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Abstract  
Machining of pockets is very common milling 
operations. The issue of programming CNC 
machining of pockets usually comes down to 
optimizing machining in a plane (2.5D machining), 
but for pockets whose sides are not perpendicular to 
the bottom is carried out 3D (or 5D) machining. The 
objectives of optimizing machining may be different, 
but the most common goal is to achieve the shortest 
processing time (highest productivity). It also means 
finding the shortest tool path. With manual 
programming of CNC machines is sometimes 
possible to achieve better results than using the 
CAM system although it requires great effort. 
 
1. INTRODUCTION 
Milling of pockets is removal of material inside a 
closed area of the workpiece flat surface at a certain 
depth using one or more tools. The importance of 
the problem of pockets machining comes from the 
fact that the 80% of work by milling is machining of 
pockets. Often is classified as 2.5D machining as it 
is executed in the plane to the set cutting depth. The 
pockets can have straight or curved edges, islands 
or holes in your field and be regular or irregular 
shape. The sides of pockets are usually 
perpendicular to the reference plane, but the 
pockets, which have not vertical flanks can be 
processed using 2,5D machining following 3D or 5D 
finishing. As the axis of tools in 2.5D and 3D 
machining of pockets is perpendicular to the working 
surface, the problem is reduced to the tool path 
defining in the plane. 

 
Figure 1.1 Pockets 

 

 
Tool path for machining of pockets has great 
significance because together with the process 
parameters determines productivity. When 
machining of pockets, as well as other operations of 
milling, there are different strategies for determining 
the tool path leading to machining a given size and 
shape, but with different efficiency. Traditional tool 
path strategies is classified into two groups: 
 paths parallel to the reference direction (which 

may be the pocket centreline or parallel with an 
the coordinate system axis),  

 paths parallel to the pocket contour (spiral). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Straightforward machining in one 
direction, zig-zag machining and spiral machining 
 
The first group is further divided into machining in 
one direction and machining in both directions (zig-
zag). Machining in one direction means a choice of 
down or up milling, but significant amount of time 
spent on the tools return in rapid movement to the 
starting position is major drawback. Zig-zag method 
reduces idle time, the creation of burr is less, but 
periodic changes of up and down milling leads to 
problems like shorter tools duration and worse 
kinematics of tools (large number of stops and 
changes in movement direction). In the helical tool 
path, which can be directed towards the centre of 
the pocket or off the centre, most of the time tool is 
in contact with the workpiece material. This strategy 
requires a slightly larger overlap between the 
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passes leading to longer tool path, and thus the 
processing time. Those basic strategies in modern 
CAM programs are supplemented by new strategies 
so eg. Mastercam offers seven strategies for tool 
path selection for creating of pockets.   
 
2. OPTIMIZATION OF POCKET MACHINING 
Pockets machining optimization is constantly actual 
and objectives of optimization can be: 

 the highest possible surface quality 
 minimum tool wear, 
 shortest time machining, 
 lowest cost of production, 
 minimal energy consumption. 

Tool path optimization is one way to achieve greater 
productivity while reducing production costs. In the 
real production tool path are often not optimal and 
therefore the space for numerous studies of this 
field.  
Different tool path have different power 
consumption. Choosing a tool path that consumes 
the least energy researched Youngwook P.K. [1]. 
The movement of working table in certain directions 
not spent the same amount of energy, and the 
acceleration and deceleration generally consume 
more energy than a uniform movement. 
Kim H. [2] in his paper presented tool path 
optimization with a constant amount of material 
removal rate, as far as possible, in aim to kept 
constant cutting forces, and thus avoid vibrations 
and tremors. Jaiswal S.C. and Taufik [3] analysed 
the possibility of reducing the time of machining of 
pockets. With this aim, they analysed the impact of 
different tool path strategies and cutting parameters 
to the machining time. They concluded that for 
roughing best is zig-zag strategy, and the depth of 
cut and feed rate are the most influential 
technological parameters. The amount of overlap 
(step over) has little impact while cutting speed has 
no effect on the machining time. 
El Midany T. T., Elkeran A. and H. Tawfik [4] in its 
analysis of the best tool path (ordinary zig-zag 
curved zig-zag, ordinary spiral, curved spiral) take 
into account the acceleration and deceleration of 
tools. Their results suggest that the selection of the 
tool path depends on the geometry of the pocket. 
Many researchers have dealt with the problem of the 
optimum number of tools for roughing and finishing 
pockets. Yao, Z., Gupta, S.K., Nau, D.S. [5] 
developed an algorithm to determine the maximum 
diameter of the tool with which you can achieve the 
highest productivity. However, largest tools cannot 
process all parts of the pocket so it must be used 
one or more tools that can reach all parts of the 
pocket. A larger number of tools does not 
necessarily mean a shorter machining time so it is 

