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Abstract 

The purpose of this paper is to compute volume of material removed on a CNC milling process using computational method 
through Boolean operations and conventional method through machining process and compare its accuracies. The computational 
analysis involves the application of the Union, Subtraction and Intersection operation through CAD software to determine the 
material removal volume. The simulation was proven to be effective as it clearly outlined the material removal volume at specific 
locations using different cutting tools. This analysis highlighted various aspects of the cutting tool that affects the quality of cut. 
In general, it is necessary for quality cutting tools to be utilized during machining processes for efficient operation. The study 
conducted enabled the comparison of different cutting tools with respect to the volume of material removed. 
 
© 2019 Elsevier Ltd. All rights reserved. 
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1. Introduction 

    CNC milling machines are often used to machine parts of simple and complex geometry. The development of 
technology over the years have pushed engineers to further improve this machining process through other 

 

* Corresponding author. Tel.: +679-9497976; fax: +679-3231538. 
E-mail address: manasa.kolivuso@usp.ac.fj 
† Corresponding author. Tel.: +679-7220279; fax: +679-3231538. 
E-mail address: ananthanarayanan_r@usp.ac.fj 



 M. Kolivuso et al. / Materials Today: Proceedings 22 (2020) 1360–1368 1361 

conventional and computational methods. CAD/CAM software have been developed to analyze and simulate the 
cutting process so that it will achieve quality cut prior to the actual process taking place on the machine. The use of 
this simulation system and software substantially reduces the tool production cost because it eludes the trial and error 
process on the real machine with expensive materials that is otherwise necessary [1]. Simulations of the actual 
operation also gives a clear understanding of the machining processes mainly in the wide variety of milling 
application and these may include the estimation of material removal rate and calculation of machine force. Solid 
models designed on CAD/CAM software can be converted to programmable language, which the machine will be 
able to read and produce the final part. On most CNC machines, the part program is downloaded to the mill software 
in which the stock and end mill are positioned for the cutting process whether it would be for a simple or complex 
part [2]. Several parameters like the tools shapes, cutting conditions and surfaces models etc. are taken into account 
when generating highly complex parts.  Therefore, it is very important to run almost all of the machining before real 
machining to validate the geometry of the completed part to forecast physical factors that are essential to adjust the 
cutting parameters or otherwise errors may be encountered in the final outcome of the produced part [3]. This will 
have a direct effect on the accuracy of the solid geometry. Most errors are caused by imperfections and 
misalignments.  These includes assembly errors of the alignment of each axis, the non-parallelism and the profile 
errors of the guide-ways, which mostly affects the accuracy of 3-axis machine tools [4, 5]. Bouhadja and Bey carried 
out several research to deal with numerous difficulties in relation to the machining simulation of freedom surfaces on 
multi-axis CNC milling machines in order to minimize errors. The main aim of their study was to suggest a standard 
for organization. The output and results of the planned organizations are given by class and scale, which is 
elaborated further in their literature [6].  

1.1. Material removal volume techniques 

    In this paper, we will be focusing on the application of Boolean operation in solid modelling. Booleans operations 
consist of three main functions, which are Union, Subtraction and Intersection [1,7]. The recommended method 
achieves the dynamic Boolean processes on cross sections of the tool and it reconstructs the 3D model by slating 
among the cross sections. This method is based on standard computational geometry procedures such as intersection 
tests. This process is also efficient and provides the user control on the purpose of operations [8]. It also enable 
functions during progression of the workpiece to be updated along every tool path step by deducting the removed 
volume produced from the workpiece. These operations are mostly used in solid modelling system such as 
CAD/CAM softwares. Solid modelling systems like the ones stated have been established for enhancing milling and 
metal removal rate of numerical control system [9, 10]. The solid modeler can constantly simulate in-process 
workpiece geometry for 3 dimensional (up to 5-axis) numerical control milling. Similar analysis can be carried out 
using Z- Maps for determining the material removal volume. In this method, the workpiece is represented with 
arbitrary vectors in the Z direction and the intersection of the swept volume of the cutter body during cutting is 
updated with the height of these vectors [11]. It is a distinct of the most unsophisticated approaches for numerical 
code simulation in attaining the machined operational surface data, so it is frequently being useful in Numerical 
Control reproduction. This method of Z-maps also delivers an achievable reference for conclusion about the 
suitability and reliability of each machining stage [12, 13]. Regardless of whichever technique is going to be used, 
one must understand that the type of tool to be used in machining is dependent on the design and geometry of the 
final part. 

