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Abstract—This paper describes a combined mathematicalgraphical approach for optimum tool path planning in order to
improve machining efficiency. A methodology has been used that
stabilizes machining operations by adjusting material removal rate in
pocket milling operations while keeping cutting forces within limits.
This increases the life of cutting tool and reduces the risk of tool
breakage, machining vibration, and chatter. Case studies reveal the
fact that application of this approach could result in a slight increase
of machining time, however, a considerable reduction of tooling cost,
machining vibration, noise and chatter can be achieved in addition to
producing a better surface finish.
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I. INTRODUCTION

S

the advent of computer-numerical control (CNC)
machines significant improvements have been made in
automatic tool path generation for machining operations.
Today many integrated computer-aided design and
manufacturing (CAD/CAM) systems are available capable of
generating machining tool path for various operations,
however, most of them still suffer from the need for
significant user intervention [1]–[3]. In addition, these
systems often do not generate optimum tool paths and
consequently chatter and reduced tool life are common issues
in CNC machining operations.
In the milling process there are several gaps to be bridged
in order to push the envelope of modeling, simulation and
optimization to the required level of generality, reliability and
accuracy. Fig. 1 identifies these gaps in three main areas as (1)
modeling of the geometric aspect of the process; (2) modeling
of the physical aspect of the process; and (3) optimization of
the process. On the other hand, additional gaps that need to be
bridged to bring the work to the required level of practicality
to allow for a rapid and effective implementation of the
technology include the development platform and integration
requirements for a typical machining set-up [3].
There have been many publications in the literature on
improving machining efficiency when CNC machining is
involved and Chandrasekaran et al [4] provides a
comprehensive literature review. Afifi et al. [5] developed a
computer-aided optimization package for the minimization of
the residence time of a multi-component pallet being
manufactured in a machining centre with a multi-tool facility.
INCE

Fig. 1 Current gaps to bridge for a CAD/CAM and optimized CNC
machining [3]

They developed a methodology to take a part program for
the manufacture of many components which involves many
tool changes, segment it, automatically re-sequence the
machining order and regenerate it. It has been reported that
the use of the computer-aided optimization package reduced
the pallet residence time. In another work Song et al. [1] used
a three-dimensional solid modeling system for automatic
generation of optimum tool path for machining free-form
surfaces on CNC machines. There are other works reported in
the literature on optimization of CNC machining processes
including [5] – [8]. Although these systems improve
productivity of the CNC machining processes but these often
do not address the optimization of material removal rate in
pocket milling processes, leaving room for further
investigation in this area.

Fig. 2 A simple pocket milling operation
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II. POCKET MILLING
Pocket milling is frequently used in machining mechanical
components particularly in producing industrial dies and
molds. Fig. 2 shows a simple pocket milling operation where
an end milling cutter is used for removing all the material
inside a rectangular closed boundary on a flat surface of the
workpiece to a fixed depth. Such a shape is frequently called a
depression or a simple pocket.
As pocket milling is a very common operation in CNC
milling there are many algorithms available for tool path
generation of this operation [10] – [16]. However, often the
algorithms presented only focus on geometric considerations
and disregard other factors such as applied cutting forces and
chatter that have a direct bearing on the stability of the
machining operation and tool life.
The literature on controlling cutting forces and machining
stability in particular case of pocket milling can be roughly
divided into two major approaches: (1) feedrate scheduling
and (2) tool path modification. The first approach focuses on
controlling the cutting forces by adjusting the feedrate so it
does not exceed the reference cutting force and is based on a
cutting force model [17], [18]. If the model that predicts the
cutting forces is exact, constant cutting forces can be
achieved. Although cutting forces can be predicted exactly, it
is impossible to keep the radial depth of cut or tool
engagement angle constant using feedrate scheduling without
tool path modifications. An example of such condition is
shown in Fig. 3. The radial engagement of the cutter increases
when the cutter moves into the corner region while it remains
constant for straight path segments. As a result, a momentary
rise in the cutting forces and chatter are commonly
encountered that increase the cutting force and chatter and
reduce the tool life.

Fig. 4 System architecture for optimum tool path generation

III. SYSTEM ARCHITECTURE
Fig. 3 Varying radial tool engagement in pocket milling

Consequently, modifying the tool path geometry becomes
necessary for generating an optimal tool path and increased
tool life. For example, in cutting pocket corners it is more
effective to use additional tool paths to control the radial tool
engagement. This paper describes an approach for optimum
tool path generation for pocket milling operations considering
applied cutting forces. This approach can be used in most
common pocket milling operations.
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Fig. 4 illustrates the architecture of the system proposed.
Upon completion of part design on a computer-aided design
(CAD) system the design is transferred to the computer-aided
manufacturing (CAM) system for processing. This is followed
by selection of proper cutting tools and machining parameters,
and generation of the initial machining tool path using the
algorithms present in the system. The cutter location (CL) data
are then analyzed by a complementary data analysis module
developed. If the analyzer detects any momentary increase of
material removal rate in the machining process, the initial tool
path is then modified by an optimization module programmed
in C++. This is accomplished by use of a graphicalmathematical method developed that will be described in the
next section. Once the optimized tool path is verified by data
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analysis module, it is transferred to the postprocessor for
generating a CNC code that will be transferred to the CNC
machine to cut the workpiece material.
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IV. OPTIMUM TOOL PATH
For an optimum tool path in a pocket milling operation,
both the cutting forces and the radial tool engagement must be
maintained at constant values over the entire tool path to
ensure machining stability. This can only be achieved when
the rate of material removal from the workpiece is maintained
constant. For simplicity let us first consider a simple pocket
milling operation with fixed axial depth as shown in Fig. 2.
Fig. 5 (a) shows the top view of a milling operation where the
material is being cut from left to right along the line CD by an
end milling cutter, after having been cut previously along the
line AB. The center of the tool has reached a point E where the
point, G, of the first contact of the tool with the boundary of
existing material has come to the end of a straight portion of
boundary, JG, and started to lie on the arc GK. In Fig. 5 (a)
the stepover, s, is less than the tool radius, r, whereas in Fig. 5
(b) the stepover is larger than the tool radius.

