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Abstract— The development of the CNC machine and its advantages led to t onstantly developing fields for this system, which are
CAD (Computer-Aided Design) and CAM (Computer-Aided Manufa . However, surface issues were rarely mentioned in these
studies, but mainly on tool path calculations or cutting modes. R le selection of cutting tools, optimal tooling strategy for
surfaces, and cutting mode parameters impact productivity rm lity of details containing complex surfaces. This study
evaluates free surface based on Gaussian curvature and me re, thereby providing a suitable instrument selection for the
evaluated free surface areas. In this paper, the authors analyze a elect tools and tool paths when machining freedom faces on 3-
axis CNC machines to satisfy surface shaping accuracy reguiremertts and reduce machining time related to the traditional freedom-
face machining method. Before doing experimental regeal the authors designed experimental samples on CATIA V5R20,
simulating the machining process to verify the theor alculation. Empirical models for machining on 3-axis CNC milling
machines were built and measured the parameters on_3"8gordinate measuring machines to evaluate the effect of tool selection and tool
paths in the machining of freedom surface areas. iMfental results show that the tool path when machining freedom surfaces
dramatically affects the quality of freedom ur& ing. Moreover, the experimental results also show that when processing

saddle-face samples, the one direction tooli should be selected.

Keywords— CNC machine; tool-path st ; saddle-free surface; milling machine.

machining molds on CNC milling machines. Yasir et al. [2]
.. have studied the affecting factors to the quality of shaping
CAD / CAM / CNC4etngologles have been applied in e free surface of the concave elliptical structure when

I. INTROD 10,

industrial productiopsm Viet and are proving to be of machining on CNC machines. Ma et al. [3] have researched
great efficiency, cgntribugng to change in the industry in 5nq pyilt the method of real-time interpolation of free
recent decades. Wge C machines have increasingly,ofiles in shaping the surface of machined parts on 3-axis

improved str

the same with technology level. cNc machine tools. In the project, Walhof [4] introduced a
Thereby, prod

_ nd product quality when processing method of automatically setting tool-paths based on
Nhes have significant improvements, (achnology requirements in the G-Code language used for a
. ca}ntly to the machining and automatic 3_axis multipurpose CNC milling machine. Moreover, the
ndustry's  development. Because of their naper solves the problem of automatically setting up the
ad es, More and more scientists are interested in deeﬂi’rocessing programs by G-code for complex surface
earch'Wf both fields intheory and practical applications. machining. It is specifically applied to machining the
vejal researchers published documents about thenyojyte surface of straight teeth bevel gear on a 3-axis
line and surface, which have high applicability and mtipurpose CNC milling machine [5]. The result was an
arly. Sarkar et al. [1] have studied the tool paths ygorithm and software called “Bevel gears" that allowed to
culating methods in surface shaping and the problem ofgqt up a processing program based on G-Code, which
cutting tool wear (for flat head cutting cases) when compatible with BAZ-15 Heidenhen 3-axis CNC milling

SC
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machine for machining the involute surface with any quality of shaping details containing complex surfaces [11].
parameter of a cone gear. This software was written on The research related to the processing and shaping of free
Visual Basic. Zhang et al. [6] have shown the 3 level B- form surfaces has attracted a lot of scientists. Many studies
spline model's application method and continuous have been published which have great applicabiliinin
conditions. The authors formulated an algorithm to relation to the machining of free surface on CNC gachin
interpolate the toolpath according to NURBS level 3. The Valvo ELO et al. [12] present a method of intergblaon of
authors gave the final results were the results chart of thetoolpath following NURBS on open-source techag i
NURBS approximation for the toolpath. method is highly effective when processing
In the study by Gan et al. [7], the authors have proposedChen and Wang [13] presented a methogmg
shaping surfaces and applications in mechanical engineeringpaths based on the height of metal left§belind after each
In this document's content, the authors present themoving of the cutter (scallop height). Paul K§Y
application of the free form surface and some common [45] studied the toolpath making methg® for nfachining free
mechanical shape such as forming the surface with a discsurfaces on 3-axis CNC machines. Ig&study, the authors

