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A new simple method to generate toolpaths when machining based on the fixed base
of the residual metal portion left after each longitudinal (forward step) and trans-
verse cutting step (stepover) is presented in this paper. After each longitudinal and
transverse cutting step, there will be an unprocessed metal portion, which has the
form of a cone with a quadrilateral base, and the lateral edges are curves created by
the intersection of the sphere with the diameter of the toolpath. The height of this
cone, S, is called the scallop height, and its projection on a cutting plane is called
the cusp. However, the entire volume of this unprocessed metal portion was exam-
ined in the paper. From there, it was proposed to adjust the toolpath in such a way
that the volume of this portion remains constant in each step of the tool, resulting in
ensured machining quality on the entire surface. Unlike the previous studies where
toolpath is generated using iso-scallop, iso-parametric, or iso-planar methods, a new
method based on calculating the volume of uncut metal after each step of the tool-
path horizontally and vertically is offered in this paper. This method is called con-
stant volume. Compared to existing methods, this approach is superior because it
makes possible to calculate the volume of remaining metal, thereby ensuring more
uniform surface quality and more efficient toolpath. To ensure the correctness of the
proposed method, a script used to generate a toolpath with a simple surface was im-
plemented by Matlab2010a. The toolpath generated by the proposed method was
compared with toolpath generated by the traditional method already available in
CAD/CAM software. The results showed that the proposed method had good accu-
racy and fast toolpath generation time. This method can be extended to complex sur-
faces and is an option for application in CAD/CAM software as well as providing
another toolpath generation solution for mechanical machining in general.

Keywords: toolpath, toolpath generation, toolpath optimization, 3-axis CNC ma-
chine, constant volume.

Generally, the methods for generating toolpaths mainly rely on basic methods, such as iso-parametric,
iso-scallop ones. These methods are often used to calculate toolpaths by fixing the distance between two suc-
cessive horizontal stepovers in the toolpath. The methods for toolpaths generating have been extensively stud-
ied by many researchers. The results of these studies have been applied in commercial CAD/CAM software or
presented in influential scientific publications. Subhajit Sarkar and Partha P. Dey [1, 2] introduced a new
method based on iso-parametric toolpath planning for machining form surfaces called the Boundary Interpola-
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tion method. The authors have developed a modern algorithm based on the proposed method. Comparative re-
sults with the traditional finite element method demonstrate significant improvements. Chen Zhi-Tong et al [3]
presented an optimization method for toolpath selection in surface machining. This method estimates the aver-
age strip width to generate the next toolpath. While this method has many advantages in surface machining
quality, toolpath guidance may be fragmented in regions with varying surface characteristics, leading to in-
creased machining time. Goran M. Mladenovic et al [4] investigated a method to maintain constant cutting
force during surface machining. The results obtained thanks to the method demonstrate its effectiveness in
rough surface machining, as the excess material during rough machining undergoes continuous variation, lead-
ing to significant changes in values. In contrast, during finish machining, the excess material is relatively small,
resulting in insignificant changes in cutting force. In a study on toolpath generation for freeform surfaces, Gui-
llermo H. Kumazawa et al [5] focused on optimizing the width of the machining strips. The authors analyzed
the Preferred Feed Direction (PFD) field of the surface and divided it into separate regions by identifying in-
flection points and forming separating curves. PFD toolpath lines, similar to iso-scallop height, were then cre-
ated for each region to reduce the overlapping of machining paths. The results of the study showed that the
toolpath lines were shorter than the existing method. Young-Joon Kim et al [6], introduced a new approach to
generating toolpaths that result in high-quality machining, the research group analyzed hyper-osculating circles
(HOCs), particularly the curvature difference between tools and surfaces. The process of detecting and handling
HOCs needs to be continuously performed throughout the machining operation. Taejung Kim and San-
jay E. Sarma [7], were presented to generate toolpaths based on a vector field modeled as a set of straight lines.
To solve this problem, the authors proposed applying the Greedy Algorithm to find the best path for the cutting
tool. The results showed that the efficiency of the toolpath was better than in previous studies. D. Walhof [8]
has studied a new solution for toolpaths generating when machining freeform surfaces on a 3-axis CNC milling
machine using ball-end milling cutters. This method aims to fix the scallop height during the machining proc-
ess. Unlike previous studies on constant scallop height, this method does not approximate in 2D but instead on
a 3D geometric object. As a result, it is possible to get a more accurate machined surface and a shorter toolpath
length. N. Shokrollahi and E. Shojaei [9] compared three algorithms used in CAD/CAM software for surface
machining: iso-parametric, iso-planar, and iso-scallop ones. The research group conducted experiments to
evaluate the algorithms. The results showed that the iso-parametric strategy was not optimal in terms of time
and surface quality; the iso-planar strategy was optimal in terms of time, but not in terms of surface quality; the
iso-scallop height strategy had good surface quality but was not optimal in terms of machining time. This sug-
gests that improving the time aspect based on the iso-scallop height method is a feasible research direction and
can be a good solution for machining details on a 3-axis CNC milling machine. The vector field linearization
approach is used as the basis for selecting toolpaths based on the iso-scallop height method. The surface is pa-
rameterized, then the initial toolpath is selected, and subsequent toolpaths are computed based on the fit to the
initial toolpath. Subsequent toolpaths are determined by the distance from the farthest baseline path while en-
suring that the scallop height remains within the limits. Aman Kukreja and S.S. Pande [8] proposed two ap-
proaches for machining free-form surfaces on a 3-axis CNC milling machine. The first approach involves di-
rectly simulating the CNC program on CAM software to generate a CAD model with the surface created by the
scallop profile. The second approach involves generating the CNC program directly from CL points generated
by the scallop profile. The authors' method is accurate, fast, and robust, with the scallop height being directly
created from the CNC program. Van-Quy Hoang et al [10] presented an evaluation of the influence of process
parameters on surface accuracy when machining on a 3-axis CNC milling machine. The results showed that the
influence of stepover on machining accuracy is the most significant. V. Q. Hoang and D. T. Nguyen [11] pro-
posed a simple solution for toolpaths generating when machining a conical surface based on the scallop height
not exceeding a predetermined limit.

