping. 𝑇! and the magnitude of the second impact 
𝑎# can be calculated by the following equations considering the 
damping of the system where 𝑚 is the modal mass, 𝑘 is the modal 
stiffness coefficient, and 𝜁 is the damping ratio. The values used 
in this simulation are: 𝑚 = 0.4900  kg, 𝑘 = 2.607 × 10$  N/m, 
and 𝜁 = 0.09145. 
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The Fourier transform results of the input and the output are 
shown in Fig. 3. As shown by the result of the input, the resonant 
frequency component is nearly zero so that the residual vibration 
due to the resonance is suppressed, and its odd integer multiple 
components are also nearly zero. On the other hand, other 
frequency components including frequency components above the 
resonant frequency compose the input. This is the largest 
difference between the proposed and conventional surface 
texturing methods, and the micro/nano structure can be machined 
flexibly within a short time. 

Note that the input can also be prepared using the following 
method. Assuming the output displacement as 𝐷(𝑗𝜔)  and the 
frequency response function from input to output as 𝐺(𝑗𝜔), the 
input to the cutting tool system 𝑉(𝑗𝜔) can be calculated as follows. 
𝑉(𝑗𝜔) = 𝐷(𝑗𝜔)/𝐺(𝑗𝜔)	 (3)	

Then, the time function of the input 𝑣(𝑡)  can be obtained by 
inverse Fourier transforming 𝑉(𝑗𝜔). 

Concerned with the output displacement, it is small since the 
area of the impact, i.e. area surrounded by the impact and the time 
axis in Fig. 2, is small in this simple example. To increase the 
displacement (depth) for applications where microns or tens of 
microns are needed, this area should also be increased. The shape 
of the function can be of any kind, e.g. combined step function, 
sine/cosine-wave function, polynomial function. For example, a 
cosine-wave function is adopted as shown in Fig. 4. In the same 
manner as the impulse shape, a second cosine wave with an 
amplitude of 𝑎# is input after 𝑇%/2 has passed after the first cosine 
wave. As shown by the resulting displacement, the maximum 
displacement is tens of microns since the area of the cosine wave 
is large compared to the impulse. Note that the edge of the 
structure is round, which is necessary for the surface to obtain 
specific functionalities, e.g. textures of lubrication surfaces for oil 
sumps and hydrodynamic pressure, and such flexible structures 
can be machined efficiently with the proposed method. 

Another simulation result is shown where the shape of a 
targeted cosine-wave structure is constant, and the necessary input 

 
Fig. 3. Fourier transform results of input and output. 

 
Fig. 4. Example of cosine-wave input using input shaping. 

 
Fig. 5. Target profile and necessary peak-to-peak value. 

 
is calculated with respect to the corresponding time period of the 
cosine-wave structure, which can be calculated by 𝑤%*+/𝑣% where 
𝑤%*+  is the length of the structure and 𝑣%  is the cutting speed. 
Hence, a smaller time period means higher efficiency. The 
necessary peak-to-peak value is calculated and shown in Fig. 5. As 
shown, the required value is the smallest at the time period of 0.87 
ms. This is because the input has a large component at the resonant 
frequency of the cutting tool. Note that when the time period is 
large, the flat response part of the transfer function is mainly used, 
i.e. similar to fast tool servo. For reference, the inputs for the time 
period of 0.87 ms and 50 ms are shown in Fig. 6. As can be 
observed, when the time period is 50 ms, the input is nearly 
proportional to the aimed profile, i.e. frequency components below 
the resonant frequency are mainly used. On the other hand, the 
input for the time period of 0.87 ms uses higher frequencies above 
the resonance and realizes rapid machining. In this example, the 
adoptable cutting speed in ImpEC is much higher, i.e. the 
efficiency increases. 

Finally, the case where multiple modes of the cutting tool 
exist is taken into account. A simple impulse function is 
considered for the input. If the number of modes is assumed as 𝑛, 
the resonant vibrations can be suppressed by 2! impacts. The input 
function for an example of two modes is shown in Fig. 7. In 



addition to the former modal parameters, the following parameters 
are considered for the second mode: 𝑚# = 0.1548  kg, 𝑘# =
5.953 × 10$  N/m, and 𝜁# = 0.1212. In this example, the third 
impact suppresses the residual vibration of the first mode due to 
the first impact, and the second impact suppresses the residual 
vibration of the second mode due to the first impact. The same 
goes for other relations between impacts. 
 
3. Experimental verification 

Experiments are conducted to verify the proposed cutting 
method. An ultraprecision 5-axis machine tool (ROBONANO α-
NM𝑖A, Fanuc Corp.) is utilized for cutting, and a piezoelectric 
stage (PU1H70F-012U, THK Precision Co., LTD.) is mounted 
onto it. A photograph of the experimental setup is shown in Fig. 8, 
and the specifications of the tool/workpiece, the machine tool, and 
the piezoelectric stage are shown in Table 1. Note that the tool 
system can be of any kind. The voltage function prepared on a 
function generator (WF1974, NF Corp.) is input into the 
piezoelectric stage through an amplifier (HSA4052, NF Corp.) 
with a gain of 100. The frequency response function 𝐺 from input 
voltage to output displacement is measured by inputting sinusoidal 
waves from 0 to 20 kHz with 20 Hz increments. The displacement 
of the cutting tool mounted onto the stage is measured by a 
capacitive sensor (MicroSense 5430 and 5504, ADE Technologies, 
Inc.). The measured frequency response function is shown in Fig. 
9. As shown, the piezoelectric stage itself has multiple peaks 
around 1 - 3 kHz, and it has a nearly flat response from 0 - 500 Hz. 
This measured frequency response function is used to calculate the 
necessary voltage input for the micro/nano structure. 