tool, forming the surface with toothed rack tools, shaping propose an algorithm to detect t t area, causing a
surfaces with screw-shaped tools and contents related taough cut on the surface [14]. Ch al. [15] have shown
surface shaping. Especially in this study, the authors gave ahe method of generating ™dl-pafhs using smooth spiral
summary of 10 free form surface types classification. This is lines, mainly applied for hig

a relatively detailed classification of free form surfaces. Huo can simplify the construcj
et al. [8] have presented the method of setting the tool pathsalso lead to the ability 8§ s

for 3-axis multipurpose milling machines in programming the project, Shang%

dg@”machining. This method
oNyadial and spiral tool-paths,
oth the complex surfaces. In
] have depicted a method for
achining sample surfaces. In this
the 2D modeling method to be
te data points to create tool-paths by
echniques to map discrete samples on the
id mappings are used to smooth the
plane. On this plane, the discrete model is

the machining of involute surfaces of the bevel gear teethcreating tool-paths
used the G-code language for the 3-axis milling machine. method, the auth
The authors solved the automatic setup of processingconverted into
programs according to G-code to process complex facesimage proce

The result was an algorithm and software called "Bevel part's s

gears" that allowed to set up a processing program based osurfa
G-Code compatible with BAZ-15 Heidenhen 3-axis CNC collaps®&g, rotated, and moved to the desired position. Then
milling machine for machining the involute surface of a uygig the Wapping of the workpiece surface to the surface
bevel gear of any parameter. In the paper [9], the authors @ e model is mapped back to the surface of the part.
mentioned the level 3 NURBS interpolation function gethod is independent of the processing on the surface
handle the high-speed toolpath smoothly. In the end,§heparameter domain, so surface pieces do not limit it. Gahlot
authors give the results chart of the NURBS approximation ay, Kamat Amey, and Swain Pravati [17] have studied
for these tool-paths. In addition, several studies only Jtiefly the method of creating tooling paths for 3D models to
mention the free form surface without analyzj automate the production of some parts to achieve high
evaluating the solutions to make a plan to maelinifg, the productivity. In this study, the authors used a zigzag toolpath
NURBS free form surfaces on CNC machinegmeSgarchego do the research. Gahlot et al. [17] proposed a plan to
on the geometry of cutting tools as well as t minationcreate tooling paths for machining free surfaces on optical
of tool-paths are quite limited. Lots ofgtudieS™#e mostly equipment using ultra-precise multi-axis machines. In this
considered to optimize tooling paths w&

Cl

hining on astudy, the technique of neighbor cutting contact point
specific section (2D). The study [10] has buia local surface technique is applied. Li et al. [18] studied an optimal method
zoning diagram based on Gausg rvature and averagef processing a part with free surface based on clustering of

curvature that is used as a refer@yg puild an algorithm tahe field vector guiding the cutting tool in contact with the
g into local surface free face, after clustering into specific machining areas by
spiral toolpath and zigzag. In this study, the authors gave a
The development of t chine and its advantagesvery clear research direction on the free surface machining
led to the service are this¥system that are constantlyprocess. If the previous methods only focused on solving
developing, such AD W§omputer-Aided Design) and toolpath generation, this method proposed a new direction to
CAM (Computer-Afled nufacturing). CAD supports the classify machining into different areas based on the direction
design process to Wgcom¥ faster, easier, and more accuratef the tool axis with the machining surface. Clustering is the
CAM support ssing, freeing people from bigger process of partitioning a data set into groups with similar
and more com culations by integrated interpolation properties. After performing this study, the surface areas

areas.

precisi manufacturing products with partitioning by this vector cluster method, it is possible to
CADZA C applications no longer depend entirely on flexibly select the toolpath corresponding to each clustered
C chirfes but also on other factors in the designarea to achieve machining efficiency. Bo et al. [19] have

cess ing CAD) and in processing (using CAM). At studied the method of determining toolpaths when
regent, the use of CNC machines, as well as CAD/CAM machining Bezier lines and faces on multi-axis milling

wagfe, are not effective. For example, how to choose amachines through two steps: (1) Step 1: Forward-step, for
rea¥nable cutting tool, choose the best toolpath for thethis step, that it is necessary to determine the maximum

ace, select the cutting mode  parameters distance of the toolpath between the two closest tool paths
appropriately...will also greatly affect the productivity, the and to ensure a certain error. (2) Step 2: Step-side, in this
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step, that it is necessary to determine the maximum distancerea, after selecting a suitable tool, it will be studied the
between two toolpaths side by side so that the smallestappropriate toolpath and the corresponding surface area for
deviation. this selected tool. The authors have conducted experiments
Currently, the application of CAD/CAM/CNC technology to evaluate the influence of tools and tool-paths oNthe
in production is prevalent. Because of this technology's quality of free surface shaping. Giving a plan_gor" th
advantages, many scientists are always interested inselection of reasonable tools and tool-paths in thefprdeessing

