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Abstract 

High-aspect-ratio metallic surface microstructures are increasingly demanded in breakthrough applications, 

such as high-performance heat transfer enhancement and surface plasmon devices. However, the fast and cost-

effective fabrication of high-aspect-ratio microstructures on metallic surfaces remains challenging for existing 

techniques. This study proposes a novel cutting-based process, namely elliptical vibration chiseling (EV-

chiseling), for the high-efficiency texturing of surface microstructures with an ultrahigh aspect ratio. Unlike 

conventional cutting, EV-chiseling superimposes a microscale elliptical vibration on a backward-moving tool. 

The tool chisels into the material in each vibration cycle to generate an upright chip with a high aspect ratio 

through material deformation. Thanks to the tool’s backward movement, the chip is left on the material surface 

to form a microstructure rather than falling off. Since one microstructure is generated in one vibration cycle, the 

process can be highly efficient using ultrafast (>1 kHz) tool vibration. A finite element analysis model is 

established to explore the process mechanics of EV-chiseling. Next, a mechanistic model of the microstructured 

surface generation is developed to describe the microstructures’ aspect ratio dependency on the process 

parameters. Then, surface texturing tests are performed on copper to verify the efficacy of EV-chiseling. 

Uniformed micro ribs with a spacing of 1~10 μm and an aspect ratio of 2~5 have been successfully textured on 

copper. Compared with the conventional EV-cutting that uses a forward-moving tool, EV-chiseling can improve 

the aspect ratio of textured microstructure by up to 40 times. The experimental results also verify the accuracy of 

the developed surface generation model of microstructures. Finally, the effects of elliptical trajectory, depth of cut 

(DoC), tool shape, and tool edge radius on the surface generation of micro ribs have been discussed.  

Keywords: metallic microstructure; high aspect ratio; backward-moving cutting; vibration cutting; chiseling; 

material deformation. 

1. Introduction 

Metallic surface microstructures are attracting increasing attention in many industrial fields, such as optics[1], 

heat transfer[2], biology[3], and tribology[4], due to their superior performance in enhancing surface properties or 

enabling new functionalities[5]. The aspect ratio, height to width, is a critical geometric parameter of metallic 
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microstructures that significantly affects their performance. Increasing the aspect ratio could benefit the 

applications. For example, the high-aspect-ratio surface microstructures on pure copper could improve the 

corrosion resistance of the raw material by 18.5% [6]. Besides, the high-aspect-ratio microchannels could increase 

the heat transfer indexes of the surface, including the critical heat flux and the heat transfer coefficient [7]. The 

high-efficiency and cost-effective fabrication of high-aspect-ratio metallic microstructures is vital to ensure 

applications.  

The fabrication method of high-aspect-ratio metallic microstructures can be classified as nonmechanical and 

mechanical. The representative nonmechanical methods include lithography[8], femtosecond laser texturing[9], 3D 

metallic printing[10], micro-electric discharge machining (Micro-EDM)[11], chemical etching, electroforming, and 

nanoimprints. Lithography is the most commonly used technique for creating high-aspect-ratio microstructures. 

However, it mainly aims at silica-based materials and polymers[12, 13]. It is toilsome and expensive for lithography 

to texture large-scale metallic surfaces due to the high equipment cost and multistep process procedure. 

Femtosecond laser texturing can fabricate microstructures on various metallic materials [14-16]. However, high 

efficiency and aspect ratio cannot be simultaneously achieved for femtosecond laser texturing[17, 18]. 3D printing 

can develop metallic microstructures with arbitrary geometries and exhibits superior performance in the flexible 

patterning capability[19]. However, the efficiency of 3D metallic printing is too low for large-area fabrication. 

Micro-EDM is good at fabricating complex 3D microstructures with high aspect ratios, but the low achievable 

scale and efficiency for generating patterned microstructures block its application in the industry[20].  

Chemical etching, electroforming, and nanoimprints are also classical nonmechanical methods for the 

fabrication of high-aspect-ratio microstructures. Chemical etching can generate high-aspect-ratio structures such 

as nanosheets, which can be applied in electrochemical water splitting[21] like hydrogen evolution reaction[22] and 

electrocatalysis[23]. However, chemical etching is more adept at creating nanoscale structures than microscale 

structures. Electroforming is theoretically possible to generate metallic microstructures with a limitless aspect 

ratio[24] on a submillimeter scale [25-27]， but its dependence on a mask mold remains challenging to manufacture, 

restricting its process flexibility. Nanoimprints can generate ultra-thin metallic nanostructures with a high aspect 

ratio and could be used as transparent electrodes for organic solar cells[28-30]. However, nanoimprint is a multi-

step process that relies on the use of mask mold, making it suffer from low process stability and flexibility.  

The mechanical methods are the other widely adopted technique group for metallic surface texturing with the 

advantages of high flexibility and low cost, represented by tool servo cutting[31], micromilling[32, 33], fly cutting[34], 

grinding[35], and vibration-assisted cutting[36]. Tool servo cutting with a single crystal diamond tool could fabricate 

optical metallic microstructures like micro lens arrays with high accuracy and quality[37], but it has the drawbacks 

of low efficiency and small scale. Micormilling can fabricate various metallic microstructures, including dimples, 

grooves, and riblets[38]. However, the tool diameter limits the achievable structure size by micromilling[39]. Fly 

cutting can ensure surface quality uniformity and provide flexibility for machining hierarchical microstructures[40], 

but it is challenging to generate high-aspect-ratio microstructures. Grinding is fit for fabricating microstructures 

like micropillars and grooves on difficult-to-cut materials[41]. However, the achievable aspect ratio is not high due 

to the size limitation of the grinding tool. 

