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Abstract Reducing machining time in a milling process is
one of the important criteria to improve the overall efficiency
of the machining process. This paper presents a study on the
reduction of machining time, focusing on contour parallel ma-
chining to increase the efficiency and performance during the
machining process. One method to enhance the performance
of contour parallel machining is by defining a tool path inter-
val that is larger than the radius of the cutting tool in a
roughing operation because of its capability of reducing the
tool path length and machining time. However, this causes the
occurrence of an uncut region at the corner and at the centre of
a contour parallel. This uncut region can be removed through
an additional tool path known as the clear tool path. Therefore,
in this paper, a new method based on an optimisation tech-
nique is introduced to generate a clear tool path that removes
the entire uncut region in contour parallel machining at min-
imum cutting time. Ant colony algorithm (ACO) is used to
optimise the clear tool path length in contour parallel machin-
ing time by minimising the movement of cutting tool in re-
moving the entire uncut regions. A new transition rule has
been established from the conventional ACO, which adapted
the uncut region occurring at the corner of the contour parallel.
Then, to validate the optimisation result, a cutting experiment

< R . Ramli
rizauddin @ukm.edu.my

H. Abdullah
haslinaa@uthm.edu.my

D. A. Wahab
dzuraidah @ukm.edu.my

Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan
Malaysia, 43600 Bangi, Selangor, Malaysia

was carried out using computer numerical control (CNC) mill-
ing machine. It can be ascertained from this study that the
optimisation of the clear tool path gives optimal tool path
length whilst reducing the cutting time in the roughing
process.
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colony optimisation - Computer numerical control

1 Introduction

Pocket milling is a process in which all the materials inside a
boundary profile are removed. It involves two processes:
roughing and finishing. In the roughing process, materials
are removed in large amounts, representing approximately
50% of the total machining time. It can be five to ten times
longer than the finishing process [1]. Therefore, it is important
to speed up the machining time during this process. One way
to reduce the machining time during the roughing process is
by decreasing the tool path length. Various factors that influ-
ence the tool path length include radial width, axial width, and
techniques in the machining strategy, which are contour par-
allel and zigzag. Regarding machining time, the contour par-
allel method utilises a shorter time compared to the zigzag
method [2]. However, in generating a contour parallel tool
path, several factors need to be considered such as the tool
path interval, connection between the contour segment meth-
od, and time consumption. The connection between the con-
tour segments is significant as it influences the algorithm time
consumed in generating the contour offset.

Due to this problem, many researchers have conducted
studies to generate algorithms for contour parallel tool path.
The existing literature reviews related to the generation of
contour parallel tool path are based on pair-wise intersection
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[3—5] and Voronoi diagram [6, 7]. In the pair-wise intersection
approach, the tool path is generated through three steps: off-
setting each contour edge, eliminating the self-intersection,
and inserting a small arc to seal the gap between two adjacent
offset edges, which removes the entire global invalid loop [3].
The main drawback of the pair-wise method, which involves
the determination of all self-intersections and elimination of
local invalid loops after an offset, is the longer time consump-
tion [6]. The Voronoi method is constructed by dividing the
surface into several segments based on the angle-bisector for-
mula. This diagram offset approach is known to be efficient;
however, it has numerical instability [3].

Kim et al. [8] proposed another method with algo-
rithm based on the angle-bisector formula that can au-
tomatically eliminate the local invalid loop caused by
the vertex offset. By employing this method, the issue
of high consumption of time that occurs in the conven-
tional pair-wise intersection approach can be solved.
The algorithm consists of four steps: calculation of the
offset vertices using bisectors, inspection of the validity
using the invalid offset edge handling algorithm, elimi-
nation of global invalid loops, and combination of the
generated boundaries and islands. However, due to the
problem concerning the direction of the offset vertex,
Lee et al. [9] improved the problem of handling the
forward and backward edges, by imposing a segment
to check the direction and position of the offset vertex.
By applying this method, the existence of the local in-
valid loop can be prevented. Figure 1 shows the differ-
ences between the offsets of the edge and the vertex.

To improve the effectiveness of contour parallel machin-
ing, the tool path interval or radial width is defined to be larger
than half of the cutting radius. This leads to an increase in the
uncut regions at sharp corners, necks, and centres of the offset
segment [1]. The question of the uncut region has been
realised by many researchers, and to date, several research
studies have been carried out to solve this problem. For in-
stance, Choi and Kim [10] classified the uncut region that

(2) (b)

Fig. 1 Types of offset. a Vertex. b Edge
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occurred in the contour parallel machining into three catego-
ries: corner, centre, and neck uncut regions as shown in Fig. 2.