ISSN 2709-2984. Ipobnemu mawunobyoyeanns. 2024. T. 27. Ne 2 61



HIGH TECHNOLOGY IN MECHANICAL ENGINEERING

Materials and methods

In this study, the author proposes a new method Ball End Tool
called "Constant Metal Volume Leftover after Machin-
ing" or simply "Constant Volume" to determine the pa-

g or simply u P =t

rameters of cutting toolpaths. This method is more com- Fir (Fesdrate) ‘H_"‘:ﬁ_‘)
: _ NN =1/
prehensive than other methods that only consider scallop z | __‘!\” “)’
height or cusp, because it also considers the volume of 1 /
uncut metal, which, in addition to evaluating the degree ‘/

of influence of the details on the surface quality, also
evaluates the level of energy use, machine wear, tool
wear, etc. When calculating the volume of metal left after
machining, there are three constraints including the '
amount of vertical tool feed (F,), the amount of horizon-
tal tool feed stepover (S;), and the scallop height. When
one of these factors is changed, the other two will change
accordingly, so that the volume remains constant across
the entire machined surface. Surface accuracy will be
calculated to ensure compliance with technical require-
ments, and parameters will be calculated to achieve the
optimal values, where the total machining time or tool-
path distance is smaller than other methods. Fig. 2. Volume 1 (V) Fig. 3. Volume 2 (V)

CL; Point

CC; Point

Se (Scallop Height)

To determine the toolpath, the parameters of the toolpath must be identified. In Fig. 1, the basic parame-
ters for forming the toolpath and detail surface include: cutting tool radius Rz, stepover size (S,); forward step
size (F,); and scallop height (S,). After each stepover and forward step, the large amount of metal is removed, but
still, the amount of metal left on the surface forms a block structure as shown in Fig. 2, which contains four pa-
rameters: S.; Ry; S, and F,. This is the volume of metal that is not machined after one stepover and forward step.
When the tool curvature is not considered, the volume of this block is calculated according to Eq (1)

v, =§SC‘SZ~FV, (1)

where V is the volume of the block; S. is scallop height; S; is stepover size; F, is forward step size.
However, due to the constant Ry curvature of the ball-end tool on the 3-axis CNC milling machine,
the volume of this part can be accurately calculated using Eq (2)

. 1 R 0
V =V,-V, =—48,-S, ——L(n-———sin0) - F.. 2
1 1 Ry 2{ c z 2 (TC 180 )} r ( )
V, is the volume created by the curvature of the cutting tool Eq (3), as shown in Fig. 2
R; 0
V, =—L| t.———sin0 |, 3
fr ( 180 j )

where 0 (Fig. 4) is the angle formed by the arc CC;, and point X is the intersection of the representative circle of
the tool at two consecutive steps.