Besides, vibration-assisted cutting[42], especially elliptical vibration cutting (EV-cutting)[43, 44], has emerged as 

a promising surface texturing approach for metallic materials. In vibration-assisted cutting, a microscale vibration 
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is superimposed into the tool by a nonresonant[45, 46] or resonant[47] device. Tool vibration traces are left on the 

material surface to form microstructures[48, 49], whose shape is a function of the tool geometry and trajectory[50]. 

So, vibration-assisted cutting has high control precision of structural geometry[46, 51], and high process flexibility. 

Moreover, vibration-assisted cutting can be very efficient for large-area microstructure texturing with a texturing 

rate of as high as 20 000·s-1 if an ultrasonic tool vibration is adopted. Currently, the surface texturing principle 

based on vibration-assisted cutting has been realized in turning[52], milling[53], planning[54], and so on. In addition 

to single-scale structures like dimples[55, 56] and grooves[57], vibration-assisted cutting can also fabricate 

hierarchical microstructures like multiscale microchannels[58] and multiscale dimples[59], which have improved 

performance in applications such as heat transfer[60], anti-fouling[61], and cell bioactivity[62]. However, the aspect 

ratio of microstructures created by vibration-assisted cutting is still very limited (far less than 1).  

In summary, it remains challenging to fabricate high-aspect-ratio microstructures on large-area metallic 

surfaces with high efficiency, low cost, and high flexibility. Though the cutting-based texturing method has the 

advantages of high efficiency, low cost, and high flexibility and capacity to texture large-area surfaces, its 

achievable aspect ratio of microstructure is restricted. This study proposes a novel cutting-based process, namely 

elliptical vibration chiseling (EV-chiseling), for the fabrication of ultra-high-aspect-ratio microstructures, 

simultaneously inheriting the advantages of the cutting-based texturing principle. First, the process mechanics in 

EV-chiseling is illustrated by FEA. Then, a mechanistic model is developed to establish the effects of process 

parameters on the geometries of microstructures. Finally, machining tests with different vibration trajectories, 

depth-of-cut (DoC), and tools are conducted to verify the efficacy of the proposed EV-chiseling.  

2. Principle of elliptical vibration chiseling 

2.1 Illustration of elliptical vibration chiseling  

The process principle of EV-chiseling is demonstrated in Figure 1. In EV-chiseling, an elliptical vibration 

trajectory is added to the tool, which moves backward in contrast to conventional cutting[63] and EV-cutting[36, 49, 

50]. The tool chisels into the material in each vibration cycle to generate an upright chip with a high aspect ratio 

through material deformation. Owing to the tool’s unique backward movement, the chip is left on the material 

surface to form a ribbed microstructure rather than falling off. The height of the chiseled microstructure is larger 

than the width. In contrast, the aspect ratio of the created microstructures by EV-cutting is small, whose height is 

much smaller than the width. To ensure the process efficacy, the process parameters of EV-chiseling should match 

each other, including the tool shape, the elliptical trajectory (defined by semimajor axis a, seminar axis b, and 

inclination angle θ), the vibration frequency f, the DoC, and the nominal cutting velocity Vc. The vibration 

frequency determines the generation rate of microstructure in EV-chiseling, so the machining efficiency of EV-

chiseling can be very high if ultrafast tool vibration can be adopted. EV-chiseling exhibits excellent potential for 

fast fabricating high-aspect-ratio microstructures on metallic surfaces outperforming existing methods.  
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Figure 1. The process principle of EV-chiseling, EV-cutting, and conventional cutting methods. A-A and B-B refer to the 

section view of EV-chiseling and EV-cutting, respectively. 

In order to successfully perform the EV-chiseling, knowledge gaps such as the underlying mechanism 

governing the control of process parameters on the structure formation and what kind of vibration trajectory is 

suitable should be filled. Moreover, technological bottlenecks regarding the design of high-performance vibration 

device should be addressed. The vibration device is demanded to be able to generate a high-frequency, large-

amplitude, and controllable vibration trajectory for guaranteeing the performance of EV-chiseling in efficiency, 

flexibility, and quality. 

2.2 Finite element analysis of microstructure generation 

Finite element analysis (FEA) is performed to explore the process mechanics in EV-chiseling. A 2D FEA model 

is constructed using Abaqus. The geometric model (100 μm×30 μm) of the workpiece and boundary conditions 

for FEA is shown in Figure 2. The tool is set as a rigid body with a clearance angle of 10°, a rake angle of 0°. 

The Johnson-Cook constitutive model is used to describe the mechanical behavior of the workpiece material in 

the EV-chiseling, as expressed below: 
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where A, B, C, n, and m are the typical material constants of the Johnson-Cook constitutive equation. σ is the Von 

Mises equivalent flow stress, 𝜀p is the equivalent plastic strain, ε̇ is the plastic strain rate, 𝜀0̇ is the reference plastic 

strain rate of material. T, Tr, and Tm are the deformation, reference, and melting temperatures, respectively. Besides, 

the damage evolution of material in the FEA is modeled by Johnson-Cook cumulative damage law, expressed as: 
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where the ratio of p σ̅⁄  is defined as the stress triaxiality, D1~D5 are five constants determined by experiments. 

The mechanical properties, the Johnson-Cook constitutive parameters, and five constants of the copper material 

are listed in Table 1[64, 65].  
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Table 1. Mechanical properties, Johnson-Cook constitutive parameters, and five constants of copper. 
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Figure 2. FEA setups of EV-chiseling. 

