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Abstract. In this paper, based on the interaction between workpiece and cutting
tool, the cutting forces (CFs) in the three-axis milling process were modeled using
linear cutting force models (CFMs) and the short line segment volume following
the toolpath. In the three-axis milling process, many short line segment volumes
were separated from the toolpath. In each short line segment volume, the average
axial cutting depth (a), radial cutting depth (b), direction angle (θ), feed rate (f),
and so on were calculated. Based on these calculated input parameters, the CFs
were modeled and compared with the measured CFs. Several milling tests were
performed to verify the proposed CFMs in the three-axis milling process. The
predicted CFs were quite close to measured CFs both in the amplitude and the
shape.
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1 Introduction

In the milling process, the CF is one of the most important factors to determine the
machining characteristics and improve the quality and effectiveness of the machining
processes. Two approaches that are applied to model the cutting force in the milling
process are the experimental investigation approach [1, 2] and the theoretical approach
[3, 4]. The advantages and disadvantages of each approach were considered to apply for
each specific case. The experimental investigation approach is not difficult to implement
and gives good results merely applied to a specific case. The conclusions drawn from the
experimental investigation approach have little or no general applicability. This approach
was applied in several previous studies to predict the cutting forces milling processes [5,
6]. Using this approach, most of the models used to predict the CFs in milling processes
are regression analysis models based on the experimental data from a large number of
experiments and only apply for specific cases [4–7].

In the theoretical approach, a big disadvantage of this approach is a lot of factors that
need to be considered whenmodeling the cutting forces such as tool geometry, tool wear,
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tool deflections, certain thermal phenomena, vibrations, etc. So, to increase prediction
accuracy, these factors have to be integrated into the cutting force model. Although this
approach is not easy to apply, it has been implemented by various researchers because
the obtained results can be characterized as fairly good with general applicability [8, 9].
Moreover, using this approach, the cutting force models can be developed step by step
by integrating more machining condition factors into the previous models. Most of the
studies focus on modeling the cutting force when milling following a straight line with
a short cutting time. The cutting force models will be verified over several revolutions
of the cutting tool. This execution method is applicable to milling using a flat mill tool
[10], a ball mill tool [11], or a face mill tool [12]. This study was carried out to model
the cutting force when milling following a toolpath based on the interaction between the
cutting tool and the workpiece.

2 Modeling of CFs in Three-Axis Milling Process

2.1 Modeling of CFs

In three-axis milling processes, the CFs at each cutter position (Pi) (x, y, z coordinates)
were described as in Fig. 1. According to the coordinate transformation, CFs were
calculated by Eq. (1).

Fig. 1. CFs in three-axis milling process
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Equation (1) can be applied to predict CFs for a short tool path with the constant
cutting depth, constant feed rate, constant cutting angle, etc. So, based on a minimum
interpolation time, a long toolpath was divided into many very small elements (short
line segment volume). With each element, the cutting conditions (cutting depth, feed
rate, cutting angle, etc.) were constants and were determined by the calculation process
as described in Fig. 1.
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2.2 Calculation Process of Input Parameters

a. Feed per Flute Calculation
From the NC program with spindle speed (S), federate (F), and the tool information
(number of flutes), the feed per flute was calculated by Eq. (2).

ft = F

SNf
(2)

where Nf is the number of flutes in the tool.

b. Calculation of cutting depth and direction angle
The average axial cutting depth (ai) and direction angle (θi) of each short line segment
volume in XY plane were presented in and calculated by Eq. (3) and Eq. (4) as shown
in Fig. 2

ai = ai1 + ai2
2

(3)

where ai1 and ai2 are the axial cutting depth of short line segment volume number i and
i + 1.

θi = tan−1(
Yti2 − Yti1
Xti2 − Xti1

) (4)

where (Xti1, Yti1) and (Xti2, Yti2) are the coordinates of center point of tool in two nearest
positions (Oti1 and Oti2) as shown in Fig. 2.