CAD/CAM/CNC studies [20]. Currently, researches related of details contains free surface.
to CAD/CAM/CNC in Vietnam are quite limited. There are
many studies in the world to improve productivity and Il. MATERIALS AND METHOD
product quality when machining on CNC machines. .
However, surface issues are rarely mentioned in these™ Materials
studies, but mainly on toolpath calculations or cutting 1) Workpiece: Sample 1: Workpiegf size 100x100x50;
modes. In this Study, the authors found that Selecting Smooth and unpartitioned surface p|e 2: Workpiece
appropriate tools and tool-paths when processing partssize 100x100x50; Smooth surfac passed through the
containing a free surface is both scientific and very practical, partition and determined the, cgaig rresponding to each
which has great potential to apply to the production. In this syrface piece. Materials: PAWasti§) physical properties are
paper, the authors focused on evaluating free surfaces baseghown in Table 1. Sample Z2gMfimental sample made of
on Gaussian curvature and average curvature (K and H)000 series aluminum, d e®with free saddle surface, the
thereby offering a reasonable tool selection for evaluateddimensions of X-Y axes 65mm.
free surface areas. In addition, for each evaluated surface

TABLE | @

PHYSICAL PROPERTIES OFPA RESIN

Tension | Modulus of elasticity | Hardness | Density | Melting point 4on coefficient | Bending force
(MPa) (Gpa) (HB) (°C) (MPa)
87 19-3.2 90 1.2 2 0.1 136

milling machine: Working space, XxYxZ = 800x450x450; c® after machining in this experiment, a 3-coordinate
Table size 1300x520; Maximum load capacity 800Hg; ring machine with model SVA NEX9106 was used.
Spindle speed: 6000rpm; Type of tool head: BT40; Number machine parameters are shown in Table .

of blades: 24. Manford MCB-850 3-axis CNC machine:

2) CNC milling machinee Hamai 3VA 3-axis CNC %e—coordinate measuring machine (CMM): To test the
e

; - . TABLE Il
W(_)I’klng Spac_e XXYXZ__ 1000)(500)(_400_mm’ M PARAMETERS OF3-COORDINATE MEASURING MACHINE SV SVEX 9106
spindle speed: 8000rpm; Tool carriage: 16; AccurgCyNQ.001 i
mm. X-axis (mm) 850
Measuring range Y-axis (mm) 1000

3) Cutting tool: Flathead milling cutt for Z-axis (mm) 600
roughing step and ball end milling ¢ for the | Measuring the ratio Linear
finishing. In particular, the ball end mi ter uses 2 | Minimum display 0.01{m) (0.3um) when using the TP20(
different sizes. For sample 1 withg ing, to avoid | value gauge head

o diameter cutter. Far Effective along the (X) axis | 1000

(mm)
Depth according to (Y)(mm) 1810
Height from the table (mm)| 725
The maximum Maximum height (mm) 770
product size Maximum weight (kg) 1000

was used 2 cutters, pMachine table
o the concave surface|,

B. Experimental Set-up

Parameters Flathg@ad milling Ball end milling Some experimental tests are set up to evaluate the effect
tter cutter of toolpath elements (Toolpath, T), vertical step (Feed rate,
12 10 8 3 F), horizontal step (Stepover, S) on free-form shaping

- 5 Z 15 accuracy on a 3-axis CNC milling machine. Indeed, there are
three common and efficient types of tool-paths used for free
75 751 75 75 surface finish machining: Back and forth; Spiral; one
direction, in which back and forth can become a zigzag.