1.2. Related works 

    As highlighted earlier, CAD/CAM system is used to simulate the type of tool that is best suited for that particular 
application. CAD/CAM systems has greatly developed the capacities of ball end machining which is widely used in 
sculptured surface machining. The application of flat end mills to machine free form surface is dependent on the 
inclination angle of the tool relative to the surface [14]. This machining process is referred to as a Sturz milling 
method as suggested in [15]. A study by Ferry and Yip-Hoi [16, 17] showed a semi discrete solid modelling-based 
technique to obtain cutter-workpiece engagement data mainly for five-axis flank milling with tapered ball-end mill 
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tools. In this analysis, using the solid modelling kernel tool, swept volume is subtracted from the workpiece at each 
toolpath segment and removal volume is obtained. In some of the recent works [18], the tool position points derived 
from the CAM software are used to calculate various parameters such as the local inclination angle of the generated 
surface and the engagement of the tool in the machined material, which will be able to show the material removed 
from the workpiece. It is possible to simulate a tool that moves along the perfect tool paths, however, care must be 
taken in generating the simulated surface, which should accurately reflect the surface that will be physically 
machined. Hence, to compute the swept volume over the surface of the workpiece, one must be able to determine 
the correct cutting tool to use since the curves on the tool will be imprinted on the stock as the tool moves [19]. A 
research conducted by Roth et al, and Mann and Bedi [20,21] shows how to deal with the swept surface by a toroidal 
tool which undergoes a 5-axis motion. They computed a piecewise linear approximation to the imprinted curve at 
each tool points to form the swept surface by connecting the imprinted curve. 

2. Experimental details 

a. 

 

b. 

Fig. 1. (a) Logo to be analyzed; (b) Selected points on the logo to analyze the intersection volume. 

    A simple logo was designed and machined according in the workpiece, whose dimension is 55 mm x 55 mm x 13 
mm. The CAD model of the ‘logo design’ shown in Fig. 1(a) was chosen to see how the different cutting tools were 
going to affect the overall design at specific locations such as sharp corners, circular outline and also the depth of 
cut. The different cutting tools used for this analysis was the ball end and the flat end tool. 
    Boolean operation was implemented in analyzing and calculating the material removal volume. This Boolean 
operation includes Union, Intersection and Subtraction [1]. This type of analysis was carried out using CAD 
software by analyzing the design at specific locations, which were chosen at random to see the behavior of the 
cutting tool during the cutting process through solid modelling. A total of 21 points were identified within the design 
as shown in Fig. 1(b). 
    The analysis carried out mainly used AutoCAD and Solidworks to determine the material removal volume.  
Initially, AutoCAD was used to determine the intersection or the swept volume from the cutting tool. The cutting 
tool is moved to the point of consideration where Boolean subtraction is applied to the work piece with respect to 
the cutting tool. This is to enable the cutting tool to sit perfectly on the point of consideration. The tool is moved 
along the vertical axis to the required depth of 3mm where Boolean intersection is applied to the workpiece to get 
the intersection at that particular point. The intersection at the desired point gives the swept volume from the cutting 
tool. The part is imported to Solid-works where the necessary parameters for wax are recorded in the material 
specification of the part. The intersection volume was obtained through the mass properties. This was done 
repeatedly for each of the 21 points. Table 1 shows the specification for the wax material. 

Tool 

Workpiece 
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Table 1: Material Specification for Wax [22]. 

Material Temperature Range Density Tensile Strength 

Paraffin Wax -10  - 30  900kg/  32kg/sq.cm 

3. Material volume removal calculation 

3.1. Solid modeling approach 

    Before determining the volume of the material removed at specific points, it is important to determine the toolpath 
the cutting tool follows throughout the workpiece. In this analysis, the area of focus would be the outline of the 
design on which the actual cut is going to take place to form the final product as shown in Fig 1(a).  The analysis of 
determining the distance travelled by the cutting tool is essential prior to determining the intersection volume. It is 
also important to determine the volume of the material removed at points where there are sharp corners and edges as 
shown in Fig 1(b). Table 2 shows the distance of cut the tool bit makes at these points. These points proved to be 
critical in the actual machining of the workpiece since this shows how accurate the machine was able to cut. 

