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Abstract: This paper proposes a new vibration cutting method named “multimode vibration cutting” for precision surface texturing. The 

proposed cutting method utilizes multiple unidirectional vibration modes mainly in the depth-of-cut direction. The vibrations at multiple 

frequencies induced to the tool tip can generate not only sinusoidal but also highly-flexible trajectories such as trapezoidal, triangular, 

and distorted triangular waves. Notably, only a sinusoidal vibration can be induced when a single resonant vibration is applied to the 

tool tip. Compared to conventional highly-flexible cutting methods for surface texturing, such as the utilization of fast tool servo and 

amplitude control of ultrasonic elliptical vibration cutting, the proposed method is highly-efficient because of its direct usage of high 

resonant frequencies. Compared to conventional highly-efficient cutting methods for surface texturing, such as linear and elliptical 

vibration cutting which mainly utilizes the vibration component in the depth-of-cut direction, the proposed method can generate highly-

flexible trajectories for various micro texture profiles. In this study, an ultrasonic multimode vibration device is developed, and the 

mechanics of generating multimode vibrations are demonstrated. Turning experiments with several texture profiles are performed to 

confirm the validity of the proposed method for highly-efficient and highly-flexible micro/nano surface texturing. 
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1. Introduction 

To endow functional properties to products, 

micro/nanostructures with appropriate precise patterns can 

be sculptured on their surfaces. Several studies have 

demonstrated that textured surfaces can enhance specific 

characteristics [1] such as hydrophobicity [2], optical 

functionality [3], and tribological performance [4,5].  

Highly-efficient and highly-flexible fabrication 

technologies are required to practically expand the use of 

surface texturing. There are several optical and electronic 

fabrication methods such as laser machining [6, 7], 

photolithography [8], and electro-chemical machining [9]. 

However, these methods require long fabrication periods for 

large surface areas and have restricted machinable materials 

[10]. Ultraprecision diamond cutting is a prominent 

micro/nanostructure fabrication method. It is a practical 

method that allows a high structural degree of freedom and 

also generates the most accurate and repeatable geometries 

and the finest surface finishing method among the various 

machining methods [10, 11]. Moreover, the cutting edges of 

diamond tools can be manufactured precisely with 

nanoscale structures to realize high value-added surface 

texturing [12]. 

Several studies have been reported about highly-flexible 

cutting for fabrication of micro/nanostructures. FTS (Fast 

tool servo)-based diamond machining has been developed 

for efficient surface texturing [13,14]. To realize precision 

micro/nano machining of difficult-to-cut materials such as 

hardened die steel [15,16] and tungsten carbide [17], 

ultrasonic elliptical vibration cutting with amplitude control 

has been developed. The rapid tool wear and defects on the 

finished surface are reduced with this method. However, the 

efficiencies of these cutting methods are limited by the low 

bandwidth of the vibration controller which is around 3 kHz 

[18] for FTS and 300 Hz [15] for amplitude control of 

elliptical vibration cutting.  

To realize highly-efficient surface texturing, ultrasonic 

vibration of a resonant vibrator has been utilized. Kumabe 

[19] is thought to be the first to invent this kind of method 

where the vibration in the depth-of-cut direction is utilized 

with its amplitude larger than the depth of cut to break up 

continuous chips and obtain qualified surface roughness. 

Guo et al. [20] added the vibration in the cutting direction 

on to Kumabe’s method. The trajectory of the elliptical 

vibration is transferred to the cut surfaces as a micro/nano 

structure. However, as the vibration speed is much smaller 

than the nominal cutting speed in highly-efficient texturing, 

the vibration in the cutting direction does not have an 

important meaning. Therefore, it is similar to Kumabe’s 

method. Xu et al. [21] combined the tool rotation and the 

ultrasonic vibrations. However, only sinusoidal or distorted 

sine waves or parts of those waves could be generated by 

these highly-efficient texturing methods because a single 

frequency resonant vibration is applied.  