Diameter, D (m

30 28 28 28

1) Back and forth: A strategy to guide tools along the

Btha (mm) 31 31 3 3 32 zigzag lines by moving the cutting tool back and forth on the
B lameter, db 6 12 10 8 3 surface of the workpiece in the XY plane. In this tooling
strategy, in order to reduce machining time, the spindle
direction is proposed to run along the direction of the longest
edge on the workpiece surface.
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2) Onedirection: A strategy to guide cutting tools along and still, the results were relatively accurate with the
the parallel lines on the machining surface. At the end of Taguchi method. The parameters F, S and T are taken from
each line, the tool will move up to a specific reference Table IV. The orthogonal array of Taguchi with 3 influence
surface, then go back to the previous area and then mov@arameters, each has 3 impact levels shown in Table ith
horizontally to a distance by horizontal step, then translate3 parameters considered, each parameter has 3ginfluenge
the tool and the surface to follow the next path for levels so the number of experiments will be 33 =0 tifges
processing.

TABLE IV

3) Spiral: A strategy to guides the cutting tool along a _ F.S TPARAMETERS
spiral, in which the tool can come from the center of the Affecting Factors Effecting |gffe
machining face and outward or vice versa. When the cutting : L.1 L.2 :
tool moves to the center, it will move vertically up to the | F (mm/min) 400 600 0
end. S (mm) 1.0 1.5 2.0

. . . T Back and Ong Spiral

In this stu_dy, the nguchl planning m_ethod was us_,ed [21]. forth difed?s

The Taguchi method is based on a statistical analysis of tests L 4

TAB

to meet surfaces with pre-set requirements to achieve the ortHoconAL ARRays INEA L0 (3°3)

most optimal experimental design parameters. The : —
advantage of this method is that many objects are considered=XPeriment Machining MSD | SIN
with different influences. This approach's holistic view is to No. paramets ratio
bring the quality concept into the design stage to optimizg
parameters instead of thorough testing to determine t
quality after machining.

To determine the effect of tool-paths on the quality o
surface shaping of parts containing free surfaces. Th
prototype was designed to be a part that contains a smoo
free surface, in this study, the saddle was selected because i
is one of the common surfaces in molds [22].

Three machining parameters include the feed rate (F

0.0505| 0.2232| 13.0338

0.1151] 0.164% 15.671
0.0807| 0.1596 15.933
0.3156] 0.313¢ 10.069
0.1137| 18.9002

OT

[e]

[e]

0.0892

- 0.2159| 13.3192
0.1561

0.1816| 14.8128

transverse step (S), and toolpath (T) are used to study t 0.1798

influence on the saddle surface shaping. Other param L3 | L2 L1 (;1672 0.1982| 14.0625
such as cutting speed, cutting depth, tool radius or :

geometrical parameters of the tool may also be selected 9 L3 | L3 L2 62045 0:3138) 10.0695

research parameters, but the influence of these parameters
the accuracy notas muchas F, S, and T.
Each of the parameters F and S respectively e with

3 levels. These parameters depend on the ool anch, The Effect of Tool Selection and Surface Partitioning on

I1l. RESULTSAND DISCUSSION

workpiece material that have different optimu es [23]. Machining Time

This fop?mal vlalutﬁ_ can b_e fotmr:j : - ﬁog? of The measurement of the height level z of samples 01 and
manutacturers. in this experiment, NOWSHEL,JQS €ECt WaS a5 is shown in Table VI and Table VII.

minimal, as it was possible to select within nge of values

TABLE VI
PARME EASURING THEHEIGHT Z POINTS ONTHE SURFACE OFSAMPLE 1

Surface | 1 2 4 5 6 7 8 9 10
1 -0.036 0. 4.314 9.881 12.31 9.883 4.41 0.641 -0.021 0.004
2 -0.016 15 3.651 8.051 10.658 8.368 3.516 0.469 -0.028 -0.0p2
3 -0.047 0.527 2.774 4.567 5.124 3.367 1.341 0.044 -0.048 -0.01
4 -0.06 . 0.349 1.028 1.569 1.288 0.463 0.015 -0.063 -0.0p
5 -0,083 -0.428 -1.304 -1.983 -1.741 -1.068 -0.379 -0.14 -0.062 -0.08
6 0. -0.571 -2.591 -5.089 -6.113 -4.672 -1.835 -0.408 -0.017 -0.0p8
7 -0RL06 -0.971 -4.937 -10.59 -13.242 -10.411 -4.687 -0.906 -0.12 -0.0p7
8 -0.184 -1.701 -6.549 -15.291 -18.37 -13.667 -6.339 -0.97 -0.108 -0.01L9