In FEA, the nominal cutting velocity Vc is set as 10 mm·s-1, the DoC is 8 μm, and the vibration frequency f is 

1 000 Hz. For an inclined elliptical tool trajectory (a = 10 μm, b = 3 μm, and θ = 20°). The instantaneous tool 

velocities are defined as, 
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where t is time, vx and vy are the instantaneous tool velocities in the cutting and DoC directions. Ax and Ay are the 

velocity constants of sines, Bx and By are the velocity constants of cosines of x and y axes. The velocity constants 

could be expressed as: 
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The FEA results of the variation of stresses during EV-chiseling are demonstrated in Figure 3. The EV-chiseling 

process in each vibration cycle can be divided by five points P1, P1', P2, P3, and P4 of the trajectory into four steps: 

Move-in, Cut-in, Deforming, and Move-out. P1 and P1' are the upside points for two adjacent tool trajectories. P2 

is where the tool starts to contact the workpiece. P3 and P4 are the lowest and leftmost points of the tool trajectory, 

respectively.  

In the Move-in step (Figure 3(a)), the tool moves toward the workpiece following the tool path from point P1 

to P2, and no material is cut by the tool. In the Cut-in step (Figure 3(b)), the tool cuts into the workpiece material 

following the tool path from point P2 to P3. With the gradual increases of instantaneous DOC, two kinds of tool-

workpiece interaction occur. One is the chip formation on the tool rake face, where the volume of material can be 

assumed as unchanged. While the other is the material extrusion on the tool flank face, where the volume of 

material is reduced. In the Deforming step (Figure 3(c)), the tool moves from point P3 to P4. The material 

continues to deform to form a higher chip, which can be regarded as a high-aspect-ratio microstructure. The 

horizontal distance of P3 and P4, denoted as overcut distance, is a critical factor affecting microstructure 

generation. If the overcut distance exceeds the microstructure spacing Vc/f, the chip can be fractured and fall off 

the workpiece surface. So, to guarantee the efficacy of EV-chiseling, the following condition should be satisfied, 

 
3 4
 c

P P

V
x x

f
 (5) 

In the Move-out step (Figure 3(d)), the tool leaves the workpiece surface following the tool path from point P4 

to P1' to prepare for the next cutting cycle. The material deformation rule obtained by FEA for the EV-chiseling 

provides a fundamental basis for subsequent analytical modeling of microstructures’ geometries. Due to the 

extrusion-dominated chip formation in this new process, the influence of residual stress on the microstructure is 

considered. The simulated residual stress σ of microstructures is calculated and shown in Figure 3(e). The 

maximum tensile stress is about 74.9 MPa, the maximum compress stress is about 127.5 MPa, while the average 

σ is about -23.8 MPa (compress stress). Therefore, the overall residual stress is acceptable. The maximum tensile 

stress is far less than the ultimate tensile strength of copper materials (about 300 MPa), thus, the microstructure 

obtained by EV-chiseling can keep a good strength. 
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Figure 3. FEA of the microstructure’s generation during EV-chiseling, including four steps. (a) Move-in step; (b) Cut-in 

step; (c) Deforming step; (d) Move-out step, and (e) residual stress of microstructure. 

In addition to the tool vibration trajectory, the tool edge radius would have a great impact on the shear-

dominated chip formation and the strength of the metallic structures. When the chip thickness is down to such a 

small scale, the scale effect could not be ignored[66], especially for the tool edge radius. During EV-chiseling, the 

tool edge radius can affect the chip formation in the Cut-in and Deforming steps. The smaller the tool edge radius 

is, the easier the chip separation; otherwise, the chip separation is more difficult. Also, from a molecular dynamics 

point of view[67], the smaller radius could reduce the force in the cutting process. Therefore, in the EV-chiseling 

process, the edge radius should be small enough.  

2.3 Modeling the aspect ratio of textured microstructure 

A mechanistic model is developed to establish the dependency of microstructures’ shape on the process 

parameters, mainly based on the chip formation process in EV-chiseling. The general idea of model development 

is to differentiate the workpiece material into microelements, analyze the motion of each microelement of material, 

integrate them to derive the shape of the chip, and finally obtain the aspect ratio of the microstructures. As shown 

in Figure 4(a), C1i denotes the positions of the i microelement of material before chiseling, while C2i is its 

corresponding final position after chiseling. The critical modeling step is to determine the motion of each 

microelement of material from C1i to C2i. 

 

Figure 4. Model development. (a) A detailed generative model of microstructure for EV-chiseling. (b) Classic material 

deformation and flow model in chip formation. 
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The motion of the workpiece material stems from the material deformation and flow in EV-chiseling. Since 

EV-chiseling can be regarded as a particular cutting process with time-varying instantaneous DoC in each 

vibration cycle, the motion of the microelement of material in every moment complies with the classical cutting 

theory. Figure 4(b) shows a classic material deformation and flow model in cutting. The material deformation 

occurs in the shear zone ahead of the tool edge and flows along the tool rake face with a direction angle of γ+90°, 

and γ is the tool rake angle. The microelement of material with a cross-sectional area of A1i is transformed into 

the microelement of the chip with a cross-sectional area of A2i. Assuming material is not significantly compressed 

in the chip formation,  

 1 2i iA A  (6) 

The relationship between the length Li, Li’ and thickness hi, hi’ of the microelement of material before and after 

deformation can be derived as,  

 

 

 

cos

sin

sin

cos

 
 



  
 

i

i

i
i

h Φ
h

Φ

L Φ
L

Φ





 (7) 

In Eq. (7), Φ is the shear angle in cutting, which can be expressed as below according to Merchant’s cutting 

theory[63, 68]: 

 
4 2 2

  Φ
  

 (8) 

where β is the friction angle on the tool rake face (β = tan-1 μ, μ is the friction coefficient between copper and 

diamond, μ = 0.2 is used in this study). Eq. (7-8) indicates that the tool rake angle significantly affects the chip 

geometries after deformation in ordinary metal cutting.  