In summary, it can be said that there is no precision 

surface texturing technology which realizes high efficiency 

and high flexibility simultaneously. In this study, 

“multimode vibration cutting” is proposed for highly-

efficient and highly-flexible micro/nano surface texturing. 

The proposed technology utilizes multiple unidirectional 

ultrasonic vibrations in the depth-of-cut direction. By 

utilizing this method, it is possible to generate sinusoidal as 

well as sophisticated trajectories at ultrasonic frequencies to 

realize highly-efficient and highly-flexible texturing, which 

are impossible to accomplish using conventional 

technologies. 



 

Several methods related to the combination of different 

two or more frequencies for precision machining have been 

developed in the literature. Zhang et al. [22] propose a 

passive method for surface generations that utilizes the 

vibrations caused by the cutting forces. Hence, the 

fabricated structures would be depended on the cutting 

process, e.g., cutting conditions and tool wear. Other studies 

[23, 24] have proposed combining the ultrasonic elliptical 

vibration cutting and FTS to create freeform surfaces on 

hardened steel. However, although it appears that two 

different modes are used in the manufacture of freeform 

surfaces, these vibrations are only vibrating separately in 

different ranges for two different purposes. For instance, the 

ultrasonic elliptical vibration is oscillated only for reducing 

the diamond tool wear. FTS vibration oscillates only for the 

freeform surface. The efficiency for the fabrication of 

micro/nanostructures is limited by the low band of FTS, as 

mentioned above. However, in the proposed method, two or 

more modes are used directly for the surface texturing, and 

these vibrations are excited in a specially designed vibration 

tool. These are the novelties of this study, which are 

regarded as different from the previous studies. 

The basic principle of the multimode vibration cutting is 

described in Chapter 2. The developed ultrasonic multi-

mode vibrator and its dynamic characteristics are explained 

in Chapter 3. The identification of the cutting and vibration 

parameters for the cutting of specific target profiles are 

described in Chapter 4. Face turning experiments for highly-

efficient and highly-flexible micro/nano surface texturing 

with the proposed cutting method and their experimental 

results are described in Chapter 5. The paper concludes with 

a summary in Chapter 6. 

 

2. Multimode vibration cutting 

Figure 1 shows a schematic of the proposed multimode 

vibration cutting method. The tool is fed at a nominal cutting 

speed, and a multimode vibration is applied to the cutting 

edge in the depth-of-cut direction during the cutting. The 

multimode vibration here refers to the sum of a plurality of 

unidirectional vibrations. When each mode frequency is an 

integer multiple of a standard frequency, the combined 

vibration becomes periodic without beats. In general, when 

vibrations with different frequencies are combined, the 

combined multimode vibration will repeat at a greatest 

common divisor frequency. For example, if two vibrations, 

which have the frequencies of 6 kHz (three times 2 kHz) and 

10 kHz (five times 2 kHz), are combined, the multimode 

vibration will repeat at the frequency of 2 kHz.  

The multimode vibration is inspired by the Fourier series 

whereby every periodic vibration can be expressed as a 

summation of harmonically related sine waves. In this study, 

the 1st mode vibration (1st half wavelength resonant mode 

of axial vibration of vibrator) and the vibration 

corresponding to three times this frequency (3rd resonant 

mode of axial vibration of vibrator) are used. Since a 

resonant vibration device and ultrasonic vibration are 

utilized, highly-efficient surface texturing can be achieved. 

In addition, the amplitudes and the phase difference of the 

two modes can be controlled to achieve highly-flexible 

surface texturing; the two demands of texturing can be 

accomplished. 

Ultrasonic vibrations with trapezoidal, triangular, and 

distorted triangular waves are generated and tested with the 

developed vibrator. The vibrator should be designed and 

built carefully to match the 3rd resonant frequency to three 

times the 1st resonant frequency as closely as possible to 

obtain precise multimode vibration with minimal electric 

power. The locus of the cutting edge, that is, the sum of the 

nominal cutting velocity and the ultrasonic multimode 

vibration, is transferred to the textured surface. Furthermore, 

it is also possible to transfer a part of the locus to the textured 

surface by adjusting the nominal depth of cut smaller than 

the amplitudes of the multimode vibration (𝑑 < 𝐴1 + 𝐴3). 