necessary to make optimization. Practice has shown 
that the optimum is to use up to three mills of 
different diameters. In addition to the above, 
analysis should consider the tool path for the 
entrance to the pocket (vertical, angled, spiral). Held 
[6] should be mentioned because he first set a 
mathematical theory on the introduction of Voronoi 
diagrams for making pockets. Hinduja and Sandiford 
[7] have developed a procedure for determining the 
optimal pair of tools taking into account the 
geometric constraints (minimum radius of the 
pocket, the smallest width of the pocket, the input 
tool path) applying Voronoi diagram. 
 
3. MAKING POCKETS WITHOUT USING 
CYCLES 
 Simple pocket shape is selected as the analysis 
would not take too much space, and therefore all 
these problems will not be covered. Workpiece 
material is structural steel S235JRG2, and 
workpiece is premachined on dimensions 
15x90x120. 

 
Figure 3.1. Drawing of workpiece 

 
Pockets machining consists of rough machining 
which removed most of the material from the inside 
of the pocket and of the finish, which removed 
allowance and achieve the tolerance and surface 
quality. Finishing is carried out with a suitable tool 
whose radius must be smaller than the smallest 
radius of the concave portion of the pocket contour 
and with the application of radius compensation.  
Rough machining must remove the excess material 
from the pocket in a short time. This can be done by 
selecting the largest available tool that can handle 
interior pocket, without leaving too much un-
machined surface parts that are inaccessible to this 
tool (sometimes called residues). As said before, 
complex pocket´s form may need of applying more 
tools for roughing. The important issue is the 
selection of the type of tools. By selecting a solid 
cutter with blades the at the head (tungsten or HSS), 
it is possible vertically plunging in material, and if we 
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choose indexable cutter it should be applied helical 
or ramping milling where is necessary to check 
whether there is enough length for such entry. 
Analysis of the contours for the given pocket can 
determine that the minimum radius of the concave 
portion is R6 (actually R5,5 by selecting allowance 
for finishing 0.5 mm). By selecting the highest 
available standard slot mill Ø25 it could machined all 
pocket parts except the parts with radius R6. It is 
necessary to see how much is unmachined areas in 
this part and whether they can be removed in the 
finish.   
The next step is determining the shortest tool path 
(ie. the shortest processing time) for roughing. In 
serial production even second have significant 
saving in total machining time. In this sense, the first 
will be constructed Voronoi diagram, because it 
allows easier problem perception of making cutting 
plan (but also choose the size of the tool). Voronoi 
diagram is obtained by adding vertical line to the 
ends of the straight edges and centrelines to the 
arcs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Voronoi diagram for a given pocket a) 
construction b) the final shape 
 
Intersections of lines gives characteristic points, and  
removing additional and unnecessary parts of the 
lines gives Voronoi diagram. 
 There are several options for path selection 
tools: parallel contour pockets, zigzag, spiral and 
other. Construct toolpath with a starting cutting width 
80% of the tool diameter. In all variants is selected 
the same tool and regime: solid carbide mill, speed 

1910 o/min (vc ≈ 150 m/min), fz=0,085 mm/tooth, 
number of tooth 3. 
 

