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Abstract: In this paper, a closed-loop virtual simulation system has been developed to
simulate the milling process considering the interactions between manufacturing
processes and machine tool dynamics. The system consists of cutting force module,
machining stability module and surface generation module. The synchronous effects of
the machining parameters, tool geometry parameters and the dynamic performance of
the machine tool system are considered in the model and the instant machine dynamic
motion error is compensated in the model as a feedback to correct the cutter trajectories.
Instantaneous tool-workpiece contact status is used to calculate cutting force and the
peak-to-peak cutting force plot is used to predict the machining stability in time domain
under different depths of cut and cutting speeds. The envelope curve of the cutting tool
is used to reconstruct the machined surface texture. Moreover, to verify the feasibility
of the proposed system, micro milling experiments are conducted with results showing
that the simulation system enables the effective prediction of micro milling process
such as the cutting forces and machined surface quality. It can be potentially applied in
production on processing parameters optimization and surface topography prediction.

Keywords: high-speed milling; cutting force; surface generation; machining dynamics;
virtual simulation.

1. Introduction

Milling, one of the most common processing methods of high machining efficiency,
has been widely used in industry for mechanical equipment manufacturing and mold
processing [1-3]. However, due to its discontinuous cutting feature, process-machine
interactions (PMI) have significant effects on the machining process. For example, the
cutting force often varies evidently which might cause the chattering of machining
process or even the early failure of cutting tools. In-depth understanding of PMI is of
significance to improve the machining efficiency and to ensure the surface quality of
the machined surface.

PMI have become a central research topic in production engineering within the last

years, not only in academic research but also in industrial companies. The PMI of a

machine tool system mainly depends on the selected machining parameters and it can
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be evaluated by monitoring the time evolution of cutting force or testing the machining
stability. Therefore, in order to improve the machining efficiency of the machine tool
system and obtain high quality machined surface, the machining parameters are
required to be optimized to achieve efficient and stable machining.

Numerous researches have been carried out to understand the machining process, such
as cutting force, machining stability, surface topography and roughness. Grossi et al. [4]
developed a cutting force prediction model for high speed machining and investigated
the cutting force coefficient at different spindle speeds. Considering the influence of
cutter vibrations and cutter run-out, Wang et al. [5] proposed a cutting force prediction
algorithm, evidently reducing the prediction error of cutting force by up to 30%. Kang
et al. [6] proposed an analytical mechanistic model for micro end milling to predict the
cutting force, in which the effect of cutting-edge radius of micro tool is considered. Bao
and Tansel [7] proposed an improved cutting force model for micro milling considering
the effects of the trochoidal motion of the cutter. Montgomery and Altintas [8] studied
cutting force and surface generation in peripheral milling, and proposed a model to
predict the cutting force and surface finish under rigid or dynamic cutting conditions.
Zhang et al. [9] proposed a cutting force model which includes an algorithm for the
calculation of the variable entry and exit angles caused by tool run-out and tool
deflection.

As one form of self-excited unstable vibration, chatter is easily generated in the
machining process. Chatter vibration will lead to an increased cutting force, and thus
reduce the tool life and even damage the machine tool system [10]. In order to avoid
chatter vibrations, a pre-plan of the machining processes is usually performed to find
the chatter-free cutting conditions with the aid of experienced stability diagram. To
improve the accuracy of stability lobes diagram, several modelling methods have been
developed to calculate machine tool system dynamic performance and to predict the
surface generation. Altintas and Budak [11] proposed one frequency domain solution,
and it could be applied in the machining processes in which the radial cutting depth is
larger than a quarter of the cutter diameter. Altintas et al. [12] presented a unified
frequency and discrete time domain chatter stability laws for milling. This law could
be applied to reveal the dynamic process of the performance of the machine tool system
with low radial cutting depth and small number of teeth. Minis and Yanushevsky [13]
described the dynamics of the milling process through differential-difference equations
with time-dependent periodic coefficients, and examined the system stability by using
Fourier analysis and the basic properties of the parametric transfer functions of linear
periodic systems. Insperger et al. [14] investigated the influence of runout on the
milling chatter frequencies by using Floquet theory. To predict the surface quality, Liu
et al. [15] proposed a floor surface-generation model considering the effects of
minimum chip thickness, elastic recovery, and transverse vibration. Kouravand et al.
[16] developed a surface roughness model for end-milling of micro-channel by using
kinematic rules and transformation operators. Ehmann and Hong [17] developed a
prediction method of surface topography generation based on the general machine tool
kinematics model and the generalized model with deterministic and non-deterministic
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cutting tool geometries. Peigne et al. [18] proposed a 2.5-dimensional geometrical
model for the time domain simulation of surface generation in end milling. Ryu et al.
[19] studied the effects of tool run-out, tool-setting errors (such as tool tilting and
eccentricity between tool center and spindle rotation center) on the roughness and
texture generation on the end milled surfaces and the tool deflection caused by cutting
forces was analyzed.