As shown in Fig. 1, there are three categories of 

adjustable parameters: cutting parameters (𝑑 and 𝑉𝑐 in the 

simple two dimensional cutting), tool geometry parameters, 

and vibration parameters (𝑓1 , 𝑓3 , 𝐴1 , 𝐴3 , and 𝜙  in the 

simple case of two frequencies). Here, 𝑑  and 𝑉𝑐  are the 

nominal depth of cut and nominal cutting velocity, 

respectively, 𝑓1 and 𝑓3 are the frequencies of the first and 

third modes, respectively, 𝐴1 and 𝐴3 are their respective 

amplitudes, and 𝜙  is the phase difference between the 

vibrations of the two modes. In this fundamental study of the 

newly proposed vibration-assisted cutting method, only the 

cutting parameters and the vibration parameters are 

considered. 

 

Fig. 1 Surface texturing by ultrasonic multimode vibration 

cutting. 
 

3. Development and analysis of ultrasonic multimode 

vibration-cutting device 

Figure 2 shows a schematic illustration of the ultrasonic 

multimode vibration cutting device developed in this work. 

To generate the multimode vibration, a combined voltage 

from the sum of one sine wave with a frequency of 𝑓1 and 

a second sine wave with a frequency of 𝑓3 = 3𝑓1 should be 

generated by the oscillator. The combined voltage is applied 

to a piezoelectric actuator through an amplifier. As 

mentioned above, 𝑓1  and 𝑓3  are identical to the 

frequencies of the first and third resonant modes of the axial 

vibration in the depth-of-cut direction. The resonant modes 

are determined by the structure of the rod-shaped cutting 

device. 

 



 

Fig. 2 Driving system of ultrasonic multimode vibration-

cutting device. 
 

Figures 3(a) and (b) show the finite element analysis 

results for the first and third resonant modes of the device. 

The device resonates at approximately 19 kHz and 57 kHz. 

The challenges in the device design are as follows. To 

effectively induce powerful multimode vibrations with a 

reasonable amount of electrical power, the frequency of the 

third mode should be close to triple the frequency of the first 

mode. Then, the nodal positions should be identified and 

fixed with rigid supports perpendicular to the cutting 

direction so that the vibrations are generated precisely and 

efficiently without useless friction for utilization in the 

cutting device. 

 

 

Fig. 3 Results of finite element analysis for ultrasonic 

multimode vibration device: (a) first half wavelength 

resonant mode of axial vibration, (b) third resonant mode 

of axial vibration. 

 

It is necessary to investigate the electrical and 

mechanical properties of the vibration device in order to 

precisely induce ultrasonic multimode vibrations. The 

admittance and transfer function between the applied 

voltages and excited vibrations are measured in the range of 

17.5 kHz to 60 kHz. Figure 4 shows the measurement setup. 

The developed device is mounted on the table of a precision 

machine tool (Fujikoshi, NANO ASPHER ASP01UPX). 

The input voltage 𝑉𝑖𝑛 is generated by a function generator 

(NF Corporation, WF1974) and amplifier. The output 

displacement 𝐴𝑜𝑢𝑡  of the tool and current 𝑖𝑜𝑢𝑡  are 

measured by a laser Doppler vibrometer (Graphtec Corp., 

AT3700-AT0042) and an ammeter, respectively. These 

signals are recorded on a digital oscilloscope, and the 

admittance and transfer function are calculated on a 

computer. 
 

 

Fig. 4 Experimental setup for measuring mechanical and 

electrical properties of ultrasonic multimode vibration 

device. 

 

The admittance Y and transfer function G are derived 

using the following equations, and the gains and phases are 

plotted against the input frequency as shown in Fig. 5. 

Figures 5(a) and (b) show Y and G, respectively. 