These uncut regions can be removed by using an additional
tool path known as clear tool path. In the study by Choi and
Kim [10], the uncut region is discovered using a cutting sim-
ulation and removed by employing an additional clear tool
path. Park and Choi [4] determined the presence of the uncut
region by using the pair-wise intersection detection method. In
this case, the uncut region was determined from the intersec-
tion between the outer tool envelope and the inner tool enve-
lope. When it occurs, an additional tool path is added to re-
move the whole uncut region. In their study, the concept of
interfering ranges, known as the Local Invalid Removal (LIR)
and Global Invalid Removal (GIR), is introduced to improve
the PWID method. Choy and Chan [11] also produced an
additional tool path to remove the uncut region by proposing
a single loop and a double loop of the tool path. By using this
method, the entire uncut region occurring at the corner can be
removed. In addition, the maximum thickness of the chip can
be reduced. However, the addition of the tool path with two
double loops increased the tool path length, which led to an
increase in the machining time. Furthermore, the developed
algorithm focussed solely on the problem of the uncut region
occurring at the corner.

Therefore, Mansor et al. [12] applied the method of the
Voronoi diagram to locate the uncut region and developed
an additional tool path algorithm to discover all types of
uncut regions at the corner, neck, and centre of contour
parallel. In their proposed algorithm, the detection and
removal of each type of uncut region were carried out
by using the tool path interval, which can be increased
to match with the diameter of the cutting tool. This incre-
ment reduced the tool path length and improved the ma-
chining time. In addition, the proposed algorithm removed
the whole uncut region in all directions while generating a

Fig. 2 Types of uncut region. a Corner, b neck, and ¢ centre
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Fig. 3 Tool path and uncut
region generated by Mastercam

tool path length that is shorter than the tool path produced
using a computer-aided Manufacturing (CAM) software.
However, there is a drawback in the cutting tool move-
ment, which is the sudden change in the cutting tool di-
rection. This is because for each type of the uncut region,
more than one alternative or cutting path will be generat-
ed, which can cause a disarray in the movement of the
cutting tool in eliminating the entire uncut region.

The latest study was conducted by Lin et al. [13] that pro-
posed a clear tool path development based on geometrical
analysis of the contour parallel offset. To generate a clear tool
path, three steps were followed in the method. First is the
detection of the uncut region as uncut lines. Then, these uncut
lines are combined into several arcs based on the level, angle,
and distance conditions. Finally, these arcs are further linked
into a single curve according to centre parallel offset (CPO)
centres. The single curve can be used as a clear tool path when
a proper feed speed is set. Their proposed clear tool path has
been proved by a cutting experiment. As a result, the algo-
rithm generated a tool path that works accurately in the actual
cutting conditions and can improve the machining efficiency
of the roughing process. However, in order to join the uncut
lines, the cutting tool should move several times on the same
arc, and this can increase the tool path length and roughing
time.

These methods are capable of removing the uncut region.
However, they did not consider the movement of the cutting

Pi1
Edges between Pi.rand P; ~_ ’

Original vertex, P;

€it+1

Edges between Pi.and P; / p
i+1

Fig. 4 Concave angle

tool, which is producing a longer tool path and roughing time.
Therefore, in this paper, an optimisation based on the artificial
intelligence (AI) method has been carried out on the clear tool
path to minimise the clear tool path length. A few studies
using Al methods for minimising the tool path length have
been conducted over the past. For example, Kumar et al. [14]
and Gupta et al. [15] used genetic algorithm (GA) and hybrid
genetic algorithm to optimise the non-productive machining
time by minimising the non-productive tool path in contour
parallel machining, while Oysu and Bingul [16] used the hy-
brid genetic algorithm and simulated annealing (SA) to min-
imise the non-productive tool path in contour parallel machin-
ing. Besides, Tian and Jiang [17] used ant colony optimisation
(ACO) on pocket machining to create a minimum of cutting
tool movement and reduce the non-productive machining
time. In their study, the pocket was divided into sections based
on the centre of contour parallel. Then, ACO was employed to
determine the parts that had to be machined first by
minimising the tool path length between the centres of contour
parallel. Kiani et al. [18] also employed ACO to minimise the
productive machining time on pocket machining with many
types of geometry pockets in one workpiece. The ACO is used
to determine the pocket that should be machined first to have a
minimum cutting time. For each type of pocket, a coordinate
in x-axis and y-axis will be defined as input in the ACO.
Each of the Al methods has its advantages and disadvan-
tages. However, in the case of the path optimisation, the GA
and ACO methods show an accurate and better result in terms