(a) Short line segment; (b) Geometry of short line segment volume; (c) Direction angle; (d) Axial cutting depth

Fig. 2. Interaction short line segment volume of tool and workpiece

c. Start and exit angle calculation
The start and exit angle in each cutter rotation were calculated based on the comparation
of cutter diameter and radial cutting depth as described in Table 1.
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Table 1. Calculation of start and exit angle with different radial cutting depth

(bi = D/2) Up milling (bi > D/2) Up milling (bi ≤ D/2)

Down milling (bi > D/2) Down milling (bi ≤ D/2) Face-up milling

(a) (b)

(d) (e)

(c)

(f)

3 Experimental Method

3.1 Experimental Tool, Workpiece, Machine, and Measurement System

To verify the CFMs, several experiments were performed with different cutting condi-
tions. A flat mill tool was used in the experimental process with the properties as listed
in Table 2.

Table 2. Properties of experimental cutting tool

D (mm) L (mm) Nf β (deg) α (deg) γ (deg) Cutter type Material

10 80 2 30 5 5 Flat-end mill HSS-Co

Aluminum alloy Al6061-T6 workpiece was used in the experimental process with
the sizes of 80 mm × 40 mm × 40 mm and the properties as following: hardness = 95
HB, Young’s modulus= 68.9 GPa, Poisson’s ratio= 0.33, tensile strength= 310 MPa.

The TMV-510C three-axis CNC milling machine was used in the cutting test with
several specifications as follow: X/Y/Z axis stroke of 510/360/300mm, X/Y/Z axis rapid
of 48/48/48 m/min, and the maximum spindle speed of 8000 rpm.

A KISTLER dynamometer system (Type 9257B, SN 4565813) was used to measure
the CFs in experimental process as illustrated in Fig. 3. The DynoWare software was
used to analyze and display the CF signals.
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a. CF sensor b. Data processing box c. PC and software

Fig. 3. CF measurement system

3.2 Experimental Machining Conditions

The cutting tests were conducted following a short straight line and following a tool
path to verify the CFMs. The cutting conditions for this experiment were listed in the
Table 3.

Table 3. Cutting conditions

a (mm) ft (mm/flute) F (mm/min) S (rpm) Cutting type

0.5 0.1 200 1000 Straight line (slotting)

0.6 0.05 200 2000 Toolpath (slotting)

4 Experimental Results and Discussion

4.1 CFs in Several Cutter Rotation

In the case of milling following a short straight line, the predicted and measured CFs
were described in Fig. 4. This fig showed that the predicted CFs were quite close to the
measured ones in all feed, normal, and axial directions. So, in this case, the predicted and
measured results of CFs had a good agreement with both the amplitude and the shape
of CFs.

4.2 CFs Following a Toolpath

In the case ofmilling following a toolpath, the comparison of the predicted andmeasured
CF was described in Fig. 5. The amplitude of predicted CFs is sometimes larger and
sometimes smaller than the amplitude of measured cutting forces. However, the shapes
of cutting forces are quite the same as the measured CFs. So, in this study, although,
exiting some different points between predicted CFs and measured CFs, the differences
are not so much. Besides, the shape of the predicted CFs was also quite close to the
measured one. Above all, the predicted result of the proposed three-axis CFMs are quite
close to the measured ones. Therefore, these proposed CFMs can be used to predict the
CFs in three-axis milling processes.
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Fig. 4. CFs when milling following a short straight line

Fig. 5. CFs when milling following a toolpath

5 Conclusion

The conclusions were drawn in this study as follows:

– CFs in the three-axis milling process were modeled using linear CFMs and the short
line segment volume following the toolpath.

– The toolpath in the three-axis milling process can be divided into many short line
segment volumes with the constant values of axial cutting depth (a), radial cutting
depth (b), feed rate (f), direction angle (θ), etc.

– Both amplitude and shape of predicted CFs were quite close the that one of measured
CFs.

– Develop the CFMswhenmilling following a complex profile will be one of the further
research directions of this study.
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