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MILLING COMPLEX SURFACES ON A THREE COORDINATES CNC
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Abstract: Milling on three-axis CNC machines is an essential method for processing materials with broad
applications in various industrial domains. An important part of the milling process involves optimizing
tool movements, such as positioning and retraction during the machining process, which plays a crucial
role in achieving efficient machining of complex surfaces of parts. Tool movement optimization is crucial
in reducing processing time, costs, and errors. Thus, a careful approach and suitable strategy are necessary
to ensure precise and rapid processing of parts. In this work, we will analyze several methods and
techniques that can be used for optimizing tool movements in milling complex surfaces on three-coordinate

CNC machines
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1. INTRODUCTION

The successful placing on the market of a
product is totally determined by the
technological process used, which is responsible
for the production cycle and its quality. Thus,
lately we can see a massive increase in CNC
machines, which have significantly shortened
the production cycle and cost, especially for
manufacturing parts with complex surfaces, for
example parts for aircraft, cars, and molds.

The results of previous studies allow us to
understand that the reduction of machining time,
quality and correctness of the technological
process have been optimized through different
techniques and methods of real-time monitoring
of tool wear[1-2] capturing data on cutting force
frequency, surface quality, tool strength and
other parameters has developed new strategies to
improve machining parameters. Based on these
data, much research has been conducted on tool
selection and engagement methods [3-6]
minimizing the risk of unwanted incidents,
ensuring a safer working environment for tools.

The 3-axis CNC machines typically work
with linear movements between interpolation
points, so complex surface curves can be
misestimated. This can lead to reduced accuracy
and errors, such as misalignment errors when the
tool is not positioned correctly relative to the
machined surface. In addition, these surfaces can
often be asymmetrical or have multiple recesses
and levels (Fig.1), which makes their processing
more difficult. Of course, this was not possible
without the implementation of advanced
mathematical models in CAM software, which
provide mobility to changes or new
requirements in an efficient way. This implies
the ability to reconfigure and modernize existing
technological processes or implement new
processes quickly to meet the ever-changing
needs and requirements of industrial dynamics.

Unlike three-dimensional bodies with flat
faces, the bodies with complex surfaces often
require more advanced machining techniques
because of Non-Uniform Rational B-Spline
(NURBS) surfaces [7] which are characterized
by a density of control points leading to the need
to use a large number of parts to reproduce
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surfaces, which increases the complexity of the
CNC program and machining time.

In general, the selection of tool movements is
based on advanced mathematical models
implemented in CAM software. These
mathematical models are developed based on
complex algorithms that take into account
several parameters, such as the geometry of the
part, the material from which it is made, the
cutting speed, the cutting depth.

Fig.1. Complex surfaces

2. RELATED LITERATURE

Over the years, different types of path
planning strategies have been defined during the
processing process. The main tool path planning
strategies are:

* isoparametric which involves
maintaining uniform parameterization
along a curve [8].

* isoplanar using curves that lie on a
constant plane parallel to the tangent
plane of the surface [9].

e iso-scallop [10] based on parallel planes
along the surface for processing
complexly shaped surfaces, each with its
own advantages and limitations [11].

Park and Chung [12] attempted to address
this problem based on 2D curve compensation
and polygon chain intersection algorithms to
avoid time-consuming 3D calculations (Fig.2),
i.e. once tool paths are found in a single plane, it
is much easier to post-process direction by

extracting extreme points along curves. Another
model that simplifies tool movements is made
by Ahmet M.[13] where the algorithm is also
constructed based on choice based on maximum
cutting speed, taking into account machine
power and tool life as restrictive factors.
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Fig.2. 3D point to 2D point

Lin and Liu [14], proposed a Z-map model
for generating isoplanar tool paths from
measured points. Roughing paths were
generated layer by layer, while finishing paths
were obtained by updating the height of the
cutter at each point, taking into account tool
input on the points.

Another approach to this topic was presented
by Ponomarev B.B [15] who analyzes more the
machining area of a single tool and proposes an
algorithm that determines the minimum
allowable lifting heights of spherical or conical
tools to minimize tool idle movements (Fig.3).
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Fig.3. Motion minimization algorithm

Also, an approach to segmentation of
machining areas based on measuring the
geometric complexity of data points, but
machining being done with multiple tools,



wascarried out by Teng, Z [16]. Regions of high
or low complexity are separated and machined
separately using the normal vector, thus it has
been observed that high machining efficiency is
achieved because the tool path is significantly
reduced and non-complex areas are processed by
larger and more efficient milling cutters.