engagement cut. A similar approach has been adapted here.
The circle shown in dashed line in Fig. 5 shows the outline of
the tool when its center was at B, so it may be seen why arc
GK exists. Since the material along the line AB has already
been cut, line CD is marked clear. However, it may be seen
from the figures that as the center of the tool moves to the
right of E, the radial tool engagement angle with material, FG,
will increase beyond minimal engagement as contact point G
moves up the arc GK. Therefore it becomes necessary to find
the length of ED, which is the amount by which the clear
portion of line CD should be shortened. It is observed first
that ED is equal to HG. The value of HG can be found by
using the Pythagorean Theorem on triangle EHG.
(HG)2 = (EG)2 - (EH)2

(1)

In Fig 5 (a), EH = EF - HF = r - s, whereas EG = r. Thus,
(ED)2 = r2 – ( r – s)2

(2)

ED = (2rs – s2)1/2

(3)

In Fig 5 (b), EH = HF - EF = s -r,
(ED)2 = r2 – ( s – r )2

(4)

ED = (2rs – s2)1/2

(5)

Therefore the tool path for the current path is kept at a
length, d, shorter than the previous path in order to maintain
constant material removal rate. Consequently as each cutting
path becomes a distance, ED, shorter than the previous path,
as shown in Figure 6 (a) an irregular pocket is concluded
leaving much material for subsequent machining operations.
Obviously this is not desirable. Yet another approach is
employed as the cutting tool moves forward to bring the
pocket shape closer to a regular shape, as shown in Fig. 6 (b).
Obviously this shape is more desirable and the approach is
described in the next section.

(a)

(b)

Fig. 6 (a) The irregular-shape pocket wall formed by applying
distance ED on each tool path, (b) the desirable regular shaped
pocket wall

Fig. 5 Material being cut from left to right [14]

Kramer [14] presented an algorithm for generating a tool
path for cutting a pocket with islands, which includes
detecting when the tool is certain to be making a minimal
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V. SIMULATION OF MATERIAL REMOVAL PROCESS
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Fig. 7 illustrates the 2D pixel-based representation of the
pocket milling operation. Both the workpiece material and the
cutting tool are represented as discrete pixel squares. The dark
gray region represents the material left to be machined and the
light gray region has already been machined. The material
removal rate is to be determined from the pixel numbers in the
blue region. The reference pixel numbers representing
nominal material removal rate at a given feed rate and for an
increment of tool movement is determined by the number of
pixels in the blue region when machining a straight segment
of the cutting path.

(a)

Therefore the reference pixel number for the given 2D image
is 12. The material removal rate and resultant cutting forces
are kept constant as long as the number of pixels in the blue
region does not change for any increment of tool movement.
Fig. 7 (b) illustrates the same cutting tool when machining the
end of its straight path. Although the feed rate is kept constant
the number of pixels in the blue region exceeds the reference
number and reaches to 22. This would significantly increase
the resultant cutting forces and chatter and reduce tool life.
The tool path is thus modified in this region to avoid
excessive material removal rate and to maintain the cutting
forces within the acceptable range. Accordingly, as shown in
Fig. 7 (c) the algorithm diverts the tool motion direction
towards inside pocket such that the number of pixels in the
blue region is maintained at or near to 12. It is noteworthy that
for each increment of tool movement any number of pixels
within the specified tolerance range, that is ±2 pixels for this
particular case, is acceptable.Figs. 8 (a) (b) and (c) represent
2D pixel-based axial views of the cutting tool and the
material. However, instead of a flat end milling cutter used for
simple pocket milling operations, a ball end milling cutter is
represented that is often used for contour shape milling and
finishing operations. As seen in Fig. 7 (a), the reference pixel
number in the blue region is 20 for any increment of tool
movement. However, when the cutting tool encounters any
protrusion or depression in its path, the number of pixels in
the blue region is changed. For example, Fig. 8 (b) shows an
increase in the number of pixels in the blue region to 28 due to
the cutting tool encountering a protrusion in its course of
moving forward. Again, the algorithm diverts the cutting tool
towards outside the workpiece material in order to bring the
number of pixels in the blue region within an acceptable range
that is 21 for this particular case as shown in Fig. 8 (c).In the
case of 2.5 axes machining the material removal rate is
calculated by multiplying the number of pixels in the two
views explained above:
(6)
r =n Xn
f

(b)

1

2

where rf represents the material removal rate (or volume) for
any increment of tool movement at a feed rate of f, and n1 and
n2 respectively represent the number of pixels in two
intersecting directions or views. Similarly, for 3, 4 and 5 axis
machining operations the proper volumetric computations
should be applied depending upon the geometry of the
machining feature and the cutting tool.
VI. CONCLUSION
The system proposed for optimum tool path planning in this
paper improves the performance of the pocket milling
operations via a combined mathematical-graphical approach.

(c)
Fig. 7 Graphical tool path optimization (radial)

As shown in Fig. 7 (a) there are 12 pixels in the blue
region when machining the straight segment of the tool path.
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