Edges between Pi.1and P;

Pi-1

Oe¢

-Pj;-Original vertex- -

Edges between Pi.7and P;
Pis1

Fig. 5 Convex angle
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Fig. 6 Defining the coordinates
of a boundary profile

xl.yl

of shorter route. For example, ACO has been used to optimise
the tool path to determine the optimum path planning for com-
puter numerical control (CNC) drilling machines for a special
class of products that involve a large number of holes arranged
in a rectangular matrix [19]. These optimisation techniques
decreased the total travel distance of cutting tool as well as
the machining time. Ghaiebi and Solimanpur [20] and Liu
[21] also used the ACO method to optimise the process plan-
ning in drilling operation to minimise machining time, i.e. the
air time and the tool-changing time. Rodriguez et al. [22] and
Ross et al. [23] proposed a parallel ACO that can determine the
best sequence of G commands of a set of holes for a printed
circuit board. By using the parallel ACO, the hole-cutting se-
quence can shorten the cutting tool travel path. Furthermore,
Abbas et al. [24] proposed a modified ACO for deciding the
optimum tool path in the drilling process for products with a
large number of holes arranged in concentric circular patterns.
To study the effectiveness of the modified ACO, the obtained
result has been compared to the conventional ACO and GA. As
a result, the modified ACO can generate a shorter tool path
length compared with conventional ACO and GA.

However, in this study, ACO is used as a method of optimi-
sation due to the behaviour of the ant movement, and the algo-
rithm can easily be adapted for the determination of the shortest
route. Although the ACO has disadvantages in terms of algorithm
convergence, compared with other methods, it can demonstrate
better results due to the movement of ants that always ensure to
find the shortest path in a short time [19, 25]. Therefore, the ACO
was chosen as the optimisation method for determining the
shortest clear tool path for removing the whole uncut region.
The shortest tool path length is determined by optimising the
movement of the cutting tool in removing the uncut region,

Fig. 7 First offset
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which occurs at the comer and the centre of the contour parallel
machining. For generating an optimal clear tool path length, three
steps are followed: constructing contour parallel offset, determin-
ing the coordinate of the uncut region (expressed as an uncut
line), and optimisation process based on ACO.

2 Offset algorithm and detection of uncut region

In this paper, the algorithm of contour parallel offset was
developed to determine the coordinates of the uncut lines
at every corner in each contour segment. The purpose of
contour parallel construction is to generate a tool path that
can be used in the actual machining process. In this study,
the pattern of contour parallel offset was generated by
using Matlab R2012b, which was translated from the con-
tour parallel pattern produced by the CAM software, i.e.
in this case, by using Mastercam. For instance, Fig. 3
shows the uncut region and the tool path of contour par-
allel generated by the CAM software based on the tool
path interval, w, is 5.7 mm. To ensure that the location of
the uncut region generated by Mastercam matches the un-
cut region produced by the algorithm contour parallel off-
set, the pattern of contour parallel developed must be sim-
ilar to the contour parallel as shown in Fig. 3.

In this paper, the offset of contour parallel was developed
based on the method of angle bisector proposed by Kim et al.
[8]. In this method, an offset point is produced based on the
boundary profile, and local invalid loops are not created. Two
types of angles are used: one that is smaller than 180°, «

Global invalid
loop

(X

Fig. 8 Global invalid loop
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Fig. 9 Intersection point on global invalid loop

(0 < 6 < 180°), known as a concave angle, and one that is
larger than 180°, 7 (180° < 6 < 360°), known as a convex
angle, as shown in Figs. 4 and 5, respectively. For an angle
smaller than 180°, the point offset is determined using Eq. 1;
whereas for an angle larger than 180°, Eq. 2 is used. P; is the
original vertex between two original edges connected by ver-
tex of P, ;-P; and Pi-P;,;. The offset vertex O; is calculated
based on the original vertex P;, the offset distance, which is
also known as tool path interval (w), the length of the two
original edges (e;, e+ ;), and the internal angle 6; between the
edges.