However, the instantaneous tool rake angle changes with time in EV-chiseling due to elliptical tool vibration. 

To calculate the instantaneous tool rake angle, the tool motion in EV-chiseling is written as,  

 

2 2

2 2

( ) ( cos ) ( sin ) sin(2 )

( ) ( sin ) ( cos ) sin(2 )

cx t a b ft V t

y t a b ft

  

   

   


  

 (9) 

where φ is the phase difference for two vibration directions.  

Then, the instantaneous tool rake angle γ(t) can be derived as,  

 
1 ( )

( ) ( ) tan ( )
( )

 
 



y t
t t

x t
   (10) 

where θ(t) denotes the instantaneous cutting direction of the tool. 

Next, the time-varying shear angle Φ can be obtained as, 
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   (11) 

Then, the height of chip h can be calculated by, 
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 (12) 

where tP2, and tP4 are time when the tool reaches P2, and P4, which can be calculated easily by geometric method. 

Cf is the correction factor and Cf = 2. V(t) is the instantaneous cutting velocity of the tool, 

      
2 2

( ) ( )  V t x t y t  (13) 

Then, the width of chip can be calculated by, 

  
   cos ( ) ( )

max max
sin ( )

f i

f i

C h t Φ t t
w C h

Φ t

 
   

 
 (14) 

where  ih t is the thickness of material ahead of the tool on time t. α is the tool clearance angle and α = 10°, the 

 ih t  can be derived by the simple geometric method as, 

  
 2

( ) tan ( ) tan /

(1 tan ) cos( )

c

i

x t y t V f
h t

t

 

  

 


 
 (15) 

Finally, the aspect ratio of the microstructure can be obtained, 

 Aspect ratio = 
h

w
 (16) 

After finishing the above procedures, the shape and parameters of the microstructures could be derived for EV-

chiseling. However, in EV-cutting, the mechanism of microstructure generation is not as complex as EV-chiseling. 

For comparison, the microstructure’s geometries in EV-cutting are directly derived from the overlapping tool 

trajectories using classic models[36]. 

3. Experimental design 

3.1 Experimental setup 

Since the tool trajectory is critical for the efficacy of EV-chiseling, a 2D nonresonant vibration device is utilized 

to generate controllable elliptical vibration with large amplitude. As shown in Figure 5(a), two piezo stacks 

(PK4FQP1, Thorlabs) with a full stroke of 20 μm at 150 V are used to provide tool vibrations along two orthogonal 

directions. Two groups of spring hinges with proper wall thickness to satisfy the need for stiffness connect the 

piezo stack and end effector. The end effector is designed to be lightweight for a higher resonant frequency of the 
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vibration device. Besides, the ball stud (RSU, VCN419-SS) and end cup (PKFCUP, Thorlabs) are used to properly 

mount the piezo stack (hemispherical head contacts hemispherical cup in the head and the tail direction) with 

excellent centrality. Finite element analysis (FEA) has been utilized in the design of the vibration device using 

ANSYS Workbench to determine its structural parameters. As a result, the first resonant mode frequency is 13 

046 Hz and satisfies the process requirements. Figure 5(b) shows the static analysis results; the stiffness K of one 

handle is obtained as K is 12.7 N·μm-1, much smaller than the stiffness of the piezo stack, satisfying the 

requirement of piezo stack operation. A PC with LabVIEW generates the digital control signal of piezo stacks, 

which is transformed to the analog control signal by an NI DAQ board (NI PCIE 6361). With a shielded 

connecting box (NI BNC 2110) transferring, the control signals are amplified by two power amplifiers 

(PiezoDrive PX 200). The final input voltages and phases for the left and right piezo stack are denoted by UL, UR, 

ΦL, and ΦR. Two capacitive displacement sensors (MicroSense probe 5810, ADE 5514-LR-06) are used to 

measure the vibration amplitude as shown in Figure 5(c), and get the displacement and displacement phase as X, 

Y, φx, and φy for a fixed input frequency, respectively; the vibration amplitude in Y direction increases linearly 

with the input voltages, as shown in Figure 5(d). The vibration amplitude of different frequencies (100 ~ 6 000 

Hz) of left and right handles along the handles’ direction under the same voltage input shown in Figure 5(e), is 

highly stable: the amplitude fluctuation is less than 0.2 μm. Besides, the linear test has been done under different 

inputs voltage of 100 Hz and 1 000 Hz, with results showing that the two handles exhibit super-duper linearity, 

as shown in Figure 5(f). All the results demonstrate the actual superior performance of this device with large 

vibration amplitude under ultrafast vibration frequency (>1 kHz). 
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Figure 5. 2-D vibration device design and elliptical vibration trajectories control. (a) The schematic diagram for the working 

performance test platform; (b) statics analysis results; (c) measurement system of vibration amplitudes; (d) vibration 

amplitudes between measurement and simulation for different voltage input; (e)-(f): vibration amplitude test results for 

different frequency and voltage input; (g) elliptical vibration of ideal and real trajectories for different ellipses. 

