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ABSTRACT ARTICLE HISTORY
Determination of cutting forces is the main requirement for under- Accepted 24 June 2022
standing the machining process and optimising its parameters for
achieving higher productivity and surface finish. This paper pre- Process modelling; 3-axis
sents an exploratory study and the development of a model to CNC machining; force
estimate cutting forces for a 3-axis CNC milling process using prediction; Voxelization
a voxel-based CAD model. The developed algorithm takes the NC

code, workpiece/tool material properties, and the tool geometry

data as inputs. The cutting tool engagement with the workpiece is

computed using a discretized (voxelized) model. The calculated

voxel engagement was finally used to calculate the cutting forces

using the analytical method. The algorithm was implemented and

tested for various case studies and the in-house experimental data

for different types of end mill tools. Finally, the effect of variation in

the size of the voxel and the number of flutes was studied. The

model showed a good correlation and was found to be accurate

(~80%) and robust.

KEYWORDS

1. Introduction

Multi-axis CNC machines are widely used to produce complex parts in the automotive,
aerospace, and domestic product industries. Much of the research and development
efforts in CNC technology have been focused on strategies for tool path planning, which
is often disjoint from the real machining issues, such as machine dynamics, cutter
deflection, tool breakage, surface integrity, etc. It ultimately affects productivity and
part quality. These issues can be controlled using in-process parameters of machining,
viz. feed rate, speed, and depth of cut. To optimise these parameters, cutting force
calculation is necessary. The prediction of cutting forces is, thus, a fundamental issue
in process modelling (Figure 1).

The force prediction models for 3-axis CNC machining have been studied over the
years to achieve two main objectives, viz., the accuracy of prediction and efficiency. Yang
and Park [1] developed a cutting force prediction model for the ball-end milling. They
converted the cutting edge into a series of tiny elements that helped analyse the force
generation. Fontaine et al [2]. also decomposed the cutting edge into small segments to
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Figure 1. Importance of Cutting force prediction model.

model cutting forces for ball-end milling. They predicted cutting force based on thermo-
mechanical modelling for ball-end milling of wavelike surfaces. They [3,4] further
studied the effects of the tool-surface inclination on force prediction. However, they
were limited to the ball end mill tool. Karolczak [5] used discrete wavelet transform to
analyse the cutting forces in Turning. Zeroudi et al [6]. calculated cutting forces using the
thermomechanical and analytical approaches directly by reading the toolpath obtained
from the CAM package. Kim et al [7]. suggested using the Z-map for evaluation of
cutting force. However, the determination of cutter engagement using Z-map was
computationally difficult.

For machining force prediction, the representation scheme should have a good general-
ity as the shape of the in-process workpiece continuously varies during the machining [8].
The voxel-based representation could be a solution as it gives an easy way to define
geometric models. The discretisation of the surface into small cubes enables faster parallel
integer space calculations [9]. Voxel models are primarily used in gaming and for medical
imaging. However, the advent of general-purpose computing on graphics processing units
(GPGPU) has led to its adoption for applications like toolpath generation [10,11], machin-
ing simulation [12], and cutting force prediction. Yousefian et al [13]. presented a voxel-
based method for the prediction of cutting forces. The algorithm used a voxelized cutter
helix and the workpiece, and based on the intersections, it estimated the cutting forces.
Their method was generic and could be applied to any cutting tool. Tarbutton et al. [14]
developed a voxel-based machining model for parallel processors which was gouge-free and
efficient. Wou et al. [15] presented a mechanistic model based on a voxel-based geometric
representation and a ray casting technique for ball end milling. Work has been reported on
sculptured surface machining [16-18] to predict the cutting force and for CNC tool path
generation. However, they are limited to ball end mill.

The literature documents that most of the approaches for cutting force prediction are
devised for ball end mill and are often difficult to implement for other types of cutting
tools. Also, parametric or vector-based models are generally used to represent the
workpiece, which has inherent limitations. Scant work is done to estimate cutting forces
using a voxel model. Therefore, a thorough investigation is required in this regard. This
paper presents the development of a cutting force prediction method using a voxel-based
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model. It further explores the effect of voxel size and the number of flutes on the
estimated value of cutting force. The system modules, algorithm, and results are dis-
cussed at length in the sections to follow.

2. Methodology

The system is divided into four functional modules (as shown in Figure 2): NC code
Interpreter for Cutter location (CL) data, Voxelization module, cutter contact determi-
nation module, and the cutting force prediction module. These system modules are
explained one by one.

A generic regular expression (RegEx) based NC code interpreter developed in this
work reads the input part program to find the CL points. It gives the location of the
cutting tool in the cartesian space. The paths between the CL points are discretized to
obtain intermediate positions of the tool, which facilitates the determination of the cutter
engagement for generating continuous force readings. The next step is to voxelize the
workpiece and tool.