0,—p 4 G @ (1)

|€i_€i+1| sin ﬁ

2
0, = P; + €i€Citl . w )

lei—eis1] cos 7—0;
2
Where, ¢; is presented by Egs. 3 and 4:
Pi—Pi
e 3
E |Pi—Pi1| ®)
Pi+1_Pl

€; = 4
PP )

To determine the offset point, the coordinates of the
boundary’s profile are defined as shown in Fig. 6. Next,
by using the formula of the angle bisector, the offset point
is determined. Furthermore, the direction and position of

Fig. 10 Offset after elimination of the global invalid loop

Fig. 11 Complete contour parallel offset

the offset point must be located within the profile bound-
aries so that the first offset can be generated as shown in
Fig. 7. These steps are repeated to produce the next vertex
offsets. However, the next vertex offset cannot be gener-
ated when a global invalid loop exists, as shown in Fig. 8.
Thus, to continue with the next offset, the invalid global
loop must be eliminated first by computing the coordinates at
the intersection point (IP) in the area of the global invalid loop.
The IP can be acquired by determining the slope, m, for each
line that intersects both vertexes. Figure 9 shows the intersec-
tion point on the global invalid loop.
where.

x,y  coordinates on profile offset
m slope of edges

IP] intersection point 1

IP2 intersection point 2

The slope, m, can be determined by using Eq. 5:

m; = Yig17 Vi (5)
Xit1— X1
Once the coordinates of the intersection points are ob-
tained, the offset vertex is built based on this intersection,
as shown in Fig. 10. Then, the subsequent process offsets

Offset 1 Offset 2

Fig. 12 Uncut region at the corner
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for point=1:n (number of points)
for i=1:m (number of contours)
A(n)=(x y) (offset point on each contour)
B=A+r*e;
BICI =((2%r-r)/sin (anglel/2))-r;
C=B+BC(|*e;
end
end

Fig. 13 Algorithm for determination of uncut region

are generated until the end of the contour segment. To
produce a new offset, the previous contour segment is
defined as the boundary profile. These steps continue until
the production of a complete contour parallel offset, as
shown in Fig. 11.

After a complete offset is produced, the detection of the
uncut region was carried out by analysing the contour par-
allel. Each uncut region on the segment contour is repre-
sented by an uncut line, which is defined on the x- and y-
axes. The uncut region is represented by two points that are
from point B to point C, as shown in Fig. 12. For the
corner, if the path interval, w, fulfils the following condi-
tion in Eq. 6, the uncut regions will be left at the corner.

oo r(1sn(2)) ©

Hence, the uncut region, which is point B and point C, can
be determined by:

B=A+rxe (7)

C =B+ |BC|xe (8)
Where:

IBC| = ((w=r)/sin(6/2))-r )

Where, e denotes the unit vector of the angular bisector AC
directing from point A to point C. The algorithm for the de-
termination of the uncut region is shown in Fig. 13, and the
example of the entire uncut region determined in the contour
parallel is shown in Fig. 14.

Fig. 14 Uncut region in contour parallel
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Fig. 15 Placing of ant on the first node

3 Ant colony optimisation

Ant colony optimisation is a meta-heuristic method that is
adopted from the ant behaviour, which is seen in ant
colonies. This was introduced by Dorigo et al. [26].
Ants have the ability to sense a complex environment
while searching for food, and when they return to the
nest, they leave a pheromone substance on the routes that
they follow. The ants communicate with each other by
using the pheromone trail left in the path. From this, the
other ants will choose the shortest path left by the phero-
mone trail. Higher evaporation will occur along the path
that is less chosen by the ants and that will reduce the
effect of the pheromone trail. On the contrary, the paths
that are frequently used by the ants will leave a stronger
pheromone trail and eventually the route will be chosen as
the shortest path to return to the nest. In this study, the
ant movement from one node to another represents the
movement of the cutting tool from the first uncut region
to another uncut region. At each iteration, all the ants will
be placed at the first point of the uncut region, as shown
in Fig. 15.

Then, the movement of ants to the next node will be
determined based on a probability rule as in Eq. 10.

