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ABSTRACT   

Cutting force is a key factor of the cutting plans design, cutting conditions setting, tool wear evaluation and even 
machined surface topography prediction. However, little research has been conducted on the analysis of cutting force in 
ultra-precision fly cutting (UPFC). This paper presents a theoretical and experimental study on the cutting force 
modelling in UPFC of groove. In the present study, an analytic cutting force model has been established to predict the 
cutting force amplitudes both in the feed direction and thrust direction. Experiments were conducted to verify the 
simulation results. Theoretical and experimental results show that cutting force in UPFC is figured as a force pulse 
followed by a series of free vibration signals, cutting parameters such as cutting depth, feed rate seriously affect cutting 
force amplitude.   
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1. INTRODUCTION
Ultra-precision fly cutting (UPFC) is a crucial method for producing non-rotational symmetric optical surface structures 
with micrometric form accuracy and nanometric surface finish1-2. Differs from turning process, cutting tool rotates 
during UPFC; differs from traditional milling process, only one tool tooth participate cutting in UPFC. Since the rotation 
speed of cutting tool is high in UPFC, the contact between diamond tool and workpiece is quite short3. Therefore, cutting 
force models for conventional turning or milling cannot be directly used in UPFC. The analysis of cutting force in UPFC 
is quite important, a good understanding of the cutting force generation is the key step to understand the cutting 
mechanism of UPFC4. Until now, quite a lot of researchers paid their attention to the development of an accurate tool 
force model in single point diamond turning, conventional turning process and other continuous cutting process. 
Merchant presented a comprehensive orthogonal tool force model5, whose model could predict the tool forces under 
different cutting parameters (rake angle, shear angle, material, etc.). However, Merchant failed to consider material 
spring back effect in his model. Afterwards, researchers start to concern the effect of material spring back in the 
machined surface and their rebound force to the clearance face of diamond tools6-8. However, due to the intermittent 
cutting process and short cutting time of UPFC, it is difficult to build up a model to predict the cutting force for UPFC. 
Until now, little practical cutting force model for UPFC has been found in literature review. 

This paper developed a theoretical and experimental study on cutting force modelling of UPFC of groove. Based on the 
Merchant’s tool force model and the cutting mechanism of UPFC, this research developed a cutting force model for 
UPFC of groove. This model could predict the cutting force component both in the feed direction and thrust direction. 
This research is potentially used to explore the fundamental of material slide, shear deformation, material spring back 
and chip generation in UPFC of groove. 

2. EXPERIMENTAL SETUP
In this research, two grooves were machined, cutting parameters employed in the present research are shown in table 1. 
The workpiece is coper material, cutting environment is lubricant on. In the experiment, cutting force signal was 
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captured first by the sensor of Kistler 9256C1 dynamometer and amplified by Kistler 5080A charge amplifier and then 
A/D conversed by Kistler 5697A2 DAQ-System, at last the signal was figured and analyzed by the dynamometer 
attached software-Dynaware. 
Table 1. Cutting parameters used in this experiment. 

Items  V1 value V2 value 
Tool type APEX Insert Diamond tool 
Rake angle -2.5° 

Clearance angle 15° 
Tool radius 0.631mm 

Feed rate 200mm/min 300 mm/min 

Spindle speed 4500 rpm 1500rpm 

Depth of cut 0.02mm 0.05mm 

Swing distance  Around 25mm Around 25mm 

Groove depth 0.5mm(25layers) 0.5mm(10layers) 

 

3. CUTTING FORCE MODELLING  
In UPFC process, although diamond tools fly and cut workpiece intermittently, UPFC is a continuous cutting process on 
a microscopic scale. The continuous process on a microscopic scale is schematically illustrated in Figure 1, where γ is 
the rake angle of diamond tools, ϕ is the shear angle. 
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Figure 1. Schematic illustration of force components in a continuous cutting process 

In the present research, the used material failure criteria is Von Mises criterion, based on this criterion, the shear stress 
on the shear plane is expressed as /3 3s Hτ = . The cutting process is an isothermal and adiabatic process.  
According to Figure 1, the cutting force components in feed direction and thrust direction are derived as:  
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Where Fc and Fn are the force components along the shear plane and normal to the shear plane. On the shear plane, the 
normal stress is expressed as σs=H/36, therefore the force component normal to the shear plane is: 
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o

n s s
AHF Aσ
φ

= =                                                                            (2) 

Where H is the Viker’s hardness of the workpiece materials, As is the area of the shear plane, Ao is the uncut area. 
Since the shear stress on the shear plane is expressed as / 3 3s Hτ = 6, the shear force on the shear plane is expressed 
as: 
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Therefore, according to Eq.(2)-(3), Eqs.(1) is expressed as: 
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Based on Eqs.(4), cutting force both in feed direction and thrust direction depend on the uncut area A0. 