To accurately generate a controllable elliptical trajectory, the relationships among the control signal UL, UR, 

ΦL, and ΦR, and the axis’s displacement X, Y, φx, and φy have been calibrated. The control signal and axis’s 

displacement are assumed to have a linear relationship for nonresonant motion as follows: 

 

xL xRx L

yL yRy R

j jj j
xL xR L

j jj j

yL yR R

A e A eXe U e

A e A e U eYe

  

  

    
     

        
 (17) 

where AxL, AxR, and AyL, AyR are the related amplifying coefficients of the x and y axis, respectively, δxL, δxR, and 

δyL, δyR are the displacement offset phases of the x and y axis, respectively. The above parameters of the device 

are calibrated as shown in Table 2. The measured and designed typical ellipse (a = 10 μm, b = 3 μm, θ = 0°, 20°, 

and 45°) are compared in Figure 5(g), and the deviation value is less than 0.5 μm. For smaller ellipses (a, b < 5 

μm), the deviation value can be less than 0.1 μm, which satisfies the process requirement. 
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Table 2. Amplifying coefficients and displacement offset phases of the device (f = 1 000 Hz). 

AxL/μm.20V-

1 

AyL/μm.20

V-1 
AxR/μm.20V-1 AyR/μm.20V-1 δxL/rad δyL/rad δxR/rad δyR/rad 

1.26 0.92 1.28 0.88 2.997 3.002 3.002 3.004 

A series of surface texturing tests were carried out using the self-developed 2D nonresonant vibration device 

on an ultraprecision platform to verify the efficacy of EV-chiseling, as shown in Figure 6(a) and (b). The 

ultraprecision platform (Aerotech, ANT 130+ACT 165) consists of a three-axis stage (X-, Y-, Z-axis) and a linear 

actuator (XX-axis). The self-developed 2D nonresonant vibration device is mounted on the linear actuator to 

provide the elliptical tool vibration. A single-point diamond tool is fixed on the end effector of the device. The 

detailed geometries of the diamond tool are shown in Figure 6(c)-(e). The signal to actuate the vibration device 

is generated using LabVIEW, then transmitted to the power amplifier by the DAQ board. A copper workpiece is 

fixed on a two-axis inclination stage, which is used for level adjustment. The motion of the workpiece in the DoC 

and crossfeed direction is provided by the Y-axis and Z-axis stages, respectively, while the XX-axis actuator 

provides the nominal cutting motion of the tool. In addition, a digital camera (Leipan MS5, 100X) is used in situ 

to preset the tool’s location and photograph the machining process.  
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Figure 6. Experiment setup and diamond tool parameters. (a) The holistic perspective of the experiment; (b) detailed 

experiment setup; (c) front view of the circular diamond tool; (d) side view of the circular diamond tool; (e) the relationship 

between DoC and cutting width w; (f) the inclined experiment schematic diagram for EV-chiseling; (g) the inclined 

experiment schematic diagram for EV-cutting.  

3.2 Process parameters and measurement methods 

All the workpieces are flattened before the experiment. Both EV-chiseling and EV-cutting tests are conducted 

for comparison to demonstrate the capacity of EV-chiseling in the texturing of high-aspect-ratio microstructures. 

An inclined cutting method is used to explore the effects of DoC on the process performance for EV-chiseling 
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and EV-cutting, as shown in Figure 6(f) and (g), respectively. During the texturing process, the DoC increases 

linearly from zero to 10 μm with a rate of 1 μm·mm-1. The vibration ellipse is the same for all (a = 10, b = 3, θ = 

20°), while the only difference is the cutting direction: the cutting direction for EV-chiseling is from left to right, 

but for EV-cutting is from right to left. The other process parameters are listed in Table 3. The other process 

parameters are listed in Table 3. Since Vc/f is equal to the spacing of microstructures, while f determines the 

generation rate of microstructures, Vc and f should be selected synergistically. The higher f is, the better to achieve 

high-efficiency; considering the bandwidth of the vibration device, f =1 000 Hz is used in this study. Hence, to 

texture microstructure with a spacing Vc/f ranging from 1 μm to 10 μm, the nominal cutting velocity Vc ranging 

from 1 to 10 mm·s-1 is used in the experiments. Parallelogram trajectory is also used in the experiment to explore 

the process potentials of vibration chiseling.  

The tool geometries that affect the formed microstructures mainly include the clearance angle, edge radius, 

nose radius, rake angle, and edge inclination angle. The larger the tool clearance angle is, the better to reduce the 

interference tool trajectory with the unmachined surface. The tool edge radius determines the successful formation 

of microstructure through chiseling. A smaller edge radius is desirable to achieve smaller chip thickness. The tool 

nose radius, rake angle, and edge inclination angle are directly related to the geometries of the formed 

microstructures, enhancing the high flexibility of EV-chiseling process. Since this study focuses on the proposal 

and verification of the new process, the tool nose radius, rake angle, and edge inclination angle are not selected 

as the research variables. The circular diamond tool used in this study has a fixed nose radius of 3 mm, rake angle 

of 0°, clearance angle of 10°. Different cutting tools with different shapes and edge radius are used in the 

experiment. Single crystal diamond tools with circular, triangular, and rectangular shapes to illustrate the 

influence of tool shapes. A PCD (Polycrystalline diamond) tool in contrast with single diamond tools is used to 

show the effect of tool edge radius on the microstructure formation. An ultra-depth three-dimensional microscope 

(UDM, Hirox, HR-5000) is used to measure the tool edge radius. After the texturing tests, a laser scanning 

confocal microscope (LSCM, Olympus, LEXT OLS4100) and a scanning electron microscope (SEM, ZEISS, 

sigma 500) are used to measure the profile and morphology of the textured surface.  