In addition, there is another approach to calculating the amount of metal left after each combination
of horizontal and vertical steps. This volume is formed when two consecutive horizontal and vertical steps
are combined, as shown in Fig. 3, and they are different from the volume calculated in Eq (1), which is only
calculated in a single step

v,=ts 2s =ts 2ls p-Llg s k. 4)
3 37 72 3

After comparing these two volumes (¥ and V%), it becomes evident that the calculation method for V5
is simpler, and factors such as S., S, and F, are more explicit. When V) is constant, one of the three factors
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changes, and the remaining two factors change so that this product is always a constant. However, using this ap-
proach, some volumes will not be calculated outside the boundary, resulting in lower accuracy than the ¥;" solu-
tion, which is a constant. Therefore, to achieve higher accuracy, we use the metal volume calculated in Eq (2) as
a basis for determining the values of the path parameters in this paper. Typically, during tool processing, the cut-
ting tool is selected in advance, meaning R7 is usually fixed. Therefore, changing the remaining parameters will
change the 7;" volume. In Fig. 4, it is also easy to see that § depends on R7and S, according to Eq (5)

S
sinf = —=. 5
5 ()

T
In Fig. 4, the relation between S, and S, is written in the form of Eq (6)

S.=2{R7 ~(R; =S.)" . (6)

Therefore, ¥;" only depends on

two parameters: S, and F,. This means that | iCLiH Point
from an initial CC point, three consecutive o G | [0 CL; Point }A/}

CC points can be determined to create a © 1 5. } |

group of four points for each machining P I | CC;,, Point
step. In practical machining, the surface ol AN(% T |

accuracy is usually selected, so S, does not i i | CC; Point

exceed a predetermined value, usually the ) i

scallop height [S,] is limited. Thus, de- Fig. 4. The relation between Fig. 5. Calculation of CL point

pending on the curvature of the surface at S.and S. Jrom CC point

different positions, S, can be calculated through S. and R as in Eq (6). This means that at this point, V;" can only
be a constant if the F, value changes accordingly. Therefore, it is necessary to adjust the cutting tool along the di-
rection of F, value change depending on the position of the surface. The F, value can be derived from Eq (3) as
shown in Eq (7)

x 1

2
S.-S. _Ri n‘i—sinﬁ
2 180

To create a toolpath, it is necessary to determine the CC; point, which is positioned between con-
secutive points. In other words, a horizontal tool shift of S, will perform a combination of vertical move-
ments with a vertical displacement step of F,. After moving vertically over the tool surface, the cutting tool
will shift horizontally by one step S. and repeat the process until the entire surface has been machined. To
create the toolpath after determining the CC; point, it is necessary to determine the CL; point.

In Fig. 5, the positions of CCj; point, and CL;; point are generated from CC; point and CL; point.
Therefore, to generate the toolpath, it is necessary to determine all CL; points.

CL, =CC; +nR; = P(u,v)+ X, R;. 8)

F, =2V,

r

(7

The coordinates of the CL; point are X¢;; Ycr, and Z¢y;, while the coordinates of the CC; point are
Xcci, Yeei, and Zee;. The coordinate equation of the CL; point is expressed in Eq (8) [11]. v is the angle
formed by the unit normal vector of the surface and the tool axis

Xy cosy —siny 0 0||{0 0 O O]|| X
Yo, _ siny cosy 0 O 100 0 0ff] Y ©)
Zey, 0 0 1 0/(0 0 1 Of|| Zy

1 0 0 0 1]/0 0 0 1 1

The algorithm for toolpath generation is shown in Table 1.
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Results and discussion

To verify the accuracy of the constant volume method,
the evaluation was conducted by generating a zigzag toolpath for
machining the surface of a workpiece with dimensions of
lengthxwidthxheight=100x50%10 mm. The aim was to achieve a
machining accuracy of 0.05 mm, with a horizontal tool step of
Imm, a maximum cutting depth of 2 mm, and using Ball end mill
with a diameter of 5 mm. Machining simulation was performed
using commercial CAD/CAM software. It was done to obtain the
toolpath and machining details as shown in Fig. 6.