However, the focus of above studies is mainly on the single role of cutting force,
machining stability, surface topography and roughness, or the interaction between any
two factors. It’s well known that cutting force could impose external stimulation on the
machine tool system during the machining process which will result in the
instantaneous variation of the depth of cut and change tool cutting trajectories. This will
significantly degrade the machined surface topography.

For this reason, one closed-loop virtual simulation system for milling process which
consists cutting force module, machining stability module and surface generation
module, is developed in the present study. The coupled interactions among the dynamic
performance of machine tool system, the dynamic cutting force, machining stability
and machined surface are considered in the proposed virtual simulation system by
forming a real-time feedback between each module.

The paper is organized as follows: Section 2 briefly describes the integrated simulation
system. Section 3 introduces each module of the integrated simulation system. In
Section 4, a case study for micro milling by using the proposed integrated simulation
system is given, and the experimental results are compared with the simulation results.
The main conclusions drawn in this paper are given in section 5.

2. Integrated simulation system for milling

The flowchart of the virtual simulation system for milling is shown in Fig. 1. The
cutting tool parameters (diameter, number of teeth, tool geometry, material parameters),
spindle runout and the machining parameters (feed per tooth, spindle speed, depth of
cut) and workpiece material property parameters are used as input to predict the cutter
trajectories. The initial cutting force is first calculated in the time domain by the cutting
force module based on the instantaneous uncut chip thickness. The synchronous effects
of the machining parameters, tool geometry parameters and the dynamic performance
of the machine tool system are considered in the model when updating the cutter
trajectories and the instant machine dynamic motion error (X4, ¥ ) 1S compensated in
the model as a feedback to correct the instantaneous uncut chip thickness. The output
of cutting force and machine tool dynamic motion are used as the indicators to predict
machining stability and to understand the surface generation process. The envelope
curve of the cutting tool is used to predict the machined surface texture. Thus, a closed-
loop virtual simulation system is developed for the milling process which consists of
cutting force module, machining stability module and surface generation module.
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Fig.1 Scheme of integrated simulation system of milling

Considering the dynamic performance of the machine tool has significant influences on
the dynamic cutting force, machining stability and surface quality of the machined
surface, [20] an effective way is adopted to improve the simulation accuracy by
considering the possible effects of machine tool system dynamics and multiple time
delay in the machining process.

The simulation system structure is illustrated in Fig. 2. In the simulation process, the
dynamic parameters of the machine system were firstly tested and pre-defined in the
integrated simulation system. The dynamic performance of the machine tool system
can be obtained by either machining experiments or finite element simulations[21]. The
modal parameters of the machine tool system were obtained from frequency response
function by the modal fitting technology. The machining parameters and cutter
parameters were then input into the integrated simulation system. During the simulation
process, the cutting force, dynamic tool path and the machining stability were
calculated, and the machined surface topography was generated in the dynamic surface
generation program by combining the cutter geometric parameters and dynamic tool
cutting path.
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2.1 Cutting force module