The geometry of the parts relative to the
chosen tools determines the engagement point.
Cutting tools are not an idealized geometric
point and have a ball tip with a finite radius, as
shown in Fig. 3, where point CC is the point of
contact and point CL is the location of the
milling cutter. The tool path is referred to as
cutter location (CL) data, to be generated from
part surface data designed and used by the CNC
controller to drive the cutting tool.
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Fig.4. Tool contact point

Section 2 presents an analysis of the
specialized literature for various attempts made
in this direction. Section 3 will address an
experimental method based on the choice of
multiple strategies and the optimization of the
G-code through a special tool. The results and
conclusion are presented in Section 4.

3. ANALYSIS AND EXPERIMENTAL
TESTING

CAM systems rely heavily on the
contribution of engineers, particularly on their
level of professional knowledge in making
decisions related to tool selection, cutting
parameters, method, and sequence of operations.
Incorrect adjustment of CNC programs can lead
to degradation of the technological process, long
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processing times, errors and defects in parts, as
well as excessive tool wear. Therefore, in order
to create correct and optimal programs, a case
study was conducted focusing solely on the
finishing operation. In this study, multiple tool
paths generated automatically by SolidCam
software were presented and tested.

For the experimental part, a 3D model (Fig.
5) was developed, used in ultrasonic welding
installations for plastic material, with specified
geometric parameters listed in Table 1. Since
these types of parts are mostly unique, the semi-
finished product was chosen from a 60 mm thick
sheet, in accordance with what was found on the
market [17].

Fig.5 Experimental model

59,29 -005

SECTION A
SCALEZ)

SEE bW 1O
Bpamanlnodd

SCALE: 11 SHEET 10F1

Fig.6 Technical drawing



- 508 -

Table 1
Characteristic of the model

Specification Information

Auminum aly (017

w 71.35mmx70.19mm x

50.14mm

General Tolerance +0.1

The processing plan was developed for a 3-
axis machining center. Four processing
techniques involving high feeds to remove
material were selected. These include: HSS
parallel to curves, HSS parallel cutting - linear,
HSS parallel cutting - hatch, and mixed method.
Surface machining was performed in a single
pass and under the same conditions for all
techniques, using a single @4 mm ball nose end
mill (Fig. 7), following recommended cutting
parameters (Table 2).

pect

Fig.7 Tool

Table 2
Characteristic of the tool

Specification Information

I
s
S
160 mimi
Ap=15D
Ae=12D
Fr=015 mm

HSS parallel to curves - By selecting this
technique, movements along curves are
automatically generated by the SolidCAM
software, as shown in the first image (Fig. 8).

Fig.8 HSS parallel to curves

This method involves machining the surface
parallel to the curves of the 3D model. The tool
follows the contours of the curves (Fig. 9),
removing material uniformly along the path. The
entry point is set at the minimum point of the Z-
axis. The cutting parameters used for this
technique are as follows: Vc = 160 m/min, Fz =
0.15 mm.

Fig.9 Contour of the curve that defines thetrajectory

As a result of using this technique, a
machining time of 24 minutes and 34 seconds
was achieved.

HSS parallel cutting: linear - is the second
technique addressed in this study. Unlike the
previous technique, this method involves linear
movements along the surface instead of parallel
movements to the curve, as shown in Figure 10.
This method increases the number of passes
when the tool moves perpendicular to the curve
and reduces it when it moves parallel to the
curve.



The processing parameters are listed in the
same order as in the previous example, Vc = 160
m/min, Fz = 0.15 mm, and the result of applying
this technique was 33 minutes and 57 seconds.

Fig.10 HSS parallel cutting — linear

In this case, the Parallel Cuts: Hatch strategy
is simulated, where surfaces are approached
differently, being separated and machined
separately. The tool input is positioned along the
curve with permanent extensions within the
limits of the surfaces. The processing conditions
remain the same as for the previous models.