After testing the workpiece model with varied accuracy
requirements while maintaining a constant tool diameter, in a ta-
ble of statistics presented in Table 2 was obtained. The accuracy
values and volume of metal are predetermined, and the algorithm
will calculate the parameters of the toolpath.

In Table 2, (S., V) and Ry are established with predeter-
mined accuracy and volume of the remaining metal after machin-
ing, and the parameters of the toolpath S, and F, are calculated. The
value of 6 will also be calculated depending on S, and Rr. Table 2 is
established with varying Ry parameters, and V variations, thereby
providing a clearer understanding of the influence of fixed parame-
ters S., Ry, and V on the toolpath parameters S, ., and 6.

Table 1. Toolpath generation

using the Constant Volume method

1: | Begin

2: Input: X, y, Ry, V, Width, Long
3. | Calculate S, S,, F,

4: | theta = asin(S,/(2*Ry));

5: | Sc=Rr*(1 - cos(theta));

6: | S,=2%sqrt(Rr"2-(R1-S)"2);
7: | n=Width/S,+S,/2;

8: | m=Long/F,

9: | temp =[x, y];

10: | fori= 1:n/2

11: x =x+ F.*m;

12: temp = [temp; X y];

13: y=y+S,

14: temp = [temp; X y];

15: x =x — F,*m;

16: temp = [temp; X y];

17: y=y+S,

18: temp = [temp; X y];

19: | end

20: | plot (temp(:, 1), temp(:, 2);
21: | export list of coordinates (X, y)
22: | export G-code

23: | End

Table 2. Table of the toolpath parameters

S., | Ry, | Stepover | Forward step | Angles | Volume
mm | mm | S, mm F,, mm 0,° V, mm’
0.05 | 2.0 | 0.88882 2.07882 0.22408 0.5
0.05 | 2.5 | 0.99499 3.02704 0.20034 1.0

0.05 | 3.0 | 1.09087 3.49508 0.18283 1.5 = B
0.05 | 3.5 | 1.17898 3.72974 0.16923 2.0
0.03 | 2.0 | 0.69022 2.77963 0.17342 0.5 Fig. 6. Toolpath generating using commerce CAD/CAM

0.03 | 2.5 | 0.77227 4.02116 0.15507 1.0
0.03 | 3.0 | 0.84640 4.62188 0.14154 L5
0.03 | 3.5 | 0.91455 491617 0.13102 2.0

The set of parameters in row 2 was inputted into the
algorithm, and a Matlab script was written to generate the
toolpath using the Constant Volume method (Table 1). The
resulting toolpath is shown in a zigzag pattern in Fig. 7.

The total length of the toolpath includes both rapid
tool movement and machining routes. The statistics were
conducted when generating the toolpath using the tradi-
tional method in commercial CAD/CAM software and the
proposed algorithm described in Table 2.

1. In terms of toolpath: The noticeable difference
here lies in the tool advance and retract positions after

Z Axis

Toolpath Generate using Constant Volume

Y Axis

e 100 0

Fig. 7. Toolpath generating using
the Constant Volume Method

machining. For the traditional method (Fig. 8, a), there's a slight deviation of the cutting tool movement from
the surface to be machined. This path may either leave some material uncut or overcut, often opting for over-
cutting to ensure a flawless machining process, or select boundary cutting to ensure the removal of all excess
material for a perfect surface (Fig. 8, ¢). This process is more complex compared to the proposed method

(Fig. 8, b).
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Fig. 8. Compared toolpath:
a — the toolpath generating by commercial CAD/CAM; b — the toolpath generating using Constant Volume Method;
¢ — the boundary toolpath

To further evaluate the proposed method, some statistics data was compiled in Table 3, including the
length of the cutting toolpath during processing and the total length of the cutting toolpath for two similar
cases, except for a slight deviation in the toolpath generated by commercial CAD/CAM software when mov-
ing the cutting tool from position (-5.55, 0, 10) to the workpiece origin (0, 0, 0) during processing, while for
the Constant Volume method, the cutting was moved straight down to the machining area. The tool moved
from position (0, 0, 10) to (0, 0, 0) for processing (as circled in Fig. 8). This can be easily adjusted during the
programming process, so it is not a significant issue.