In most of the existing cutting force models, the calculation of the instantaneous uncut
chip thickness is entirely based on input parameters, and pre-defined entrance and exit
angles [22]. Cutting coefficients can be determined by either mechanistic or numerical
methods, in this paper the value of 750N/mm? is used for A16061 [23]. However, in a
milling process, the chip thickness and the cutting force tend to change nonlinearly,
which results in dynamic fluctuations in the machining process. Moreover, the tool
tooth may occasionally lose contact with workpiece in the cutting region, which could
also induce the nonlinear fluctuation of cutting force [24]. For example, the cutting
force could cause the deformation of the cutter and workpiece, which changes the
instantaneous uncut chip thickness. The realistic cutting force of each tool tooth can
also be affected by the feed per tooth, the deflection of the cutter, and even the surface
topography/subsurface damage formed by previous teeth. Therefore, to accurately
predict the cutting forces, the iterative approach is required, and a dynamic cutting force
calculation scheme is proposed in the present cutting force module (as shown in Fig.3).
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In order to model the dynamic performance of the machine tool system, the structural
loop of the machine tool is usually divided into a cutter-machine loop and a workpiece-
machine loop. Since the dynamic performance of the cutter-machine loop is always
worse than that of the workpiece-machine loop, therefore, only the cutter-machine loop
is considered in this paper.

The cutter-machine loop can be simplified into two single degree of freedom (SDOF)
systems in x (feed direction) and y (cross-feed direction). The equations of motion are
depicted as:

{mxi(t) + k(1) + kex(t) = Fy (1) |
myS"(t) + Cy}"(t) + kyy(t) = F,(t) (D

where m,, m,, cx, ¢y and kx, k, are mass, damping, stiffness of the machine tool in x and
y direction, respectively. Fi(f) and F)(f) represent the instantaneous cutting forces in x
and y direction, respectively. x,y,x,y,and X,y are the positions, velocities and
acceleration of the cutter in x and y directions.

After the solution of Euler integration, the Eq. (1) could be transformed into the
following equations:
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{Xt+1(t) = x(t) + X (Ddt )
Yee1 (D) = ye(O) + y(Ddt

Where, the velocities on the right hand side of the equation in Eq.(3) are retained from
the previous time step. The new velocities are then applied to determine the new
displacements in Eq. (4). Again, the displacements on the right hand side of Eq.(4) are
those from the previous time step. df is the time interval set by the program.

The relative dynamic displacement between the tool and workpiece in x and y direction
can be given as:

X, (t) =X, (t) -X, (t)
{ym<r>=yt<z>—yw<t> ®

Thus, the instantaneous depth of cut can be obtained by combining the tool-workpiece
displacement (calculated by Eq.(5)) and the specified depth of cut. The cutting force
can then be calculated. More detailed description can be found in Ref. [25].

2.2 Machining chatter module

In time domain, the gradients information of cutting forces (peak to peak (PTP) force
curves) can be used to evaluate the machining stability of a machine tool system [10].
The sharp change of the PTP force curve gradient indicates the transition of machining
stability from stable to unstable (chatter) [26]. However, the PTP force curves could not
give a direct representation of the relationship among machining stability, axial depth-
of-cut and spindle speed. For this reason, the gradients of the PTP force is calculated
using the contour plot function in MATLAB and an analytical PTP stability lobes can
be generated which clearly describe the machining status.

2.3 Surface generation module

The procedure of the surface generation is illustrated in Fig.4. The cutter geometry
parameters were obtained through the SEM or AFM measurement of the tool cutting
edges (step 1). In the milling process, the cutter is fed at specified machining path
according the machining program to milling the workpiece into designed shape, and
the machined surface can be generally expressed as the envelope curve of cutting tool
motion trajectories (step 2). The whole machining process could be simulated by using
the homogeneous transformation matrix (HTM). The Z-map technology in the
commercial software MATLAB was then used to plot minimum z position value against
x and y position in the workpiece coordinate system (step 3), and then the final
machined surface was reconstructed (step 4), the detail of the surface generation can be
found in Ref.[27, 28] .