2.1. Voxelization

A voxel is a three-dimensional cubic volume element. The tool and workpiece are voxelized
in the proposed system using the Ray casting approach [19]. The size of the voxel is related
to the feed per tooth. For preliminary case, a cuboidal voxel size of 80 microns (for an
overall part size of 100 x 100 x 100 mm) is chosen in the present study. It is envisaged that
the workpiece engagement occurs at the helix of the tool. Thus, the voxels corresponding to
the tool helix are identified by overlapping the helix onto the voxelized tool termed as
cutting voxels. Only the cutting voxels are considered for engagement detections and force
calculations, which significantly reduce the computational cost. For calculating the cutting
voxels, the helix equation (Equation. 1) is used [13].

t
X:Rtxcos(a—i—ixwp) 0<t<L (1)
y:Rtxsin(£+i><\|1p) i=1,2,3,...N z=t

NC file, W/P and Tool

Geometry
O O e}
OO ©
S, c Voxelization of
Read NC file for © Tool and Cutter Contact Force
O Cutter location Workpiece Determi'nation Calculation

°000°

Figure 2. Modular Diagram of the system.
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Where L is the length of the cutter flutes, Rt is the radius of the cutter at each depth t,
N is the number of flutes, and yp is the angle between flutes given 21/N and a is given by
Rt/tan(a), where « is the helix angle.

The helix is generated for two typical tool geometries (a flat end mill and a ball end mill)
and imposed on the voxelized cutter tool model. All the voxels that contain the helix points
are marked as the cutting voxels. The identified cutting voxels are shown in Figure 3.

2.2. Cutter contact determination

After the identification of the cutting voxels, the next step is to determine the engagement
of tool with workpiece, which is quantified in terms of the number of voxels. These are
the part voxels that come in contact with the cutting (tool) voxels during machining.
Steps to find out the cutter contact voxels are as follows:

(1) Calculate the rotation angle and translation distance of the cutting tool in the
workspace based on the CL points.

(2) Find out the position of the cutter voxels and spindle speed, a new discrete
location of the voxels on the cutting edges in terms of X-Y-Z global coordinates
by rotating and translating the voxels from one CL to the other.

(3) Find the cutter contact area with the workpiece using the depth and width of the
uncut workpiece in front of the tool. The instantaneous contact of the workpiece
and the tool at each of the cutter voxels are determined based on the start (s@) and
exit angles (e®) of the tool engagement (Figure 4).

Steps 1-3 are repeated for all the tool positions as it moves based on CL data.
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The rotational matrix and translation matrix are used to represent the rotation and
translation of the tool in the feed direction. The movement of the tool by one step is given
by Equation. 2.

P=PxRxT (2)
cos(6) —sin(6) 0
R=|sin(6) cos(8) 0 (3)
0 0 1
1 0 0
T=10 1 o0 (4)
Ax Ay 1

Where, P shows the location of a specific cutter voxel, R is the rotation matrix (Equation.
3), T is the translation matrix (Equation. 4), and P’ shows the new location of a cutter
voxel after the movement of the tool by one grid. 0 represents the angle by which the tool
has rotated and Ax, Ay represents the increments for new tool location. The voxels which
are obtained from the cutter-workpiece engagement (cutting voxels) at each CL point are
further analysed for the force calculation.

2.3. Force prediction module

A discrete analytical model is used to calculate the force exerted on the cutting tool
during machining. For each cutting voxel, two angles are computed, viz. an axial angle
(k(z)), and radial angle (8) as shown in Figure.5(a). The radius of the cutter voxel at
a height z is r(z) and is used to calculate k(z). The angle (0) that the voxel makes with the
Y direction is used to calculate the start and exit angle to give the engagement of the tool
and workpiece.

The three components of cutting forces viz. Axial (Fa), Radial (Fr), and Tangential (Ft)
are calculated for each CL point as per by Equation. 5 [21].
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F; = Voxel Size X [Ki YL, Cn(6:)] + Kee
F, = Voxel Size x [Kyc > i, Cin(8;)] + Kpe (5)
F, = Voxel Size X [Kae > i) Cn(0;)] + Kge

where Kae, Kre, and Kte, are the edge constants, and Kac, Krc, and Ktc, are the cutting
force coeflicients in axial, radial, and tangential direction, respectively. These coefficients
are taken from the approach proposed by Schmitz and Smith [22]. n is the total number
of the voxels engaged in cutting for a specific CL. The uncut chip thickness Cy,(0) is given
by Equation.6, which depends on the position of the voxel in the cutting helix
(Equation. 6) [20].

Cu(6) = f; x sin6; x sin(k(z)) (6)

where 0i is the angle that a cutting voxel makes with the positive Y-axis, k(z) is the
immersion angle and ft is the feed/tooth.

The axial (Fa), radial (Fr), and tangential (Ft) forces calculated above needs to be
transformed to get forces in X, Y, and Z directions (Equation. 7).