Table 3. Comparison of the cutting toolpaths generated by the traditional method and the Constant Volume method

Traditional Method Constant Volume Method
Machining length, mm | Toolpath length, mm | Machining length, mm | Toolpath length, mm
5275,540 5325,535 5270,744 5321,488

Machining length is the length of the toolpath where the tool is engaged in cutting. Total length in-
cludes both the length of the toolpath when the tool is engaged in cutting and rapid motion.

2. Machining Process: In traditional method testing, an issue arose where the calculation to create a
horizontal step may be slightly incomplete if the final step does not have enough horizontal tool displacement

equal to the amount of vertical tool displacement S, resulting | e w101 ve7 0sa 112[N102 X100 ¥47.7594
. . . « e 119 N 2 X - 113 N103 X100 Y48.7544
in incorrect tool displacement for machining the final contour. | 20 w109 vas 03 HMeNLOS X0 Y48.7544
In Fig. 9, a, instead of N107 Y50, it should be N107 Y49.995, | (e o= v o= E;g N106 X100 ’523.1331]
which leads to the surface accuracy at the final step being of- [ [ w207 w2000 om0 uhvaML
ten not as precise as the surface accuracy in the previous steps. | ¢ ¥1057650 Z10. Bl e o o

In Fig. 9, b, the author calculated the toolpath to overcome the | 2 x112 c28 xo. vo. L D

error left at the final machining step. In case of stopping at the | +*

command N106 X100 Y49.7497, the surface will still be ma- a b

chined, but like in Fig. 9, a, the final toolpath will leave a dif- Fig. 9. The G-code to end the program:
ferent error than the surface errors left in the previous steps. | a— generated by a commercial CAD/CAM system;
The command N107 X100, Y50.744 will solve this issue, and | b — generated by the Constant Volume algorithm,
will be noted in the Constant Volume algorithm. which processes the final toolpath
Conclusion

In this study, a new method to determine the volume of remaining metal residue after machining,
thereby proposing a toolpath generation method called Constant Volume, has been developed. Based on the
required accuracy of the machined part, the lateral tool compensation and longitudinal tool stepover are cal-
culated based on the volume of this metal residue to determine the parameters of the toolpath. The results
indicate that the proposed method yields a shorter toolpath compared to the traditional method. However,
this method also demonstrates the advantage of determining the F, vertical stepover parameter, which is ex-
tremely important when creating tool paths for complex surfaces. In addition, the Constant Volume method
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also has an advantage in the corresponding edge regions with the final toolpath using traditional method in
commercial CAD/CAM software, which is often not accurately calculated and can cause errors in these re-
gions. In the proposed Constant Volume method, this issue can be addressed. Although the toolpath may be
added with an additional offset, the accuracy remains the same for the entire surface and the total length is
less than one in the traditional method. The author proposes several future research directions, including the
toolpath optimizing using the Constant Volume method by employing genetic algorithms to find optimal
stepover parameters, aiming to enhance productivity and reduce machining time.
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Io6ynoBa TpaekTopii iHCTPyMeHTY Ha TpuBicHiii (ppe3i 3a JomoMoroio MeToay MocTiiiHOro 00'eMy
Van-Quy Hoang

XOIWMUMIHCHKUH IHAYCTpiaJIbHUI YHIBEPCHUTET,
12 Nguyen Van Bao, Ward 4, Go Vap District, Ho Chi Minh City, B'eraam