Table 2: Distance of cut at points where there are sharp edges. (Refer to Fig 1(b) to see this points) 

Points Distance of cut (mm) 

1 0.25 

3 2.52 

7 1.26 

8 1.50 

9 

13 

14 

15 

16 

2.52 

1.26 

1.50 

1.50 

1.50 

17 1.50 

18 1.50 

19 1.50 

20 1.50 

21 1.50 

    The intersection volume was recorded for the 21 points as shown in Table 3 after the “Intersection” Boolean 
operation was carried out through AutoCAD. After importing the intersected part on Solidworks, the volume of the 
material was able to be determined for each points through the mass properties tool. Since the two tool bit were of 
the same size in diameter (3mm), most of the distance calculations remain the same. The Ball end tool bit will cover 
the same distance as the Flat end tool bit. The only difference occurs because having a ball end creates more surface 
contact between the tool and the work piece. Therefore, the volume of the material removed is expected to be higher 
compared with the flat end tool. 
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Table 3: Volume removed for the 21 points 

Point 
Intersection volume (mm3) 

Flat End 

Intersection volume (mm3) 

Ball End 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Total 

0.01 
1.55 
2.81 
6.92 
6.92 
6.92 
1.50 
0.01 
2.81 
6.92 
6.92 
6.92 
1.50 
11.63 
11.65 
2.00 
10.51 
11.63 
11.65 
2.00 
10.51 

123.29 

0.02 
1.97 
3.62 
9.55 
9.55 
9.55 
1.85 
0.02 
3.62 
9.55 
9.55 
9.55 
1.85 

16.03 
16.05 
2.76 

14.49 
16.03 
16.05 
2.76 

14.49 
168.91 

 

 

Fig. 2. Intersection volume on the points (Refer to Fig.1 (b) for location of points on the workpiece) 

    Figure 2 shows the volume removed at certain points when the cutting tool intersects with the workpiece to create 
the logo. From the figure shown, points 1, 8, 15 and 19 have considerably the lowest volume due to the sharp edge, 
which would obviously result in a smaller intersection of the cutting tool with the workpiece. Points 4, 5, 6, 10, 11 
and 12 have the same volume because of the location of the points on the circular outline on the logo, which would 
be consistent throughout. Points 14 and 18 have the highest intersection volume due to the cutting tool, which has to 
accurately cut the workpiece where the circular outline coincides with the line, thus, resulting in a higher volume of 
material removed. Analyzing these points only do not give the total volume of material removed, as there are also 
areas in the logo itself that has to be analyzed by taking the number of intersection. It is equally important to 
determine the volume of the material removed at other points such as the lines and the circular outline on the logo 
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since this will give a summation of the total volume removed. The total distance covered by the tool bit between two 
points would be the sum of their distance of cut subtracted from the total distance of the path taken as shown in 
Table 4. This was determined by calculating the distance that the tool bit covers over one line or the circular outline 
on the logo. The intersection volume along these areas and also at sharp edges and corners would only be correct by 
initially determining the number of intersection. The number of intersection is obtained by dividing the actual 
intersection distance with the diameter of the tool bit.  This was done repeatedly for the lines and the circumference 
on the design and the intersected volume was able to be determined by multiplying it with the intersected volume at 
points along these zone respectively. Table 4 shows the number of intersection along these areas and table 5 shows 
the intersection volume along the lines and the circular outline. 

Table 4: Determining the number of intersection along the surface to calculate the intersection volume. 

Area 
of 

focus 

Total 

Distance 

(mm) 

Tool bit 
diameter 

(mm)  

Intersection 
Distance of 

points 
(mm) 

Actual 
intersection 

distance 
(mm) 

Number of 
intersection 

C1 44.95 3.00 3.78 41.17 13.72 

C2 44.34 3.00 3.78 40.56 13.52 

C3 34.54 3.00 3.00 31.54 10.51 

C4 34.53 3.00 3.00 31.53 10.51 

L1 

L2 

L3 

L4 

L5 

12.62 

3.00 

7.58 

6.00 

30.00 

3.00 

3.00 

3.00 

3.00 

3.00 

1.75 

1.60 

3.00 

3.00 

5.76 

10.87 

1.40 

4.58 

2.00 

24.24 

3.62 

0.47 

1.53 

0.67 

8.08 

Table 5: Intersected volume along the surface for both cutting tools. 