Table 3. Process parameters of EV-chiseling, EV-cutting, and parallelogram-shaped vibration-chiseling 

experiments. 

No. Process 
Cutting velocity 

Vc /mm·s-1 
Frequency f /Hz Trajectory /μm Cutting tool 

1 EV-chiseling 5, 7 1 000 a = 10, b = 3, θ = 0° Circular tool 

2 EV-chiseling 
1, 2, 3, 4, 5, 6, 7, 

8, 9, 10 
1 000 

a = 10, b = 3, θ = 

20° 

Circular, Triangular, 

Rectangular, PCD 

tool 

3 EV-chiseling 5, 7 1 000 
a = 10, b = 3, θ = 

45° 
Circular tool 

4 EV-cutting 
1, 2, 3, 4, 5, 6, 7, 

8, 9, 10 
1 000 

a = 10, b = 3, θ = 

20° 
Circular tool 

5 

Parallelogram-

shaped 

vibration-

chiseling 

5, 7 100 
Base = 13.7, height 

= 5, θ = 20°  
Circular tool 
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4. Results and discussion 

4.1 Textured microstructure by EV-chiseling 

The metallic microstructures with high aspect ratios have been successfully fabricated using EV-chiseling. 

Figure 7 compares the surface morphologies of microstructures fabricated by EV-chiseling and EV-cutting. As 

shown in Figure 7(a), the EV-chiseling generates ribbed microstructures with good uniformity. The SEM figures 

clearly show the contrast between the microstructures’ top (the light region) and bottom (the dark region). The 

top area is narrow, but the bottom is relatively wide. It is hard to observe the bottom of microstructures, especially 

for Vc is as tiny as 1 mm·s-1. This is because the narrow-ribbed microstructures restrict light and electron access, 

which could find a broad application prospect in absorbing radiation, impurities, particles, cells, etc. The left and 

right surfaces of microstructure fabricated by EV-chiseling differ in smoothness. The left is vertical and smooth 

owing to its contact with the tool rake face, while the right is oblique and coarse with hierarchical structures 

caused by unconstrained material deformation. In contrast, as shown in Figure 7(b), the EV-cutting generates 

shallow grooves owing to tool vibration’s reprojection effect. However, the uniformity of the textured structures 

by EV-chiseling is not as superior as EV-cutting. This is because chip deformation is more complicated than 

material removal in cutting. Some dynamic factors affect the chip deformation, such as the friction state between 

the chip and tool rake face. According to the general principle of metal cutting, the tool-chip friction significantly 

affects the shear angle in the first deformation zone, finally affecting the chip's length and thickness. A smaller 

friction coefficient should be beneficial to obtain microstructures with a higher aspect ratio. Hence, sufficient 

lubrication is essential for the EV-chiseling to create high-aspect-ratio microstructures with good uniformity.  

The microstructures’ surfaces are demonstrated in Figure 8(a) and (b), which quantitatively verify the efficacy 

of the proposed EV-chiseling in texturing high-aspect-ratio microstructures. For the same spacing of 6 μm, the 

height of chiseled microstructures is about 8 μm, about 16 times the height of the microstructure (0.5 μm) 

fabricated by EV-cutting. Moreover, the theoretical and measured results of the surface profiles are compared in 

Figure 8(c) and (d). Though deviations exist due to the elastic recovery of material[69], the theoretically predicted 

surface profiles agree well with the experimental results, verifying the developed model of microstructures’ 

surface generation.  
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Figure 7. Typical machining SEM figures comparison between EV-chiseling and EV-cutting (DoC = 10 μm). (a) EV-

chiseling results of different cutting velocity; (b) EV-cutting results of different cutting velocity. The oblique angle of the 

ellipse is 20°. 
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Figure 8. Typical machining surfaces (a) and (b) under Vc = 9 mm·s-1 and contrastive profiles (c) and (d) under Vc = 6 mm·s-1 

between EV-chiseling and EV-cutting (DoC = 10 μm). 

4.2 Comparison of aspect ratio among vibration texturing processes 

The height, width, and aspect ratios of microstructures fabricated by EV-chiseling and EV-cutting under 

different microstructure spacing Vc/f are compared in Figure 9. EV-chiseling shows a much higher capacity to 

texture high-aspect-ratio microstructures than EV-cutting. Due to the limitation of the microscope, only the 

microstructure morphology with a relatively large spacing can be photographed clearly, taking Vc/f = 5 μm as the 

demarcation line. As shown in Figure 9(a) and (b), the microstructure height by EV-chiseling is much larger than 

by EV-cutting, while the microstructure width by EV-chiseling is smaller than that by EV-cutting. As a result, the 

aspect ratio of microstructure by EV-chiseling is much larger than by EV-cutting, as shown in Figure 9(c). The 

maximum measured aspect ratio of microstructure by EV-chiseling is about 40 times that by EV-cutting.  

In addition, the theoretically predicted height, width, and aspect ratios of microstructures by EV-chiseling agree 

well with the experimental results, further verifying the developed model of microstructures’ surface generation. 

The microstructure height and width by both EV-chiseling and EV-cutting increase, if the microstructure spacing 

Vc/f increases. However, the aspect ratio of microstructure by EV-chiseling decreases with increasing Vc/f, which 

differs from EV-cutting. The derived aspect ratio of microstructure fabricated by EV-chiseling could be as high 

as 15 if Vc/f decreases to 1 μm, demonstrating that the proposed EV-chiseling can texture ultrahigh-aspect-ratio 

microstructures.  