Firstly, three types of structures are targeted to see the output 
displacement by ImpEC: (1) large cosine-wave structure, (2) small 
cosine-wave structure, and (3) combined structure composed of 
cosine-wave part and flat part. The profiles can be expressed as 
functions of position in the cutting direction 𝑥 as follows, where 
𝑓+ (= 1/48 for (1) and 1/6 for (2) and (3)) [1/(µm)] is the spatial 
frequency of the wave and 𝑑, (= 1.6 µm for (1) and 0.2 µm for 
(2) and (3)) is the amplitude of the wave. Note that 𝑓+ and 𝑑, are 
selected so that interference between the flank face and the 
workpiece does not occur (maximum instantaneous cutting angle 
is nearly 6 deg in these examples). 

(1) and (2): Large and small cosine-wave structures 
𝐹" = −𝑑,/2 + 𝑑,/2 × cos(2𝜋𝑓+𝑥)    (𝑥 > 0 and 𝑥 ≤ 𝑓+) 

(4)	

(3) Combination of cosine-wave part and flat part 
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The necessary input voltages to realize these structures are 
calculated by Eq. (3). The time period of 0.3704 ms for the 
structures are selected for the experiments. Note that exponential 
decay windows are applied to the beginning and the ending of the 
input to exclude unnecessary high frequency components. 

Since the frequency response function measured beforehand 
may change due to nonlinearity like hysteresis, the aimed output 
profile may not be obtained precisely. In this case, the input 
voltage profile can be modified as follows. At first, the initially 
scheduled profile is input into the system, and the output 
displacement is measured. Next, this output displacement is 
subtracted from the aimed displacement, and the error is obtained.  

 
Fig. 6. Inputs for different time periods. 

 
Fig. 7. Residual vibration suppression for multiple modes. 

 
Fig. 8. Photograph of experimental setup: (left) for measurement 

of vibration and (right) for cutting. 
 

Table 1. Specification of tool/workpiece and equipment. 

 

 
Fig. 9. Measured frequency response function of tool system. 

Workpiece material

Tool material

Nose radius of tool

Rake / clearance angle of tool

Cutting speed

Depth of cut

Cutting fluid

Minimum/maximum

applicable voltage to stage
-20 / 150

Insoluble oil

(approximately) 2 µm

0.972 m/min (1 m/min is maximum of machine tool)

Nitrided (EBEP nitriding [11]) hardenened die steel (40CrMoV5)

Single crystalline diamond

1 mm

0 / 10 deg



Then, this error is divided by 𝐺(𝑠) in the frequency domain, and 
the additional input corresponding to the error is obtained. Finally, 
this additional input is added to the initially scheduled input profile, 
and an improved profile is obtained. This procedure can be 
repeated arbitrary times for modification. In this experiment, this 
procedure is repeated 7, 1, and 4 time/s for (1), (2), and (3), 
respectively. The measured/targeted profiles and an example of the 
modified input profile are shown in Figs. 10 and 11, respectively. 
Note that the displacement is measured 500 times, and these data 
are averaged so that the noise irrelative to the measurement is 
nearly eliminated. As shown, the measured and targeted profiles 
agree well. It can also be observed that frequency components 
higher than the resonance are used in ImpEC. 

Secondly, cutting is conducted based on structure (2). In this 
experiment, a profile shown in Fig. 12 is utilized. Each structure is 
that of structure (2), and its corresponding input is repeated within 
the time width of 4 ms in an aperiodic manner. This aperiodic 
profile is repeated during the cutting. Nitrided (EBEP nitriding 
[12]) hardened die steel is selected as the workpiece, and groove 
cutting is conducted with a depth of cut of approximately 2 µm. 
The profile and photograph of the machined structure along the 
cutting direction measured by a 3D optical profiler (NewView 
9000, Zygo Corp.) is shown in Fig. 13. For reference, a machined 
single texture (planing at pick feed of 20 µm and depth of cut of 6 
µm) is also shown. As can be observed, sub-micron order textures 
are machined against hardened die steel. Note that the roughness 
due to cutting is relatively large since the size of the texture is 
small. This can be made large by adopting higher cutting speeds 
and utilization of special tools. It can also be observed that the 
residual vibration is extremely small, and aperiodic textures can be 
machined. These results prove the validity of the proposed method. 
 
6. Conclusion 

A novel texturing method named ImpEC has been proposed 
in this paper. In the proposed method, a series of impacts are 
prepared to generate the texture and suppress the residual vibration. 
Compared to fast tool servo, where the frequency components 
below the resonance are utilized, the proposed method utilizes 
components above the resonance also, which means that higher 
efficiency can be achieved. Compared to vibration cutting, 
aperiodic textures can be machined since residual vibration is 
suppressed, which means that higher flexibility can be achieved. 
Analyses and experiments have been conducted to verify the 
proposed method. In the experiments, nitrided hardened die steel 
has been cut applying ImpEC, and sub-micron order aperiodic 
textures have been machined. These results prove that high 
flexibility and high efficiency can be realized simultaneously by 
using ImpEC. 
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