 

Y(s) = 𝑖𝑜𝑢𝑡(𝑠) 𝑉𝑖𝑛(𝑠)⁄ , (1) 

G(s) = 𝐴𝑜𝑢𝑡(𝑠) 𝑉𝑖𝑛(𝑠)⁄ . (2) 

 

From the results of the admittance, 𝑓1 is determined as 

the frequency with the smallest admittance, i.e. 

antiresonance, and 𝑓3  is determined as three times 𝑓1 . 

Therefore, 𝑓1 = 19.35 kHz  and 𝑓3 = 58.05 kHz . By 

selecting 𝑓1  as the antiresonance, the vibrations can be 

induced efficiently with the smallest current. Generally, a 

change in temperature of the device results in a change in 

the admittance and transfer function of it. For example, as 

the temperature increases, the volume of the device 

increases and the resonant frequency decreases. Hence, 

these measurements are performed in a temperature-

controlled room. Next, the gains 𝐺1  and 𝐺3  and phases 

𝜙1  and 𝜙3  are determined from the measured transfer 

function at the frequencies 𝑓1  and 𝑓3 , respectively. 

Therefore, when a combined voltage is applied to the 

developed device as represented by Eq. (3), a multimode 

vibration is induced, as shown in Eq. (4). 

 

V = 𝑉1sin2𝜋𝑓1𝑡 + 𝑉3sin (2𝜋𝑓3𝑡 + 𝜙), (3) 

A = 𝐺1𝑉1 sin(2𝜋𝑓1𝑡 + 𝜙1)
+ 𝐺3𝑉3 sin(2𝜋𝑓3𝑡 + 𝜙3 + 𝜙) 

= 𝐴1 sin(2𝜋𝑓1𝑡 + 𝜙1) + 𝐴3 sin(2𝜋𝑓3𝑡 + 𝜙3 + 𝜙) 
(4) 

 

Here, 𝜙 is the phase difference between the first and third 

modes. 

The transfer characteristic of each mode is independent 

and does not affect each other. This is because the induced 

modes are sufficiently separated from each other in the 

frequency domain, i.e., they are decoupled. The inverse 

transfer function is also valid, and the oscillation voltage 

profile to induce the multimode vibration and to fabricate 

designed texture surfaces can be determined. This process is 

described in Chapter 4. 

 



 

 
Fig. 5 Measured admittance and transfer function of 

ultrasonic multimode vibration device: (a) Admittance, (b) 

Transfer function. 

 

4. Multimode vibration generation system 

Figure 6 demonstrates the process of calculating the 

vibration parameters and cutting velocity for generating the 

multimode vibration based on the targeted surface profile. In 

this example, a trapezoidal wave with a wavelength of 𝜆1 

and an amplitude of 0.7 μmp-p (see Fig. 6(a)) is selected as 

the target profile. First, the target profile is spatially Fourier 

transformed and the result is plotted against the inverse of 

the wavelength (Fig. 6(b)). The wavelengths, 𝜆1 and 𝜆3, 

and amplitudes, 𝐴1  and 𝐴3,  are obtained. 𝜆3
−1  is three 

times 𝜆1
−1, and 𝐴1 is the amplitude of the first mode (𝑓1) 

and 𝐴3 is the amplitude of the third mode (𝑓3). Note that 

there are quintuple and higher integer-multiple components, 

but these higher-order components are neglected here. The 

first and third mode vibrations are determined, and the sum 

of these two modes becomes the multimode vibration (Fig. 