Moreover, the achieved aspect ratio by EV-chiseling and other cutting-based texturing methods including 

turning, milling, and fly cutting, in the literature is compared in Figure 9(d). The more detailed data is listed in 
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Table 4. The maximum recorded aspect ratio of microstructures by other cutting-based texturing methods is 0.7[70]. 

In contrast, while maintaining high efficiency, the proposed EV-chiseling can texture microstructures with aspect 

ratios of >2, which can even be as high as 12, outperforming the existing cutting-based texturing methods. 

 

Figure 9. The comparison of the microstructure parameters for EV-chiseling and EV-cutting (DoC = 10 μm), the black short 

vertical line is the error bar of experimental results. (a) Height of the microstructures; (b) width of the microstructures; (c) 

aspect ratio of the microstructures, and each point is calculated by five microstructures; (d) distribution diagram of aspect 

ratio and height values from different literature; EV-chiseling shows the highest aspect ratio (upper region).  

Table 4. Contrast height, width, and aspect ratio from different representative literature. 

Original literature Process Height/μm Width/μm Aspect ratio/ (a.u.) 

Liu et al.[71] Turning 14.40 98.90 0.15 

Du et al.[72] Planning 5.00 32.30 0.15 

Wang et al.[52] Turning 2.27 69.10 0.03 

Lu et al.[70] Milling 14.00 20.00 0.70 

Shen et al.[73] Milling 1.00 5.00 0.20 

Zheng et al.[59] Milling 15.00 100.00 0.15 

Zhang et al.[40] Fly cutting 1.50 25.00 0.06 

Börner et al.[74] Milling 4.00 95.00 0.04 

Guo et al.[50] Planning 8.00 50.00 0.16 

Du et al.[6] Planning 10.00 40.00 0.25 

4.3 Effects of elliptical and parallelogram trajectories 

The tool vibration trajectory plays a critical role in ensuring the efficacy of EV-chiseling. Figure 10 compares 

the morphology of textured surfaces by vibration chiseling using standard, inclined elliptical and parallelogram 
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trajectories. As shown in Figure 10(a) and (b), shallow microstructures are created on the surface if a standard 

elliptical trajectory is used, which is explained in Figure 10(c). In this case, Eq. 5 that guarantees the 

transformation of the chip to the surface microstructure is not satisfied. In each vibration cycle, the tool overcut 

distance is larger than the microstructure spacing, leading to the breakage, and falling from the chip rather than 

transforming to the microstructures. In contrast, if an inclined elliptical trajectory (θ = 45°) is used to satisfy Eq. 

5, high-aspect-ratio microstructures are successfully fabricated, as shown in Figure 10(d)-(f).  

Moreover, vibration chiseling shows high process flexibility by modifying the tool trajectories. The applicable 

tool trajectory for vibration chiseling is not limited to elliptical. Parallelograms[75], triangles, or other nonharmonic 

trajectories that satisfy the microstructure generation condition can also be adopted in vibration chiseling. Figure 

10(g)-(i) demonstrate the textured surface using a parallelogram trajectory, which shows that high-aspect-ratio 

microstructures are fabricated by transforming the chip into microstructures. It is worth noting that the textured 

microstructures show a cured shape when the microstructure spacing Vc/f is 5 μm, which could find an array of 

breakthrough applications like directional droplet transport due to its unique characteristics. These curved 

microstructures are challenging to fabricate by other methods, demonstrating the unique process capacity of 

vibration chiseling.  

In addition, the vibration amplitudes of elliptical trajectory critically affect the achievable maximum aspect 

ratio of the microstructures. A larger vibration amplitude in both the vertical and horizontal directions is beneficial 

to create high structures. However, due to the structure is generated through the material deformation, 

metallographical evolution may occur in both microstructures and the Cu workpiece. Though the metallographical 

evolution of Cu workpiece is inevitable, reducing the tool clearance angle can mitigate the surface alterations. 

These evolutions on the textured microstructures could have either detrimental or beneficial effects. On the one 

hand, residual stress might diminish the strength of structure. On the other hand, the potential grain refinement 

may enhance corrosion resistance. 
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Figure 10. The typical machining SEM figures and diagram comparison between different loci for vibration chiseling (DoC 

= 10 μm). (a)-(c): 0° standard ellipse; (d)-(f): 45° oblique ellipse; (g)-(i): parallelogram. The cutting direction is from right 

to left, the scale bar is 2 μm for all sub-figures.  

4.4 Effects of different DoC  

The DoC also significantly affects the surface generation of microstructure in EV-chiseling. Figure 11 shows 

the results of grooving experiments using a circular tool. The nominal cutting velocity is 8 mm·s-1, and the cutting 

direction is from right to left. The actual DoC at a selected position is calculated by the measured structure length 

w using Figure 6(e). According to Eq. 18, due to the interaction between the tool clearance face and workpiece, 

there should exist a critical DoC, below which the height of the textured microstructure increases with the 

increasing DoC. If the DoC is larger than the critical value, the shape of the microstructure tends to be unchanged. 

The experimental results support the above analysis. The calculated critical DoC is 1.6 μm. Therefore, uniform 

ribbed microstructures with similar shape are fabricated when DoC = 4.1, 7.3, and 9.2 μm. 
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Figure 11. The typical machining SEM figures of microstructures under different DoC for EV-chiseling. The cutting 

direction is from right to left.  