-0.166 -2.239 -9.037 -17.799 -21.292 -16.905 -6.937 -1.125 -0.085 -0.014

-0.107 -2.064 -11.069 -18.427 -21.449 -15.88 -6.719 -1.2715 -0.148 -0.409

-0.112 -1.554 -8.214 -17.446 -21.396 -16.487 -6.392 -1.028 -0.082 -0.01
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TABLE VII
PARAMETERS OFMEASURING THEHEIGHT Z POINTS ON THESURFACE OFSAMPLE 2

Surface 1 2 3 4 5 6 7 8 9 10

1 0.711 4.902 9.668 12.234 9.301 3.419 0.498 -0.0B5

2 -0.079 0.697 3.628 8.553 10.297 7.646 2.851 0.525

3 -0.101 0.244 1.431 4.016 5.282 4.233 1.892 0.097

4 -0.126 -0.078 0.325 1.041 1.228 0.911 0.258 -0.0p4

5 -0.153 -0.348 -0.816 -1.606 -1.825 -1.429 -0.666 -0.246

6 -0.156 -0.677 -2.539 -5.532 -6.852 -5.181 -2.318 -0.5p7

7 -0.176 -1.11 -4.903 -11.115 -13.24P -10.221 -4.273 -1.114 -0.167 -0.044
8 -0.168 -1.857 -8.274 -15.627 -18.842 -13.965 -6.677 -1. -0.132 -0.028
9 -0.139 -1.674 -8.574 -17.803 -21.34 -16.1%9 -7.3R . -0.118 -0.02
10 -0.126 -1.013 -7.297 -17.254 -21.57 -16.644 -7.744 - -0.146 -0.016
11 -0.136 -1.661 -7.613 -17.601 -21.521 -16.665 -6.11 -2.574 -0J13 10.001

B. Evaluation of Forming Accuracy

20

concave surfac s, the amount of cusp left will be less.
In this area, &S can only occur because the boundary
separati houndary limit during processing, so if any
Is because the boundary has not been

ig. 3, the convex and flat areas and the
rea between convex regions and the flat regions
e concave regions, are similar. This shows that when
small and large diameter cutter on a convex or

on®f®e area with the selected cutting modes, the surface is
similar. This will lead to shorten the machining time

this can be caused b@s rement.
Because smallé cutters machine the Sample 2

m-30--20  w-20--10 -10-0

Fig. 1 The data diagram of free surface machinin @ of Sample
1

In Fig. 1 and Fig. 2, the surface & ation at the
measuring locations, we find that wo sUrfaces are not
much different. Of course, ment seems not
satisfactory because the nu asurement points i
still small. But if the nu easurement points
increases, the result is e because the surfac

shaping process on milling machine is the
interpolation process. Tt theQgumber of measurement points

is large, the surfacg1S smoother, but there is no change ir
form.

The diagramin hows that at the boundary of the
graph (flat an areas) of Sample 1 and Sample 2 arc
quite simi

anwhile, in the central area (concave
S a certain deviation of Sample 2 from Sample 1
pattern; However, the deviation is not much,

design
area)
and

2324

ite a lot.

20
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|

-10-0

aN@ there are certain deviations from the Fig. 2 The diagram of free surface machining measurement of Sample 2



45 0

o & 3 4 5 6

15 -10 \
0 - . - -15

= 1 2 3 4 6 7 8 9 10 11 20

30 -25

45 -30

i -35 V &

-40
-75
— Design sample__Sample 1 __Sample 2 — Design sample____Sample ple 2
Fig. 3 Comparing 2 surfaces vertically and horizontally