6(c)). To induce this multimode vibration in the device, the 

input voltage is calculated by using the measured transfer 

function of the device. Specifically, the inverse transfer 

function is utilized (see Fig. 6(d)). In other words, when the 

necessary displacement of the multimode vibration is 

expressed as A = 𝐴1 sin(2𝜋𝑓1𝑡) + 𝐴3 sin(2𝜋𝑓3𝑡 + 𝜙) , the 

input voltage is obtained as V = 𝐴1/𝐺1 sin(2𝜋𝑓1𝑡 − 𝜙1) +
𝐴3/𝐺3 sin(2𝜋𝑓3𝑡 − 𝜙3 + 𝜙). The nominal cutting speed 𝑉𝑐 

is calculated by using 

 

𝑉𝑐 = 𝑓1𝜆1 = 𝑓3𝜆3. (5) 

 

The tool tip trajectory is the summation of the feed motion 

of the tool in the cutting direction and the induced 

multimode vibration in the depth-of-cut direction. The tool 

trajectory is then transferred to the cut surface as the textured 

profile (Fig. 6(e)). The generated profile is dull compared 

with the target profile because the quintuple and higher 

integer-multiple components have been neglected. It is 

expected that if a vibrator with the fifth mode is considered 

and designed, the generated profile can be more identical to 

the target profile.  

Based on the proposed system, three types of wave 

forms, namely trapezoidal, triangular, and distorted 

triangular waves, are induced and measured without the 

cutting load on the device. The parameters for the target 

profiles and input voltages are summarized in Table 1. 

Figure 7 shows the target profiles, input voltage profiles, and 

output vibrations. The measurement results of the output 

vibration (black solid lines) show good agreement with the 

theoretical vibration profiles (green solid lines). It can be 

concluded that proper voltage profiles can be identified 

through the proposed system and that the developed device 

can generate designed multimode vibrations. 

 

 



 

Fig. 6 Proposed multimode vibration generation system. 

 

 

Table 1. Parameters for multimode vibrations 

 
 

 

 
Fig. 7 Measurement results of multimode vibrations. 

 

 

 

 

 

 



5. Highly-efficient and highly-flexible surface texturing 

In order to verify the applicability of the proposed 

highly-efficient and highly-flexible surface texturing, 

cutting experiments are performed on the precision lathe 

equipped with the developed ultrasonic multimode vibration 

device. Figure 8 shows a photograph of the experimental 

setup. Electroless NiP (10 wt% P, average thickness of 30 

μm) coated hardened die steel is used as the workpiece. The 

top surface of the cylindrical workpiece is textured. A single 

crystalline diamond tool with a nose radius of 1.0 mm is 

used to obtain optical quality surfaces. The experimental 

conditions are summarized in Table 2. The cutting 

conditions, i.e., spindle speed and feed speed, are 

determined based on the target profiles and cutting ranges 

(range from minimum to maximum diameter of workpiece). 

In these texturing experiments, the cutting speed is within 

the range of 26–39 m/min. This is approximately 30 times 

faster than the cutting speed of conventional precision 

surface texturing methods [25]. This increase in the cutting 

speed results from the direct utilization of ultrasonic 

vibrations. 

 

 

Fig. 8 Experimental setup for highly-efficient and highly-

flexible micro/nano surface texturing. 

 

The input voltage profile for the multimode vibrations 

and the temperature of the temperature-controlled room are 

identical to those of the measurement setup described in 

Chapter 4. The nominal depth of cut (see Fig.1) is varied in 

the range of 0 to 2 μm. During the experiments, the cutting 

forces are measured using a dynamometer (Kistler, 9256C), 

and the current and voltage signals are also measured. After 

the experiments, the surfaces are observed using an optical 

microscope and the profiles are measured using a 3D optical 

surface profiler (Zygo, NewView7300). The tool tip is also 

observed after the experiments by using an optical 

microscope (Nikon, MM-40/L3U). 

Figure 9 shows an example of the measured cutting 

forces, current signal, and power during one path of the 

cutting for the triangular wave profile at a nominal depth of 

cut of approximately 2 μm. The principal and thrust forces 

reach approximately 0.4 and 0.2 N, respectively. The current 

is close to zero because the input frequencies are close to the 

anti-resonant frequencies. Moreover, since the quality factor 

of the developed system is designed high, i.e. the damping 

and energy loss is low, the power is close to zero at those 

anti-resonant modes. It can also be observed that the current 

and power do not change during cutting. In addition, they 

are close to those before/after cutting (air-cutting). The raw 

data were processed by a low-pass filter with a cutoff 

frequency of 1000 Hz to check the change in the vibration 

states which might be caused by the cutting load. The 

filtered data (red dashed lines in Fig. 9) do not change either 

before/during/after cutting. It can thus be concluded that the 

amount of load in these experiments does not affect the 

vibration states of the device. It can also be expected that the 

induced multimode vibration is constant during the cutting. 