[ri0]” {m,_,-(f )}
Tent [ 0] [0

Where:

B

_ jeN* (10)

N¥ list of nodes that have not been visited by ant &
7;, () intensity of trail on the edge (i,/) at time ¢

@ weight of the pheromone

Set parameters;

For i=1: iteration
Ant primary placing;
Construct ant solution and ant cost;
Updates the pheromone trail;

end

Fig. 16 Pseudo code of ACO algorithm
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C-B on contour 1 D-E on contour 2

7

&<
\k\

Fig. 17 Uncut line in each contour

Cutting tool

n; ) 1/d; is the visibility
I} weight of the visibility

The selection of the next node is based on the weight
of the pheromone and weight of visibility. 7; is the
pheromone value on the edge between node i and node
J: whereas, 1/d;; is the inverse distance of the movement
of ants between the two nodes. d;; is determined based
on the Euclidean equation as in Eq. 11.

4y =[x+ (53)’ (1)

At every iteration, each node that has been visited by
the ants is listed in a table called Tabu list. In this way, it
can be ensured that the ants have not passed through the
same point again. After all ants visit the uncut region,
they will return to the first node, and the level of phero-
mone on each edge will be updated based on the local
pheromone update rules as in Eqs. 12 and 13.

7 (i,) = (1=p) 7 (i, )) + X4 A7x (i,)) (12)

Probability rule, Eq. 10

D
Fig. 18 Selection of nodes based on modified ACO

| Define input and parameter of modified-ACO |

_Dl Place the ant on the first point of uncut region |
T
\J
I Define the probability of the movement of the ant |
v
| What is the latest location of the ant? |
| Even point | | 0Odd point |
k
Pi©) PE() = min(dy,),
a B o) o
_ [7ijo] ;0]
=T e f . .
zthf [Tij(t)] [mj( t)] Jj closest point

v v

| Save the movement of ants

Determine the tool path length

¥

Update the pheromone and determine the lowest
tool path length

Maximum iterations?

Fig. 19 Flow chart of modified ACO

Table 1 Combination of e and (3 for conventional ACO
= @
0 1 2 3 4 5
B
0 o o o o o o
1 o o °® e e 5)
2 o ° ) ° o e
3 ° ° ° . . .
4 ° ° PY L] ° °
5 © [ ] ) [ ] ° [ ]
L] Good combination
S Poor combination
o Bad combination
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Table 2 Combination of « and 3 for modified ACO

a

0 1 2 3 4 5

B
0 o o o o o o
1 o ] ) ] ] [}
2 o ) ) ) . .
3 ) o ° o . °
4 ) ) o o . °
5 ° ° ° L] ° [

L] Good combination

e Poor combination

© Bad combination

Where,

. 1/L; if (i,j) € journey by ant k
AT (l’]):{ /Ok (e yo)‘:hers

(13)

L, is the distance of the movement of the ant starting from
the first node of the uncut region until all the uncut regions are
machined. In other words, this is the tool path length of the
cutting tool for removing all the uncut regions that occur in the
contour parallel machining. L is also known as the cost func-
tion, which should be minimised in the ACO. The evaporation
rate, p, is a parameter that takes the value between 0 and 1.
Figure 16 shows the pseudo code of the ACO algorithm that
was used for this study.

4 Modified ant colony optimisation

In this paper, the ACO algorithm was used to find the solution
for the uncut region problem in contour parallel machining. In
this, all the ants were placed on the first node of the uncut
region and then moved to the next node based on the proba-
bility rule, as shown in Eq. 10. The probability rule relies on
the weight of the pheromone and the inverse distance. Then, a
random number was generated, and the movement of the ants
to the next node was determined using the roulette wheel
method. However, by using the selection method based on

Fig. 20 First model

@ Springer

Fig. 21 Location of the uncut region at the corner

the probability rule and roulette wheel, if the cutting tool is
on the first point of the uncut region (point C), there is a
possibility that the cutting tool has not been through the sec-
ond point (point B) of the uncut region. Meanwhile, each
uncut region in the segment contour is represented by a line
consisting of two points (C-B), as shown in Fig. 17.
Therefore, in this case, if the ants are placed on the first node
at point C, they are required to move to the closest node,
which is the second node at point B, so that the uncut region
on contour 1 can be eliminated completely. Thus, new transit
rules for ACO were developed to ensure that the tool can
machine the whole surplus area in each segment of the contour
before moving to the next contour.

In the modified version of ACO, there is a difference
in the method of determining the movement of ants to
the next node. The movement of the ants is dependent
on the new transit rules as in Eq. 14.

djjmin if i = 1st node uncut region at i contour

5}

[rijo]” [Wi,j(’ )} o k

New_P; = jeN !
a s
Tiews [13(0)]° (0]

(14)

The movement of ants relies on two conditions, which
is the minimum distance between the two nodes, djjins
and a probability function shown in Eq. 10. If the cutting

minimum cost (total length)= 455.9268

120 - b

100 [ b

201 1

! ! !