Area of focus Flat End 

(mm3) 

Ball End 

(mm3) 

 

C1 72.75 131.06  

C2 72.73 129.12  

C3 32.69 100.40  

C4 31.28 100.37  

L1 

L2 

L3 

L4 

L5 

5.62 

1.31 

10.56 

4.61 

55.91 

7.14 

1.69 

14.58 

6.37 

77.16 

 

Total 287.46 567.89  

3.2. Empirical approach 

The design of the logo (Figure 1(a)) was imported to the Lab-Volt Mill Level 4 software as DXF format, which 
converted the design to programmable language (conversational codes) that could be operated on the 5400 CNC 
milling machine. The code was compiled and emulated on the software prior to the actual machining process as 
shown in Figure 3.  The feed rate and speed was specified for both tools and the time taken to complete the process 
was recorded. The actual cutting process is shown in Figure 4. 
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Fig. 3: Design emulated and compiled on milling software 

 

Fig.4. Actual cutting process on CN400 milling machine. 

The cutting parameters at which the machine was operating throughout the milling process is shown in Table 6. 

Table 6: Cutting Parameters 

Cutting Parameters Value 

Rapid Rate (mm/min) 355.6 

Feed rate (mm/min) 254 

Depth of cut (mm) 3 

End mill 

Stock 

Spindle 

Vise 

Stepper 
motor

Design 

XYZ Plane 
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Necessary calculations were made to calculate the volume of the material removed. This can be determined by 
using Eq. (1). 

 
Density, (g/ mm3) = mass, m (g) / Volume (mm3)      (1) 

After analysing the actual cutting process, the volume of the material removed through solid modelling (with the 
application of Boolean operation) was compared to the values of the machining operation. The result is shown on 
Table 7. Table 8 shows the comparison of the material removal volume for both tools in the actual machining 
process. 

Table 7: Comparing the Volume of the material removed 

Tool Type Volume removed in mm3 
(Solid modelling) 

Volume removed in mm3 
(Machining Operation) 

Percentage 
Deviation (%) 

Flat End tool 410.75 401.11 2.40 

Ball End tool 736.80 723.33 1.86 

Table 8: Mass of material removed 

Parameters Flat End Tool Ball End Tool 

Cutting time (minutes) 16.44 17.20 

Mass of workpiece before milling (grams) 32.95 32.95 

Mass of workpiece after milling (grams) 32.589 32.299 

Mass of material removed (grams) 0.361 0.651 

Volume of material removed (mm3) 401.11 723.33 

Generally, different tool bits are used to achieve better detail on machining processes. A ball end tool would be able 
to handle complex detailed patterns due to its pointed ball end while on the other hand a flat end can be an excellent 
surface finisher as shown in Fig. 5a & b. When comparing the volume of material removed from a simple design of 
the logo, it can be observed from Table 7 that the ball end tool had a higher volume of material removed than the flat 
end. This is because the ball end of the tool cutter allows the cutter to cut a larger surface area then that of a flat end 
mill. This was further proven by carrying out an actual CNC milling operation with both tool cutters. Also shown in 
the table is the percentage deviation between the simulation and the actual machining process. From the analysis, it 
is observed that the volume removed in the simulation is slightly higher than the actual machining process for both 
of the cutting tools. This is expected due to factors such as the repetitive use of the cutting tool, lifespan of the 
machine and also with some human and systematic errors that may have gone unnoticed throughout the machining 
process.                    
                              a.                           b.  

 
 
 
 
 

 
 

 
 
 
 
 

 
Fig.5 (a) Workpiece machined with flat end tool. (b) Workpiece machined with ball end tool. 
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After each operation, the waste material was collected and weighed to calculate the volume of removed material as 
shown in Table 8. It can be clearly seen that the Ball end removes a higher volume of material than the Flat end even 
with similar cutting parameters. 

4. Conclusion 

    Material removal volume is determined for a logo design through computational method using Solidworks on a 
wax material and it is compared with actual machining process. The results from computational method is very much 
in close proximity with conventional method. The minor differences is due to factors such as the repetitive usage of 
the tool, the lifespan of the machine etc. Although there was a minor difference with the results from the machining 
and the computational analysis, the concept of the application of Boolean operation in CNC milling was effective. It 
is also determined that ball end tool produces the details of cut in much clarity as compared to flat end mill on the 
other hand the ball end tool observed to be removing bit more volume than its counter keeping all other process and 
operating parameters constant.  
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