F, F,
F, | =[T]x | F 7)
F, F,

Where T is the transformation matrix and is given by,
—cos(0) —sin(0) x sin(k) —sin(0) x cos(k)
T=| sin(@) —cos(B) xsin(k) —cos(8) x sin(k) (8)
0 —cos(k) —sin(k)
The algorithm therby calculates the cutting forces (Fx, Fy, Fz) in all three (X, Y, Z)
directions.
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3. Simulation and experiment results

The system was implemented in MATLAB 2015b on a system with 4GB RAM and Core
(TM) i5-2450 M, 2.50 GHz processor. It was tested using various case studies and
compared with the experimentally measured data for different types of tools (Ball end,
Flat end). The voxel size for all the cases is taken as 80 pm. The effect of varying the voxel
size and the number of flutes on the cutting force is demonstrated in section 3.2.

3.1. Model experimental validation

In this case study, the predicted force values were compared with the experimental
results. The experiments were performed on a 3-axis Vertical CNC Machine to validate
the developed force prediction model. The force was calibrated on Kistler Type 9257A
Dynamometer having amplifier Type 5017. The sampling frequency of the reading was
taken as 10 kHz using MyDaq® acquisition tool. The signals from the Mydaq was finally
recorded using LabVIEW 2014. Figure 6(a) shows the experimental setup used for the
measurement of cutting force, and Figure 6(b) shows the tested aluminium workpiece.
Different tests were carried out with various cutting tools. The machining parameters
chosen were: Spindle Speed: 1200 rpm, Feed rate: 120 mm/min, Depth of cut:1.5 mm,
Workpiece: 6061 Aluminium. The cutting tool used for Test 1 and Test 2 were 8 mm Flat-
end mill (Four flutes) and 8 mm ball-end mill (Four flutes), respectively.

Figure 7 shows the results obtained for Test1 and Test2. As evident, the predicted force
agrees reasonably well with the experimental results (Fx, Fy) for both the test. The peak
errors were found to be below 20% for both Testl and Test2. Although certain regions
show abrupt changes in the simulated values, it can be attributed to the fact that our
model does not consider the vibrations and other cutting conditions on the machine.
Nonetheless, the overall trend matches well with the experimental results. Next, the effect
of varying voxel size on the prediction of force is studied.

Figure 6. (a) Experimental Setup; (b) Aluminium Cutting Test Specimen
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Figure 7. Simulated and Experimental Force Data Comparison.

3.2. Effect of varying voxel size

The machining parameters were kept the same as in Test 2. Figure 8 shows the simulated
force results for voxel sizes viz. 50 um, 80 pum, 100 pm in X, Y, and Z directions. It was
observed that by increasing the voxel size, the amplitude of the forces (simulated)
increases. As evident, by decreasing the voxel size the accuracy of force prediction
increases. However, it also increases the computational cost. A trade-off is thus, required.

3.3. Effect of varying number of flutes

When choosing an end mill, one of the most important considerations is the number of
flutes best suited for the job. Both material and application play an important role here. In
this case study, a flat-end mill is used for the simulation process to predict the forces for
the varying number of flutes. The cutting parameters were kept the same for all the
simulations. Figure 9 shows simulated force results in X, Y, and Z directions for two, three,
and four flute end mills, respectively. As expected, by increasing the number of flutes, the
amplitude of the force decreases, and the operation becomes smoother. This is because of
the increase in cutter engagement. Also, the periodicity of the curve increases as the
periodic interval decreases with the number of flutes (reducing angular pitch between
cutter teeth). Therefore, the developed system gives accurate force prediction trends.
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Figure 10. Comparison of forces predictions (a) Our model (b) Literature [13].

3.4. Comparison of force prediction results with the Literature

In this case study, the forces (in X, Y, and Z directions) which are predicted using our
model are compared with the results reported in the literature by Yousefian and

Tarbutton [13]. The cutting parameters chosen for simulation are as under:

¢ Depth of cut:1.27 mm,
¢ Spindle Speed: 2500 rpm
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o Feed rate: 381 mm/min
e Tool: 6 mm Flat-end mill (Two flutes).
e Workpiece: 6061 Aluminium

Figure 10 shows the comparison between the results obtained by our model with those
reported in the literature [13].

The simulated results by our model are seen to be matching well with the trends of
results obtained from the literature [13] in terms of force amplitude. However, the force
envelope is slightly shifted due to the phase angle difference, the negative value of the
force indicating the direction of the force.

4. Conclusions

An exploratory study on cutting force prediction was carried out in this work. The
employed technique uses a discretized voxel model for the representation of the tool and
the workpiece. This approach is comparatively simple and achieves faster results than
analytical models that use complex mathematical models. The developed system was
tested using various case studies. The predicted value of cutting force agreed reasonably
well with the experimental results and literature.

Furthermore, prediction accuracy increases with the decrease in the voxel size. The
effect of increasing the number of flutes on the cutting force was also demonstrated. As
expected, the predicted force decreases with the increase in the number of flutes, enabling
smoother cutting tool engagement. The current study thus reinforces the benefits of
using a voxel-based approach for cutting force prediction.
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