It is worth mention that the milling machine is not an ideal rigid body system, and the
tool run-out during the machining process could lead to the dynamic fluctuation of the
relative displacement between tool and workpiece, leading to the change of the
processing trajectory. To accurately simulate the milling process, those motion errors
caused by the spindle runout and tool alignment error could not be neglected. In the

7



present surface generation module, the effects of the tool run-out and the dynamic
response of the machining system on the surface generation were considered. The
dynamic response of the machining system mainly refers to the dynamic displacement
between tool and workpiece acting with the cutting force obtained from the cutting
force module. The dynamic spindle run-out was treated as the results of the coupled
effects of tool motion errors considering the tool alignment error and spindle runout.
All these effects are considered as compensations on the tool position when updating
the instantaneous tool cutting path.
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Fig.4 Scheme of surface generation module
3. Case study: a micro milling process

3.1 Experimental setup

To validate the feasibility of the proposed simulation system, a serial of slot milling
experiments was conducted. The milling experiments were carried out on 3-axis
precision milling machine tool (NANOWAVE MTS5R). The machine tool is equipped
with three DC servo motors-driven precision linear stages with smallest feed of 0.1pum,
and a high-speed spindle with adjustable rotation speed range from 5,000 rpm to 80,000

rpm, the tool runout in the whole rotation range is less than 1 um. The practical

experimental setup is illustrated in Fig. 5. A 3-component piezoelectric dynamometer
(Kistler 9256C2, with the sampling frequency up to 3.5kHz) is mounted on the X-Z
stage to measure the feed and cross-feed cutting forces. The workpiece material is
Al6061, the workpiece is clamped on a fixture attached to the dynamometer.
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Fig.5 Machine tool system and experimental setup
3.2 Simulation parameters

The dynamic performance of the machine tool is an important input in the simulation
and should be obtained beforehand. Due to the small diameter (I mm) of the cutting
tool, it is difficult to experimentally detect the dynamic response of the tool tip.
Therefore, finite element simulations are adopted in this case. Fig.6 (a) shows the finite
element model for the micro milling machine. The key input parameters of the machine
tool components, such as bearing stiffness, materials properties, damping coefficients,
are extracted from relevant datasheet and/or determined from dynamic tests, the details
can be found in Ref[28]. The joint characteristics of the machine tool, such as the bolt
joint and the bearing connection have great impact on the dynamic performance.
Therefore, the modeling approach of the junction directly determines the accuracy of
the whole model of the machine tool. In this study, the contact elements CONTA173
and TARGE170 were applied to the contact components. The contact rolling bearings
in the slides were modelled by spring elements. The Prets179 element was used to
simulate the bolt joint which can exert the preload by the node K. A modal analysis was
first performed to obtain the natural frequencies of machine tool and the corresponding
vibration modes. As shown in Fig.6 (b), the 1% order natural frequency of the machine
system is 478Hz and its vibration mode is the spindle swinging around Y-axis with the
Y slide. By using the peak-picking fitting method, the modal dynamic parameters can
be determined.
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Two-flute micro flat end mills with the cemented carbide is adopted in the machining
experiments. Table 1 lists the detailed parameters used in milling experiments,
including tool geometry parameters, dynamic parameters of the machine tool and
machining parameters. Those parameters were directly used as the boundary conditions
of the simulation system to stimulate the milling process. Two set machining parameters
with different spindle speed of 18,000 rpm and 26,000 rpm were selected to
demonstrate the effectivity of the proposed simulation system (as shown in Table 2),
and the feed per tooth and the depth of cut were specified as 10 pm and 0.25 mm,
respectively. Although the slot milling is selected as the case study to verify the
proposed system, the system is also effective for side milling.