Figure 3.3 The path parallel to pocket contour  
 
Machining time for this variant is 4:04.90 min. The 
amount of residue is small so machining can be 
performed without medium steps. 

Figure 3.4 Zig-zag longitudinal path 
 
Machining time for this variant is 4:10.94 min. The 
amount of residues is higher than in the first version, 
but not too much. 

Figure 3.5 Zig-zag transversal path 
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Machining time for this variant is 4:14.08 min. 
The amount of residues is higher than in the 
first version, but not too large, and the question 
is whether or not to require medium steps. 

Figure 3.6 Spiral path 
 
 
Machining time for this variant is 4:50.81 min. The 
amount of residue is small so machining can be 
performed without medium steps. 
 The above analysis shows that for a 
given pocket is best variant 1 with a tool path 
parallel to pocket contour. The CNC program 
for this variant is given below (control unit 
SINUMERIK 840D). 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7 Simulation in 3D 

 

Flanks pocket finishing  is carried out with the use of 
tool radius compensation. Cutting plan for variant 1 
is shown on fig. 3.8. Selected tool for finishing is  slot 
carbide mill Ø10, fz=0,044 mm/tooth, z=3. Fig. 3.8 
also show included tool angle (proportional to the 
cutting width) in specific points of processing. 

 
 Figure 3.8 Cutting plan for finishing 

 
 
 
4. POCKET WITH ROUNDED BOTTOM 
 Previous example shown the machining of 
pocket with a flat bottom with no rounding edges. 
How perform machining if a pocket have rounded 
edges? How to and thereby perform machining? 
What is achieved surface roughness? 
The answers to the above questions will try to give 
the following example. For this purpose, we will take 
pocket from the previous example, but with the cross 
section shown in Figure 4.1. 

 
Figure 4.1 Pocket with bottom rounded edges 
 
Machining of rounded bottom will be performed to 
radius R6 with allowance for finishing, and after that 
will be performed finishing with appropriate tool. 
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Figure 4.2 Detail of rough machining of bottom 
 
Allowance for finishing flat bottom part is not 
provided. Roughing will be done by the same tool as 
in the previous case (mill Ø25, tip 120) acc. cutting 
plan on fig. 4.2 left. Cutting depth is 1 mm. 
In the cross-section it is evident that will remain 
"steps" the size of which depends on the depth of 
cutting. Stairs will be smaller if is chosen tool type 
121 (bull nose end mill), but it is more complicated 
to calculate the coordinates (fig. 23.11 right). Cutting 
plan in the layout is obtained by calculating the 
coordinates of intersection radius R5,5 with parallel 
lines at certain depths of cut (Pythagorean theorem 
-> hatched typical triangle) or drawing in the 
appropriate graphics design program. Thus 
calculated coordinates are used to draw a cutting 
plan in bottom view (pocket contour offset) and for 
and defining points of the toolpath. 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Detail of rough cutting plan 
 
Detail of cutting plan (fig 4.3) shows a typical place 
in the corner of the contour (shaded) which on depth  
-11 mm (pocket bottom) couldn’t` t be machined by 
any tool! 
Finishing of the curved portion of the pocket bottom 
can be done using a spherical cutter or the bull mill. 
If the radius of the bottom pocket is equal to the 
radius of the standard tools, processing is easy to 
program in one passage of tools. If not, the 
processing must be programmed in multiple passes, 
which is much more complicated. Therefore, one 
programming process for multiple passes will be 
shown below. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 Detail of machining with ball mill 

To machined surface was uniform quality 
processing will be carried out with a constant angle 
between passes β. At a constant cutting depth per 
axle z, like roughing, height unevenness is different 
along the arc.  
Roughness (Rz) depend of tool radius r and angle 
β. What is the angle β smaller and larger radius tools 
roughness is smaller. 
When programming tip of the tool Ps is leading by 
contour and contact of tools and specified contours 
radius are realized in point Pk. The mathematical 
relationship between these points is: 