Y yiii cmammi npedcmaeneno moeuil npocmuii mMemoo nodyo00o8u MpACKMopii IHCmpymenmy nio uac
Mexaniunoi 06pobxu Ha 6a3i IKCOBaHOT OCHOBU 3ANUUKOBOI MEMANEB0T YACMUNYU, WO 3ATUWMULACS NICAS KOJICHO20
1030082CHbO2O (NepedHill KpoK) | nonepeunozo Kpoxy pizanus (nepexio). I1icis KoocHo2o no300824CHb020 i NONepeuHo2o
KPOKY DI3aHHSA 3aUumsCs HeoOpobiena Yyacmuna Memainy, Ka Mae opmy KoHyca 3 YOMUupuKymHoo oCHO800, d ii
Oiuni epami € KpusuMu, CMEOpPeHUMU nepemuHom cgepu 3 diamempom mpackmopii incmpymenmy. Bucoma yvoeo
Komnyca, S,, Ha3UBAEMbCA BUCOMOIO 2PebIinYs, A 11020 NPOEKYIA HA CIUHY NIoOWuUHY — eepuiunoro. Oonax eecb 00 ’'em yici
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Heobpobnenoi uacmunu memarny Oy10 npoamanizosano y odamiti cmammi. Buxooauu 3 yvozco, Oyno 3anponoHosaHo
KOPUSYBAHHS MPACKMOPIL IHCMPYMEHIY MaKUM YUHOM, Wob 06 €M yiei yacmuny 3aaumascs ROCMIUHUM HA KOHCHOMY
Kpoyi pobomu iHCMpYMeHmy, 6 pe3yivmami 4oeo 3adezneyyemvcs aKicmvs 00pobxu gciei nosepxui. Ha 6iominy 6io
nonepeouix 00CuiodCceHb, y AKUX MPAEKMOPII0  [HCMPYMEHMY 2eHepy8anu 3d O0NOMO2010  I30CKANI0NHOZO,
i3onapamempuyno2o abo i30NIAHAPHO20 MemOo0is, 8 YbOMY 00CIONCEHHT 3aNPONOHOBAHO HOBUIL MEMOO, 3ACHOBAHUL HA
obuucienti 06’ emy Hepo3pI3AH020 MEMAny RICiA KONCHO20 KPOKY MPAEKMOpIi iIHCMpyMenmy no 20pu30Hmani ma
sepmuxani. Leti memoo nazugaemvcs Mmemooom nocmiinozo 06 ’emy. Ilopiensano 3 icuyrouumu memooamu, yeu nioxio €
KpawuM, OCKINbKU 3a605KU HbOMY MONCHA 00YUCIUMU 00 €M Memany, wo 3aiutiuscs, makum yuHom 3abesnedyouu
OinbuL OOHOPIOHY sKICMb NoGepxHi ma Oinbul egexkmusHy mpackmopiio iHcmpymenmy. LlJo6 nepexonamucs 6
KOPEeKmMHOCMI 3anponorHosanozo memooy, y Matlab2010a 6ys peanizoeanuili cyeHapiu, sKuii UKOPUCHOBYBABCS OIS
CMBOPEHHs  MPAEKMOopii  IHcmpymenmy 3 Hpocmoilo  nosepxueio. Tpaexmopilo — iHcmpymenmy, —CMEOpeHy
3aNPONOHOBAHUM MEMOOOM, NOPIGHIOBANU 3 MIEI0, WO CMBOPEHA MPAOUYIIHUM MeMOOOM, AKUL yoce OOCMYNHUL y
npoepamuomy 3abesneuenni CAD/CAM. Pezyromamu noxazanu, wjo 3anponoHO8aHuLl Memoo Mae Xopouty moyHicms i
weuoKkull uac gopmysanus mpaekmopii. Lleil memoo modxcHa poswupumu 00 CKIAOHUX NOBEPXOHb I 6IH € OOHUM 3
sapianmie 0/ 3acmocy8anHs 6 npoepamuomy 3aoesneuenni CAD/CAM, a maxooic nadae iHuie piutenHs O CMEOPEHHs
mpaexmopii incmpymenmy 0Ji1 MeXaniuHoi 00poOKU 8 Yiiomy.

Knrouosi cnosa: mpaexmopis, nobyooea mpaekmopii, onmumizayis mpaexkmopii, mpugicuuil éepcmam 3 911K,
nocmiinutl 06 ’em.
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