Table 1 Tool geometry parameters and dynamic parameters of the machine tool

Tool geometry parameters

Dynamic parameters of the machine tool

‘ ' x: 2200
Diameter (mm) 1 Stiffness (N/mm) y: 2650
29.628
End cutting edge angle (°) 5 M. K. :
ass (Kg) y: 11.6
Corner radius (um) 3

Damping ratio X 0.015
Tooth number 2 pins y: 0.0156

Table 2 Machining parameters of slot milling

Machining parameters

1¥ set 2" set
Spindle speed (rpm) 18,000 26,000
Feed per tooth (um) 10 10
Cutting depth (mm) 0.25 0.25
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3.3 Results and discussion

Step 1: The cutting force module was firstly run to obtain dynamic cutting forces. It
will be adopted to further evaluate the machining stability of the machining system. Fig.
7 compares the cutting forces predicted by the simulation system and the cutting forces
measured by the dynamometer in the 1% set machining experiment. It shows that the
simulation results accorded well with the experimental results and both the x- and y-
direction cutting forces fluctuate within a range of 4 N. As compared with the 1% set
machining, the amplitude of cutting force of the 2" set machining increased to 20 N
and 12 N in x and y direction, respectively (Fig. 8). High accordance between the
simulation results and the experimental results were found for the 2" set machining as
well, which demonstrated the effectivity of the cutting force prediction module. This
accordance attributes to the consideration of the PMI effects on the machining process
in the proposed cutting force model. This feature has great advantage than conventional
cutting force models which didn’t consider the dynamic performance of machine tool
system. Moreover, the increase of the cutting forces for the 2" machining indicated that
the cutting speed has significant effects on the machining process under the same depth
of cut and the feed per tooth. The increase of the cutting forces might imply the
alternation of the machining status from the stable to unstable, which will be further
analyzed by the stability module.
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Fig.7 Comparison of cutting force between the simulation results and experiments
with I*' set machining parameters. a) Force in x direction; b) force in y direction
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Fig.8 Comparison of cutting force between the simulation results and experiments
with 2" set machining parameters. (a) Force in x direction; (b) force in y direction

Step 2: Machining stability module

To further demonstrate the feasibility of using the system on processing parameters
optimization, a machining stability diagrams was generated using the chatter module of
the proposed simulation system. A large amount of simulations was running with the
axial depth-of-cut changes from 0.1mm to 1mm at an interval of 0.1mm (10 depths of
cut) and the spindle speeds is chosen from 8,000 to 55,000 rpm with an interval of 235
rpm. The peak-to-peak (PTP) cutting force plot and the Peak-to-peak stability lobes are
consist of the results obtained from 2000 simulation runs. As shown in the Fig.9 a), the
cutting force is stable when the axial depth of cut is less than 0.1 mm. With the increases
of the axial depth of cut, the PTP Force y is changing with the spindle speed and the
chatter occurs. In order to reflect the relationship between cutting stability, axial depth-
of-cut and spindle speed, a contour plot of the PTP Force y is further generated as
shown in Fig.9 b). This diagram reflects the machining stability under different
processing conditions. It can be found that the 1% set machining parameters belongs to
the stable region and the 2" set parameters will lead to the unstable machining.
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Fig.9 Stability prediction. (a) Peak-to-peak force plot; (b) Peak-to-peak stability lobes

For experimental verification, the fast Fourier transform (FFT) analysis of the
experimental cutting forces obtained in step 1 was carried out. The FFT analysis results
were shown in Fig.10. The results show that only the tooth passing frequency and its
harmonic frequencies can be found for the 1% machining (Fig.10 (a)), which indicates
that no chatter occurs during the 1% set machining process. For the 2" set machining
parameters, the cutting force were found to fluctuate violently. Indeed, the cutting-in
and cutting-out of the milling tool could lead to the instability of the machining process.
The FFT analysis result shows that except the tooth pass frequency and its harmonic
frequencies, chatter frequencies were also observed as indicated in Fig.10 b). Thus, the
chatter occurs during the 2" machining process. The experimental results agreed with
the simulation prediction, which demonstrates the effectivity of using the machining
stability module to predict the machining status.
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Fig. 10 The experimental results of machining stability. (a) FFT of the cutting force of
I¥'; (b) FFT of the cutting force of 2.