L L
40 60 80 100 120

L L L L L L
140 160 180 200 220 240
X (mm)

Fig. 22 Clear tool path length based on modified ACO
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Fig. 23 Total tool path 100
generation based on modified 90+
ACO 8ol
70F
60}
50
40
301
201

9 50

tool is located at the first node of the uncut region, then it
will move to the closest node at the second point on the
same uncut region. This ensures that the cutting tool
removes the whole uncut region before moving to the next
contour. The movement of the cutting tool from the last
node of the uncut region is dependent on the probability
rule as in Eq. 10. For example, Fig. 18 shows the selec-
tion of movement of the cutting tool from the uncut re-
gion A till the uncut region F. If the cutting tool is at the
first node of the uncut regions A, B, C, D, E, or F, dj,
is used to ensure that the cutting tool moves to the closest
node. The minimum distance was determined based on the
Euclidean in Eq. 8. To determine the movement of the
cutting tool between uncut regions, Eq. 10 was used.

By employing the conventional ACO, if there are 20
nodes, there will be 6 x 10'° solution of routes; how-
ever, by utilising the ACO with new transit rules, half
of the nodes are determined based on the minimum
distance between two nodes and the other half are based
on the probability rule. This will reduce the number of
solutions in the simulation process. In this way, it can
speed up the process and reduce the simulation time in
determining the most optimal tool path length. The
summary of the modified ACO is depicted as a flow
chart, as shown in Fig. 19.

| Uncut region

S 2]
WA
S~ Toolpath GroupT
{ - Pocket (Standard)
Detais | Info
Path Length
eed 65 2453422

Rapid () 165.033

2453.42mm

FalEa

Fig. 24 Length of contour parallel, w = 5.7 mm

| ! !
100 150 200 250 300

5 Parameter setting in ACO and modified ACO

Some parameters need to be defined in ACO before
running the simulation. In this study, the parameter set-
ting is defined based on the experimental fixed setting
method proposed by Dorigo et al. [26] and Luo et al.
[27]. The parameters are defined based on the probabil-
ity rule and local pheromone update. For conventional
ACO and modified ACO, the two parameters defined
according to the Experimental Fixed Setting are the
weight of trail, o, and weight of visibility, 5. As intro-
duced previously, parameters « and [ influenced the
selection probability of ant movement. Therefore, ten
simulation runs were performed for each combination
to ensure that the best combination of these parameters
is chosen to generate the optimal tool path length. As
illustrated in Tables 1 and 2, the best solution can only
be found in certain sets of combinations of « and (.
The good combination of o and [ gives an algorithm
that can produce a shorter tool path length. This com-
bination is suggested to be defined as the parameter
values before running the simulation. In this study, the
chosen combinations of o and ( are 4 and 5, respec-
tively, for ACO and modified ACO. By using this com-
bination, the shortest tool path length can be obtained.
The number of ants, m, and the evaporation rate, p,
have been defined as suggested by Dorigo et al. [26].

) Redundant tool path

Fig. 25 Clear tool path proposed by Lin et al. [13]
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minimum cost (total length)= 460.965

120

100

20+

L L L L L L L L L L L
40 60 80 100 120 140 160 180 200 220 240
X (mm)

Fig. 26 Clear tool path based on conventional ACO

6 Implementation of the algorithm

The algorithm of contour parallel offset and ACO algo-
rithm were developed by using Matlab R2012b. The algo-
rithm of the conventional ACO was tested on a simple
model by Abdullah et al. [28]. The obtained result has
been compared with that of the research by Lin et al.
[13]. The simulation results show a reduction of 5% for
machining time. In this present paper, our proposed mod-
ified ACO has been tested on two models in order to
observe the optimisation efficiency when generating the
clear tool path. The geometry of the first model to test
this algorithm is similar to the model in the previous
journal by Lin et al. [13], as shown in Fig. 20. The model
is made of aluminium A6061.

In order to establish the coordinate of the uncut line,
the contour parallel offset was constructed using the algo-
rithm shown in Fig. 13. The cutting tool size used for this
study is 6 mm and the tool path interval, w, is 5.7 mm so
as to make sure that the uncut region occurs at the corner.