Fig.11 HSS parallel cutting — hatch

As a result of using this technique, a
machining time of 25 minutes and 38 seconds
was achieved.

The practical method involved manual
optimization of the processing of these surfaces
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by independently selecting processing areas and
assigning them the suitable technology.

In order to accomplish this, we divided the
surface into four regions, each with its own
individual strategies implemented.

The initial segment of the figure was
machined using the Constant Z strategy, which
involved cutting the material parallel to a fixed
direction on the Z axis. This approach aided in
achieving consistent machining and a

satisfactory finish.

Fig.12 Constant Z

The smallest segment was processed using
the hatch processing strategy, resulting in a
defect-free ray model on the adjacent flat
surface, which provides a good aesthetic
appearance due to the uniform movements
applied during the process.

Fig.13 Hatch processing strategy

For another section of the surface, the Parallel
to Curves method was employed, which
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involved a continuous linear movement along
the curves to remove the material.

Fig.14 Parallel to Curves method

In the final segment, the linear machining
method was applied to the remaining selected
areas due to their profile, resulting in fast and
uniform processing.

Fig.15 Linear method

To analyze and evaluate the processing
methods used in this study, a table was created
to compile the processing time data for the four
methods employed.

The optimization of idle movements was
conducted using the VERYCUT software see
fig.16, which offers a 3D representation of CNC
parts, machines, tools, and clamping
mechanisms used in the machining process.

Fig.16 Simulation by Verycut

Table. 3
The times determined
Data without Data after
Strategy . .
tVDes optimization optimization
yp (min). (min).
Parallel 24.38 22.20
to curves
Paralel
cuts: 33.57 28.00
Liniar
Paralel
cuts: 25.38 23.20
Hatch
Mixed
method 21.38 19.55

Based on the obtained data, it is obvious that
the most effective strategy for processing
complex bodies is the mixed method. However,
it should be noted that this method requires more
time for execution and relies on the advanced
knowledge of engineers.

The worst strategy automatically applied by
the software in this model is the linear method,
primarily because of the non-optimized route.
However, we observed that successful software
generation was achieved by applying the Parallel
to Curves method. This method automatically



generated pretty good tracks without the need for
engineer intervention, showing its effectiveness.
Therefore, the selected method type is always
available for optimization.

After selecting the mixed technologies and
optimizing the movements, the experimental
model was successfully implemented as shown
in the figure below.

Fig.17 The real model

4. CONCLUSIONS

The efficiency of the machining process
depends mainly on the processing time of the
CNC center, as well as on the type of strategy
applied.

An optimization process was carried out
based on an auxiliary tool VERYCUT, reducing
entry and withdrawal paths in combination with
different types of machining strategies.

This case study focuses specifically on parts
with multiple curved and linear surfaces. The
selected techniques demonstrate their efficiency
in processing complex surfaces while
maintaining accuracy. By optimizing the tool
paths through Verycut software and by utilizing
the capabilities of SolidCAM software, the
processing time was significantly reduced. It is
important to note that the success of these
techniques largely depends on the geometry of
the part.

The application of the mixed method and the
optimization of movements led to the reduction
of the machining time by about 7 minutes
compared to the highest time automatically
generated by the cam software, and about 2
minutes of the best time granted.
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Optimizarea miscarilor sculelor la frezarea suprafetelor complexe pe masini CNC cu trei
coordonate

Frezarea pe masini CNC cu trei axe este o metoda esentiald pentru prelucrarea materialelor cu aplicatii largi 1n diverse
domenii industriale. O parte importantd a procesului de frezare implicd optimizarea miscarilor sculei, cum ar fi
pozitionarea si retragerea in timpul procesului de prelucrare, care joaca un rol decisiv in realizarea unei prelucrari eficiente
a suprafetelor complexe ale pieselor. Optimizarea miscarii sculei este cruciald in reducerea timpului de procesare, a
costurilor si a erorilor. Astfel, sunt necesare o abordare atenta si o strategie adecvata pentru a asigura o prelucrare precisa
si rapida a pieselor. In aceasti lucrare, vom analiza mai multe metode si tehnici care pot fi utilizate pentru optimizarea
miscarilor sculei in frezarea suprafetelor complexe pe masini CNC cu trei coordonate.
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