. i is known as the tim ange the tool because the

C. Evaluate the Machining Time and the Length of Tool- partitioned surface ug knives than the non-partitioned
Path ones. However, t eining time of free-form surface
When machining free surfaces, besides forming accuracy,partitioned is less\thah the non-partitoned ones is 24

time is also an essential factor because it evaluates theminutes 8 sec
machining method's efficiency. The summary of important )
parameters to consider the processing time of the partD- Evalu t of Toolpath Styles on the Shaping
containing the free surface shows that: For surfaces that have A a Free Surface
not been partitioning, the tooling length recorded is The asurement results on the NEX9106 3-coordinate
231315.145mm, the processing time is 2h 4 minutes 42pagsurin
seconds, total time machining is 2h 6 minutes 41 seconds @ 9 corresponding to 9 experimental samples; column
For a partitioned surface using two cutters to finish for eg@R0ITE thy z-axis parameter of sample 03.
facepiece, the toolpath length is 207725.142mm; fect diagram of experimental parameters on the surface
machining time is 1h 40 minutes 25s, the machine time 1hfig#ming quality (Fig. 4). In Fig. 4, the toolpath's effect to the
43 minutes 31s. duality of surface shaping is in sequence: One Direction>
The extra time of the free surface partitioned is . Back and ford> Spiral. However, this is only qualitative, not
The extra time when machining a free surfa out quantitative. ANOVA variance analysis gives us a more
partitioned is 55 seconds. The difference is 16 s; thisaccurate method (Table IX).

TABLEVIII
RESULTS OFME TS ATSPECIFIEDLOCATIONS ON THESAMPLE SURFACE
2 2

No. 4 5 6 7 8 9
1 26.215 26.175 26.0645 26.275 26.666 26.375
2 27.921 28.013 27.223 26.375 26.887 26.805
3 28.466 28.528 27.732 27.126 27.784 27.334
4 27.984 28.179 27.417 26.574 27.012 26.974
5 26.281 26.628 25.697 25.241 25.546 25.307
6 25.012 25.160 24.137 24.636 23.984 24.565
7 26.451 26.954 26.738 26.158 26.124 26.958
8 27.045 27.257 26.677 26.710 26.748 26.324
9 26.674 26.812 26.32¢ 26.315 25.7Y6 25.614
24.882 25.254 24.629 25.935 24.3P5 25.198
25.216 25.546 25.516 25.315 25.9p2 25.478
26.714 27.211 26.428 26.729 26.685 26.991
27.402 27.574 27.183 27.422 27.114 27.149
26.091 26.124 26.818 27.035 26.346 26.546
25.213 25.725 25.874 25.514 25.699 25.331
26.587 26.968 26.906 26.495 26.585 26.443
28.254 28.54 27.847 28.114 27.990 27.856
28.655 28.961 28.536 28.678 28.444 28.125
28.214 28.593 28.101 28.298 28.691 28.545
26.589 26.203 26.347 26.248 26.6p1 26.924
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Main Effects Plot for SN ratios Main Effects Plot for SN ratios
Data Means Data Means

F S T j F 5 T

Mean of SN ratios
Mean of SN ratios

Fig. 4 SIN ratios

TABLE IX
ANOVA ANALYSIS OF PARAMETERS AFFECTING SURFACE SHAPING

Source | Degree of freedon] Sum of squargs Mean squargs  Frati

A F 2 0.003675 0.001835 1.68
B: S 2 0.011653 0.005825

C:T 2 0.018981 0.009492

Error 2 0.002242 0.001122

Total 8 -

0.036551 -

In Table 1X, analyzing the effect of the parameters shows method. Qod of selecting the appropriate cutting tool
that the toolpath's effect on the surface forming quality is whe g free surfaces by dividing smooth surfaces
51.927%. This implies that the processing of free surfaces,into Io surface areas is vital for improving the
besides the tooling and the horizontal step, the toolpath stylegsaguctivitf? and quality of products containing free surface
also affects the surface forming accuracy when machining gnachined on 3-axis CNC machines. The results of this
on CNC machines. Based on the experiments, we
concluded that the One direction style gives the higRestfor industrial applications.
forming accuracy when processing parts containing a saddl
free surface. Experiments show that the effect of toglgaths
on the quality of the parts' surface shapes 4
accounting for nearly 52%. The effects of Fee
Step-Over are less, respectively, 32% and 10%
the remaining is due to signal interference. @
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