100

N

145 mm

&
<

v

250 mm
Fig. 28 Second model

Each coordinate of the corner at the contour segment was
defined, and the result is illustrated in Fig. 21. These
coordinates are set as an input to our modified ACO.

In the modified ACO, the parameters of « and f3
were set as 4 and 5, respectively. Figure 22 shows the
result of the optimal tool path length of 455.93 mm.
This tool path length refers to the complete movement
of the cutting tool, right from removing the first until
the last uncut region which is known as the clear tool
path. Consequently, Fig. 23 shows the entire movement
of the cutting tool for the roughing process which con-
sists of the tool path of contour parallel machining and
the clear tool path.

In order to determine the machining time (7,,) in the
roughing process, Egs. 15 and 16 were used [15]. Based on
Eq. 15, the machining time depends on the tool path length
and feed rate (f).

S
Lt = ch + Lct

T

(15)
(16)

L,isthe complete tool path length during the roughing

process, consisting of the length of contour parallel, L,

Fig. 27 Total tool path
generation based on modified
ACO
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Fig. 29 Tool path strategies for a complex model based on ACO

and length of the clear tool path, L., which was obtain-
ed based on ant colony optimisation. The length of the
contour parallel is referred to as the length before the
uncut region is removed and can be defined directly
from the Mastercam software as depicted in Fig. 24,
which is 2453.42 mm. By using Eq. 15, the roughing
time obtained with the modified ACO is 291 s.

To determine the effectiveness of optimisation for the clear
tool path, the obtained result was compared to the result of the
method proposed by Lin et al. [13]. Figure 25 shows the tool
path generated using an analysis of geometry for contour par-
allel. The time of the roughing process produced is 312 s,
which is 7.2% higher than the time obtained using the optimi-
sation method. It is proven from the results that by using the
optimisation process, a shorter clear tool path is produced.
This is due to the elimination of the redundant tool path that
occurred when the cutting tool returned to the centre of the
contour parallel as illustrated in Fig. 25. As a result, the mod-
ified ACO has reduced the tool path length in the roughing
process and it can speed up the machining time.

Additionally, simulation has been carried out on the
first model by using the conventional ACO in order to

150

100

50+

(o]

(o] 50 100 150 200 250

Fig. 30 Tool path strategies for a complex model based on modified
ACO

observe the effectiveness of the new transition rule.
Figure 26 shows the optimal length of the clear tool path
obtained from the conventional ACO, which is 460.9 mm.
Meanwhile, the complete tool path consists of the contour
parallel machining and the clear tool path generated based
on the modified ACO as shown in Fig. 27. Similar to the
optimisation based on modified ACO, the time of the
roughing process was also determined using Egs. 15 and
16; the tool path length of the contour parallel was
2453.42 mm. The roughing time produced by the conven-
tional ACO is 293 s. Therefore, it is proved that by using
the new transition rule, the clear tool path length can be
reduced by 1.2%. In addition, by using the modified
ACO, it can be ascertained that the cutting tool has re-
moved the uncut region on each contour before moving to
another segment of the contour. When the cutting tool
reaches the centre of the contour line, it moves to the
closest uncut region. In other words, the movement of
the cutting tool in removing the whole uncut region in a
roughing process based on our modified ACO is more
structured and efficient.

Another example to test the proposed algorithm is
shown in Fig. 28. The outer profile is based on a modi-
fication to an example model obtained from a previous
research by Kim [29]. The purpose of this model is to
identify the effect of optimisation on more complex
models that have more uncut regions. Figures 29 and 30
show the result of the tool path generated based on ACO
and modified ACO, respectively. The clear tool path
lengths obtained by ACO and modified ACO are 749.76
and 728.92 mm, correspondingly. By using Egs. 15 and
16, the times of roughing process obtained were 515 and
512 s for ACO and modified ACO, respectively. On com-
paring to the machining time acquired from the analysis
on contour parallel proposed by Lin et al. [13], the ACO
managed to reduce the roughing time by 3.5%.
Meanwhile, by using the modified ACO, the time of
roughing process was reduced by 4.2% compared with
the analysis on contour parallel.