𝑋𝑘 = 𝑅𝑘 ∙ cos 𝛼 
𝑋𝑘 = 𝑅𝑘 ∙ cos 𝛼 

𝑋𝑠 = 𝑋𝑘 − 𝑟 cos𝛼 
𝑍𝑠 = −𝑍𝑘 − 𝑟 ∙ (1 − sin 𝛼) 

 

 

 

 

 

 

 

  
Figure 4.5 Simulation in 2D 

 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 4.6 Simulation in 3D 
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Programming was carried out using 
parametric and advanced structures. By 
changing the parameter R7 (angle β) at the 
finishing we can regulate the surface quality. In 
the example β=10°. Tool for finishing is 6 mm 
diameter, and tolerance can be regulated by 
parameter R11 (tool radius). Functions for tool 
radius compensation in this case are not used 
but is used the above expressions to calculate 
the coordinates. 

 
… 
N270 ;Bottom 
N280 R10=6 ; radius of curvature of the bottom 
N290 R2=0 ; instant depth of cut 
N300 R8=1.0 ; Increment of depth 
N310 POC2: R3=R10-SQRT(R10*R10-R2*R2) 
N320 G0 X-1 Y-9  
N330 G1 Z=-R1-R2 F60 
N340 X-24 F487 
N350 Y9 
N360 X12.16 
N370 X24 Y-2.84 
N380 Y-9 
N390 X1 
N400 Y=-27+R3   
N410 X=42-R3 Y=-27+R3 RND=2-R3 
N420 Y=4.62-R3*SIN(22.5) RND=2-R3 
N430 X=19.62-R3*SIN(22.5) Y=27-R3 RND=2-R3 
N440 X=-34.62+R3*SIN(22.5) 
N450 X=-42+R3 Y=19.62-R3*SIN(22.5) 
N460 Y=-27+R3 RND=17-R3 
N470 X-1 
N480 G0 Z=-R1-R2+1 
N490 R2=R2+R8 
N500 IF R10>(R2-0.01) GOTOB POC2 
N510 G0 Z100 
N520 M0 
N530 ;finishing 
N540 T4 D1 M6 ;ball tool 
N550 S4800 F634 M3 M8 
N560 G0 X0 Y0 Z=-R1+1 
N570 R4=0 ;instant angle of machining 
N580 R7=10 ; increment angle 
N590 R11=3 ; radius ball cutter 
N600 R32=90 
N610 PC1: R5=R10-(R10*COS(R4)-R11*COS(R4));Xps 
N620 R6=-R1-R10*SIN(R4)-R11*(1-SIN(R4))   ;Zps 
N630 G0 X=2*R11 Y=40-R5-2*R11 
N640 G1 Z=R6 
N650 G3 X0 Y=40-R5 CR=2*R11 
N660 G1 X=-40+R5*SIN(22.5) RND=6-R5 
N670 X=-55+R5 Y=25-R5*SIN(22.5) RND=6-R5 

N680 X=-55+R5 Y=-40+R5 RND=30-R5 
N690 X=55-R5 RND=15-R5 
N700 Y=10-R5*SIN(22.5) RND=6-R5 
N710 X=25-R5*SIN(22.5) Y=40-R5 RND=6-R5 
N720 X-1 
N730 G3 X=-2*R11-1 Y=40-R5-2*R11 CR=2*R11 
N740 R4=R4+R7 
N750 IF R32>R4-R7/2 GOTOB PC1 
N760 G0 Z100 M9 
N770 M30 
 
5. CONCLUSION 
With manual parametric programming of CNC 
pocket machining, in some cases, is possible to 
achieve more optimal toolpath than commercial 
CAM tools and with ability of adjusting surface 
quality. 
Described problem of determining the tool path 
when creating pockets can be applied to the 
machining surfaces contour, and the above 
example of ball mill application can be applied 
for programming and making other regular 3D 
shapes such as conical and spherical surfaces. 
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