Step 3 Surface topography and roughness generation

In the surface generation module, the tool profile (expressed in a mathematical model)
and the tool trajectories considering the dynamic displacement caused by the cutting
force are combined and used to reconstruct the 3D surface topography. Figs. 11 and 12
show the simulation predicted surface topographies of the machined surfaces under the
two sets of machining parameters, respectively. For the 1% machining case, it can be
found that the trajectory of the tool tip exhibits evident periodicity (Fig.11 a) and clear
and regular tool marks can be found on the machined surface (Fig.11 b), indicating that
the machining process is stable. The surface roughness was calculated according ISO
4287:1997 standard, the predicted surface roughness (Ra) is 0.18 um.

For the 2" machining case, it is observed that the periodicity of tool trajectory (Fig.12
a) is obviously worse than that of the 1% case and the tool marks on the machined surface
is messy (Fig.12 b). The predicted surface roughness (Ra) is 0.536 um, much worse
than that of the 1% cutting. The results also indicate that the machining process is
instable under the 2™ set machining parameters.

13



a) b)
10+
X

N

WAL A
area
1]

Z hight (um)

Cross-feed direction (m)

-0.5 0 0.5 1 1.5 2
Feed direction (m)

Fig. 11 Simulation results of I*' set machining parameters. (a) Tool trajectory; (b)

Predicted surface
b)

Cross-feed direction (m)

205 0 05 1 15 2 25

Feed direction (m)

Fig. 12 Simulation results of 2" set machining parameters. (a) Tool trajectory, (b)
Predicted surface

To validate the simulation results, experiments were carried out using the same
machining parameters. Figs.13 and 14 are the surface measurement results obtained by
a white light interferometer (Vecco NT1100). As shown in Fig.13, regular tool marks
can be found in the machined surface when machining at the spindle speed of 18,000
rpm, indicating that a stable machining process was achieved under the 1% set of
machining parameters. The surface roughness (Ra) is 0.190 um, approximately
consistent with the value of 0.180 um predicted by simulation.

For the 2" machining, the spindle speed was increased to 26,000 rpm, and the tool
marks on the machined surface are found to be orderless as shown in Fig.14. The
surface roughness (Ra) of machined surface is 0.518 um which agreed well with the
value of 0.536 um predicted by simulation model. It is noted that the 10~20 nm
difference on the surface roughness between simulation and experimental results might
result from the uncertainty of the measurement equipment and the possible random
machining error of the experiments.
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The good agreement of the simulation and experimental results indicates the high
accuracy and reliability of the proposed simulation system for micro milling process. It
is also noted that the proposed simulation system can predict the cutting force, the
machining stability and the machined surface topography in advanced with preset
machining parameters, which potentially can reduce the cost and time on processing
parameters selection and optimization in a production line.

4. Conclusion

The paper presents a novel simulation system to simulate the surface generation in
milling process. The feasibility of the simulation system has been demonstrated by
experiments. The interactions between structure and process in the machining process
is established and a basic understanding of the acting inter-relationships is achieved,
which can be used to specifically influence and plan manufacturing processes in the
future. The conclusions are drawn as followings:

1) A forward closed-loop model for the milling process is established considering
the dynamics processing-machine interactions. The proposed system can be
used to predict the cutting force, machining stability, and machined surface
topography under different processing parameters.
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2) A time domain cutting force module considering the dynamic regenerative
effect has been established and a machining chatter prediction module based on
the changes of PTP force has been achieved. The proposed model successfully
predicted the occurrence of chatter and the simulation results have been verified
by the experimental results.

3) The fluctuation of cutting forces and the dynamic performance of the machine
have significant effects on the machined surface topography. The proposed
surface simulation method bridges the gap between surface topography
prediction and the dynamics processing-machine interactions. The machined
surface roughness can be predicted by the proposed model.

4) The good consistence of simulation and experimental results indicate that the
proposed system can effectively predict the typical phenomena of a milling
process. This method can be potentially applied to the selection and
optimization of machining parameters in production.
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