7 Experiments

Experiments were carried out to validate the results obtained
from the optimisation and to determine whether the proposed
clear tool path based on the modified ACO can be practised in
actual machining. In addition, the tests were conducted to
ascertain whether the optimised tool path can improve the
method proposed by Lin et al. [13]. For the machining pro-
cess, a flat-end mill-cutting tool with a diameter of 6 mm has
been used to cut the material made of aluminium A6061. The
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Fig. 31 First phase of G-code
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cutting speed was set as 600 mm/min as suggested by Lin
etal. [13]. However, since the rapid movement for the distance
between the uncut regions is larger than the length of the arc,
the cutting speed was set as 10,000 mm/min because no uncut
region was removed. The axial depth was maintained for the
entire roughing process, which was 0.5 mm. The model was
created using SOLIDWORKS and saved as STL file and then
imported to Mastercam to generate and visualise the tool path.
The processor of MPSIEM_A.MMD was used to generate
and transfer the G-code to the CNC three-axis milling ma-
chine of type Hermle UWF 900. In this study, two phases were

Ugcut region

Fig. 32 Uncut region occurs when w = 5.7 mm
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Fig. 33 Global tool path when w = 5.7 mm
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Fig. 34 Machine controller. a
Checking process. b Cutting time
record

involved in generating the G-code. Phase 1 was the generation
of G-code automatically in Mastercam because of the contour
parallel tool path. Phase 2 is the generation of G-code that will
be used to remove the uncut region in contour parallel ma-
chining. The coordinate of G-code in Phase 2 is determined
based on the movement of the cutting tool obtained from the
ACQO process.

Figure 31 shows the generated G-code of Phase 1 based on
the contour parallel tool path. The cutting tool started at point
A and then moved to the next contour until it reached point B.
Figure 32 shows the uncut region at the corner based on the
actual machining process. In order to remove the entire uncut
region, the G-code in Phase 2 was created using the optimal
tool path length obtained from the modified ACO.
Consequently, Fig. 33 shows that once the cutting tool ended
at point B, it continued to move to the next point C which is

Fig. 35 Machining experiment. a Lin et al. (2013). b ACO. ¢ Modified
ACO

the first point of the uncut region. This was the beginning of
G-code generation of Phase 2. Then, the cutting tool moved to
cut the entire uncut region based on the optimal tool path as
shown in Fig. 33 (top view). The roughing process for the
axial depth of 0.5 mm ended at point D.

After G-code generation is completed, it was trans-
ferred into the CNC milling machine and stored in the
machine controller as shown in Fig. 34a. In this step,
the tool path was checked to ensure that the generated
G-code was accurate and correct. The experiment was
performed on the obtained tool path based on ACO and
the proposed method by Lin et al. [13]. At the end of
the experiment, the cutting time was recorded for the
purpose of machining time comparison as shown in
Fig. 34b. Figure 35 shows the result of experiments.

The time of the roughing process obtained by the method
proposed by Lin et al. [13] was 323 s. In our experiment, using
the ACO and modified ACO, the times of roughing process
were 297 and 294 s, respectively. Thus, it can be concluded
that the modified ACO has reduced the cutting time during the
roughing process by 7.2% compared with the previous meth-
od and 1.34% compared to the conventional ACO. The sum-
mary of the roughing time obtained based on optimisation and
experiment is illustrated in Table 3. Overall, the roughing time
based on the experiments is larger than the roughing time
based on the optimisation process for all three methods. This
is because, in the optimization process, the movement of the
cutting tool between the two uncut regions is determined
based on the x-axis and y-axis only. Meanwhile, in the actual
machining process, the movement in the z-axis also involved a
non-productive tool path.

Table 3  Summary of roughing time

Method T Tn Differences
(optimization) (Experiment) (%)
(s) (s)
Modified ACO 291 294 1.34
Conventional 293 297 1.34
ACO
Linetal (2013) 312 323 32
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8 Conclusion

One of the ways to increase the efficiency of contour parallel
machining is by defining the tool path interval that is larger
than the radius of the cutting tool. In addition, it can reduce the
tool path length and machining time. However, the uncut re-
gion will occur at the corner and the centre of the contour. The
uncut region can be removed by producing an additional tool
path known as the clear tool path. In this paper, a new method
of optimisation is introduced to minimise the clear tool path in
order to reduce the entire tool path length and machining time
in a roughing process. This optimisation solution involves
three steps: construction of contour parallel offset, detection
of coordinate of the uncut region, and minimising the tool path
length using ACO. The proposed clear tool path was imple-
mented in Matlab R2012b and the tool path generated based
on this optimisation has been verified in an actual cutting
experiment. The results indicate that the proposed clear tool
path can be adapted in an actual cutting environment and is
able to improve the cutting efficiency by reducing the machin-
ing time in the roughing process.
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