The chip formation in UPFC is schematic illustrated in Figure 2, the uncut chip is enveloped by the trajectory of the last 
fly cutting, the present fly cutting and uncut workpiece surface. At different rotation position (e.g. angle α), the chip 
thickness is also different, there exists a crucial angle θ, who divides the chip area into two sections, this crucial angle is 
derived as: 
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Figure 2. Schematic illustration of cutting and chip formation process in UPFC 
 

As 0 α θ≤ ≤ , diamond tool locates at the first chip section, In this section, the chip is enveloped by the trajectory of the 
last fly cutting, the present fly cutting and uncut workpiece surface, whose cross section profile is schematic illustrated in 
Figure 3(a), in Figure 3, angles ψ and ζ are derived as: 
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Where A1 and A2 in Figure 3(a) are the areas of two round segments, derived as: 
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The area of the chip’s cross section is derived as: 
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Where sinh f α= is the chip thickness, 
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Figure 3. Cross section of the chip when (a) 0 α θ≤ ≤ and (b)θ α β≤ ≤  

As θ α β< ≤ , diamond tool locates at the second chip section. In this section, the chip is enveloped by the tool imprint of 
the present fly cutting and the uncut surface, as is shown in Figure 3(b). The area of the chip’s cross section is derived as: 
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According to Eqs.(4,8-9), cutting force components in feed direction and thrust direction depend on the rotation angle α 
as other constants are determined. However, dynamometer used in this experiment can merely capture the horizontal and 
vertical force components. Therefore, the force components need to transfer to the force components in horizontal and 
vertical directions. The schematic illustration of horizontal and vertical force components in UPFC is shown in Figure 4, 
while the calculation formula is derived as: 
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Figure 4. Schematic illustration of cutting force components in horizontal and vertical direction 

In this paper, coper was chosen as workpiece material, whose hardness and elastic modulus are measured as 145HV 
and 50.95 10 MPa× respectively. Through the MATLAB simulation program, the simulated cutting force pulse is drawn in 
Figure 5. 
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Figure 5. Simulated cutting force pulse for UPFC 
 

The simulated cutting force indicates that the duration of cutting force is quite short, as the diamond tool cut into and out 
of the workpiece surface, the amplitude of cutting force increases first and then decreases quickly. Thus, the exhibition 
of cutting force for UPFC is figured as a force pulse. 
 

4. EXPERIMENTAL VERIFICATION 
In the present research, cutting force was captured and analyzed by the Dynamometer attached software. The original 
cutting force in three channels are shown in Figure 6, in Figure 6, section A is the air cutting process, therefore the force 
amplitude is quite small and mixed by the background noise. While section B is the cut-in section, in this section, the 
cutting force increases to the regular amplitude with the completing of the cutting. Section C is the complete cutting 
section, in this section, cutting force reflects cutting energy of the chip formation. 

 
Section A Section B Section C 

 
Figure 6. Cutting force in different cutting stage 

 
The cutting force forms in a rotary cutting of UPFC is shown in Figure 7, the first pulse is the cutting force, the followed 
signal is the free vibration signal stimulated by the force pulse. According to the comparison of the captured cutting force 
and simulated one, it is found that the cutting force model could be used to simulate the cutting force in UPFC. 
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Figure 7. Cutting force composition 
Also, cutting experiments under different cutting parameters found that cutting parameters seriously affect the cutting 
force amplitude. Both the theoretical and experimental results show that cutting force increases with the growing of 
cutting depth and feed rate. 

5. CONCLUSION
By combining the cutting mechanism of UPFC and the Merchant’ tool force model, a cutting force model for UPFC of 
groove is derived. The model could be used to calculate and predict cutting force both in feed direction and thrust 
direction. Also, a serious of cutting experiments were conducted to explore the relationship between cutting parameters 
and cutting force amplitude. Experimental and simulated results reflected that captured cutting force agrees well with the 
simulated one although deviation were existed due to the noise and impact load of UPFC, and cutting force increases 
with the growing of depth of cut and feed rate. 
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