This will be confirmed by the comparison between the cut 

surface profiles and the theoretical profiles.  

 

 

Table 2. Experimental conditions for highly-efficient and 

highly-flexible surface texturing 

 

 

 

 
Fig. 9 Measured forces, current, and power. (Target profile: 

triangular wave, nominal depth of cut: 2 𝜇m) 

 

Figure 10 shows the textured surfaces of the trapezoidal, 

triangular, and distorted triangular waves. These results 

show that optical-quality surfaces without undesirable 

vibration marks or defects can be obtained by using the 

proposed cutting method. Figure 11 shows the measured 

profiles when the nominal depth of cut is approximately 2 

μm. Compared to the theoretical profiles (black solid lines 

in Fig. 11), the textured profiles (red dashed lines in Fig. 11) 

show good agreement without a decrease or increase in the 

magnitude. Figure 12 shows a microphotograph of the rake 

and flank faces of the tool after the experiments.  



  

 

Fig. 10 Optical microphotographs of textured surfaces: (a) trapezoidal, (b) triangular, and (c) distorted triangular waves. 
 

 

It can be seen that the proposed cutting process does not 

cause any tool damage or microchipping. This is because the 

relationship between the clearance angle and the maximum 

slope of the profiles are considered when the target profiles 

were designed to ensure that the maximum slopes of the 

profiles do not exceed the clearance angle. 

 

 

Fig. 11 Surface profiles of textured surfaces: (a) trapezoidal, 

(b) triangular, and (c) distorted triangular waves. 
 

 

Fig. 12 Microphotograph of cutting edge after surface 

texturing. 

 

The above textured surfaces are the examples where the 

whole parts of multimode vibrations are transferred to the 

cut surfaces. On the other hand, it is also possible to transfer 

only a part of the multimode vibration by adjusting the depth 

of cut. Figure 13 shows an example where the nominal depth 

of cut is the same as the amplitude of the distorted triangular 

wave. With this multimode vibration cutting, round-edged 

dimples can be machined on the surface. Note that this kind 

of highly-flexible texturing is impossible with the 

conventional resonant vibration cutting devices because 

those devices can only induce the sinusoidal or distorted sine 

wave vibration profiles. 

Based on the above experimental results, it can be 

concluded that the proposed cutting device is effective for 

highly-efficient and highly-flexible surface texturing 

because of its high nominal cutting speed and ability to 

generate various wave forms. 

 

 

Fig. 13 Round-edged dimple machining with multimode 

vibration cutting: (a) cutting process with distorted 

triangular wave, (b) measurement results of textured surface. 

 

6. Conclusions 

“Multimode Vibration Cutting” was proposed for 

highly-efficient and highly-flexible surface texturing. The 

newly developed multimode vibration generation system 

and ultrasonic multimode vibration cutting device were 

demonstrated. In this study, the first and third resonant 

modes in the depth-of-cut direction were utilized for 
ultrasonic multimode vibration. By combining the 

vibrations by those modes, it is possible to generate various 

shapes of vibrations at ultrasonic frequencies. Since high-

resonant frequencies are used directly to machine the surface 

textures, a high nominal cutting speed can be applied; high 



efficiency can be achieved. Cutting experiments were also 

performed with the developed cutting tool. Three different 

target profiles were textured on a Ni–P coated plate at a high 

cutting speed of approximately 32.5 m/min. After the 

experiments, the textured profiles were compared with the 

theoretical profiles, and it was observed that the profiles 

show good agreement. It can be concluded that the proposed 

ultrasonic multimode vibration cutting method is the only 

method which realizes highly-efficient and highly-flexible 

micro/nano surface texturing. 
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