4.5 Textured surface using different cutting tools 

The tool nose’s shape is another important factor determining the microstructures’ geometries textured by EV-

chiseling. Figure 12 shows the fabricated microstructures by EV-chiseling using a triangular and rectangular tool, 

respectively. The tool nose’s shape mainly determines the cross-sectional profile of the textured groove. As shown 

in Figure 12, triangle-shaped and rectangle-shaped grooves with uniform ribbed microstructures are created on 

the workpiece surface. The aspect ratio of ribbed microstructure can be as high as 7. The ribbed microstructure’s 

length is usually coupled with the DOC using a triangular or circular tool. However, if using a rectangular tool, 

the ribbed microstructure’s length is a constant that is the same as the tool’s width. This decoupling of the 

microstructure’s length to the height can enable the more flexible control of the geometries and distribution of 

the microstructures by EV-chiseling. 
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Figure 12. Typical machining SEM figures between different diamond tools for EV-chiseling (DoC = 10 μm). (a)-(c): 

triangular tool; (d)-(f): rectangular tool. The cutting direction is from right to left.  

4.6 Effects of tool edge radius  

The tool edge radius plays a critical role in determining the successful execution of EV-chiseling. To 

demonstrate the critical effects of tool edge radius, a PCD tool with an edge radius of 8 μm (as shown in Figure 

13, much larger than the diamond tool’s edge radius of 100 nm) has been used to conduct the EV-chiseling process. 

The surface morphologies of the textured microstructures using the PCD tool are listed in Figure 14. As shown 

in Figure 14, though periodic microstructures can also be produced on the surface, they are very shallow. Ribbed 

microstructures are not successfully generated, indicating the failure of the process principle in EV-chiseling. This 

is because the edge radius is closely related to the minimum chip thickness in metal cutting. According to Guo et 

al.[76], the undeformed chip thickness should be larger than 0.16 times the tool edge radius to enable a successful 

chip formation from the surface. When the tool edge radius is 8 μm, the minimum chip thickness is about 1.3 μm, 

which is too close to the microstructure spacing to generate a chip ahead of the tool rake face. Moreover, with the 

increase of tool edge radius, the cutting force is assumed to increase significantly, which might destroy and remove 

the chip from the surface. However, a small tool edge radius might violate the tool's life due to inevitable tool 

wear. Hence, if considering the tool life, there exists a maximum acceptable tool edge radius to guarantee the 

efficacy of EV-chiseling, which depends on the workpiece material, tool vibration trajectory, and other processing 

parameters. If neglecting the tool wear, the sharper tool edge is, the better to increase the efficacy of EV-chiseling.  
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Figure 13. The section and morphology of PCD tool. 

 

Figure 14. Typical SEM figures of microstructures textured by EV-chiseling using PCD tool (DoC = 10 μm, the oblique 

angle of the ellipse is 20°). 

It is worth noting that the determination of process parameters is ultimately based on the application 

performance of textured microstructures. The optimum geometries of textured structure in EV-chiseling vary with 

the different applications, such as heat transfer enhancement, antibiosis, and grating-coupled surface plasmon. 
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establishing the complete links between the process parameters, structure geometries/properties and application 

performance are essential for further study. 

5. Conclusions 

This study invents an EV-chiseling process to enable the fast and cost-effective fabrication of ultra-high-aspect-

ratio microstructures on metallic surfaces. FEA is performed to explore the process mechanics in EV-chiseling. A 

process model is established to describe the relationship between the microstructures’ geometries and the process 

inputs. Surface texturing tests are conducted using a self-developed vibration device to verify EV-chiseling’s 

efficacy and developed process model. The specific conclusions are as follows: 

(1) The key principle of EV-chiseling relies on the elliptical tool vibration and the backward tool moving 

direction. The tool chisels into the material in each vibration cycle to generate an upright chip through material 

deformation. The chip is left on the material surface rather than falling off to form a ribbed microstructure with a 

high aspect ratio. 

(2) Uniformed microstructures with an aspect ratio of 2 ~ 12 in the spacing scale of 1 ~ 10 μm have been 

successfully fabricated using EV-chiseling. Compared to EV-cutting with a forward-moving tool, the aspect ratio 

of microstructures increases by 40 times. EV-chiseling outperforms the existing cutting-based texturing methods 

in the literature. 

(3) The developed process model of EV-chiseling has been verified by the measured results of the 

microstructures’ geometric parameters, including the height, width, and aspect ratio. Both the model-predicted 

and experimental results demonstrate that the microstructure’s height and width increase, while the aspect ratio 

of the microstructure decreases with increasing microstructures’ spacing under the same DoC.  

(4) The tool vibration trajectory plays a critical role in ensuring the efficacy of EV-chiseling. Compared to the 

inclined elliptical trajectory, the standard elliptical trajectory is unsuitable for EV-chiseling. Besides, the 

applicable tool trajectory for the general vibration chiseling is not limited to elliptical. Arbitrary nonharmonic 

trajectories like parallelogram that satisfy the microstructure generation condition can be adopted to enable the 

high process flexibility of vibration chiseling. 

(5) The DoC, tool nose’s shape, and tool edge radius also affect the surface generation of microstructure in EV-

chiseling. There should exist a critical DoC, above which the microstructure height tends to be unchanged due to 

the interaction between the tool clearance face and the workpiece. The tool nose’s shape mainly determines the 

cross-sectional profile of the textured groove. If using a rectangular tool, the ribbed microstructure’s length is 

decoupled with the DoC, bringing a more flexible control of the geometries of the microstructures by EV-chiseling. 

The tool cutting edge radius should be as small as possible to fabricate high aspect ratio microstructures. 
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