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Abstract
This article explores the effects of cutting forces in a finishing strategy on the quality, and geometric and dimensional
accuracy of the finished surface. It describes another part of the running research into the effectiveness of finishing
strategies for sculptured surfaces. The finishing stage is very important to the effectiveness of the entire machining
process. This applies to both qualitative and economic aspects. In order to select the appropriate strategy, the process
engineer needs to know its impact on the quality of the resulting finished surface. It is, however, nearly impossible to
monitor the changes in all parameters of the process. Fortunately, each of these changes is reflected in the magnitude and
profile of the cutting force. Therefore, it is desirable to describe how the machining strategy affects the finished surface
quality and the cutting force profile. Describing such dependence is the ambition of future research which will draw on
the theoretical findings of the present study.
Keywords: Quality of surface; finishing; strategy; cutting forces; tool wear.

1. Introduction
In today’s engineering production, there is a strong pressure on productivity and economy. Strict requirements make
every aspect of the entire process very important. The goal is to manufacture parts to sufficient quality at reasonable costs.
In the process, the resulting utility properties are dictated by finishing operations.
Finishing is therefore of major importance in the production of any part. Owing to the complexity of shaped surfaces,
the development of control programs for production machines takes place exclusively in CAM software. CAM systems
must therefore include advanced machining strategies for finishing, such as HSC, HFC, and others.
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Fig. 0. Simulation of machining in CAM software and the actual process [9], [10]
Several scientific studies dealt with improving the effectiveness of finishing strategies. One of them was [14]. It
compared productivity in finishing strategies in 5-axis operations. However, it did not mention any relationship between
strategy and the resulting quality of the finished surface. Article [15] deals with the machined surface accuracy but only
in terms of interpolation of the surface and not as a result of a particular strategy.
Nevertheless, there are studies which are closer to the issue of our interest. Moodleah and Makhanov [16] worked on
improving the efficiency of tool paths through vector field-based tool path generation. Within this vector field, the
directions are sought for which paths with maximum feed rate can be generated. Unfortunately, in this study only the
efficiency of tool paths was sought, rather than the relation to finishing and to the resulting surface quality.
A completely different method of improving the efficiency, predominantly for finishing processes, has been presented
by Imania, Sadeghib and Elbestawi [17], and Takata, Tsai, Inui and Sata. They attempted to predict cutting forces and
compare the calculations with measured data. Their studies could lay foundation for future development of finishing
operations.
All above-mentioned publications deal with the issue of our interest but none of them links the machining strategy
and the cutting forces to the quality and dimensional and geometric accuracy of the finished surface. The objective of the
present effort is to provide a theoretical basis for further research into the effectiveness of finishing sculptured surfaces.
table example:
NC
CNC
CAD
X, Y, Z
SW
Fx
Fy
Fz
F

Numerical Control
Computer Numerical Control
Computer Aided Design
Axes in the cartesian coordinate system
Software
Components of cutting force parallel to the X axis [N]
Components of cutting force parallel to the Y axis [N]
Components of cutting force parallel to the Z axis [N]
Total cutting force [N]

∑ 𝑋𝑖

Sum of X elements in the interval between X1 and Xn

𝑛

𝑖=1

Ra
Rz
fz
rn
z
Z

Arithmetic mean deviation of the profile [µm]
Maximum height of the profile [µm]
Feed per tooth [mm]
Tool nose radius [mm]
Number of teeth of the tool
Deviation of the profile [µm]
Table 1. List of abbreviations

2. Quality of machined surface
Finishing operations are carried out to impart the required quality to a surface. Effective finishing therefore means
achieving uniform quality and geometric accuracy of the machined surface.
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Fig. 0. Parameters that affect surface quality [4]
It follows from what has been said above that the magnitude of and fluctuations in the cutting force, and the proportions
of its components have a major impact on the resulting quality of the finished surface. Yet, not every change in the cutting
force must reflect substantially in the surface quality. All factors which can play a role in the surface quality are listed in
Fig. 2. Whenever a cutting parameter changes, e.g. the cutting speed, stepover, tool diameter or others, the effect can be
traced through a change in the cutting force.
The directions of components of the cutting force on a ball-end tool. More details are given in Fig. 3 and 4. The first
one illustrates the effect of the inclination of the surface and the stepover on the radial component of the cutting force. [8]

Fy (radial force) vs stepover
800

Fy [N]

600
20 deg

400

40 deg

200

55 deg

0
0.45

0.65

0.85

1.05

1.25

1.45

Stepover [mm]

Fig. 3. Radial component of cutting force on the stepover size [9]
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The second graph shows the dependence of cutting force on the cutting speed. Although the scatter is substantial, the
trend indicated by the polynomial fit is in agreement with the assumption.

Cutting force vs cutting speed
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Fig. 4. Plot of cutting force vs cutting speed [9]
It is desirable to use these results to identify the relationship between cutting force variation and the quality of the
finished surface. Then, the resulting quality of surface could be predicted on the basis of changes in the cutting force. In
order to define such relationship, the cutting force profile must be examined in greater detail. In the following, cutting
force will be studied as an indication of the potential quality and dimensional accuracy of the finished surface.
2.1 Effect of cutting force profile on machined surface quality
When dealing with the cutting force, it is important to consider both overall profile, variation, and maximum levels
within intervals of up to tens of seconds, as well as the micro-scale variation within several tenths of a second. The quality
of the finished surface depends in some way on both these scales.
The fundamental one is the macro-scale, where an entire pass or even multiple passes are considered. In the example
in Fig. 5, the force magnitude in the first five seconds into the process is relatively small but it increases with time. The
exact values shown in this graph are not essential for gaining understanding of the process Nevertheless, one can assume
that the surface quality at the beginning will be different than at the end of the process. Between 5th and 10th second,
there is fluctuation of the cutting force which could also affect the machined surface quality.

Fig. 5. Cutting force profile – macro-scale
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Gradual increase in the force and its variation can arise from varying inclination of the workpiece surface, variation
in the feed rate, the stock allowance, as well as from the cutting edge becoming dull or other factors, such as
inhomogeneities in the material, and others. The important conclusion is that such variations can impact on the quality of
the finished surface. It is therefore desirable to develop a strategy which keeps the cutting force constant, and therefore
leads to quality surface even in a sculptured workpiece.
As said above, the cutting force profile can be examined on various scales. One of them is the micro-scale represented
by a force plot within an interval of several tenths of a second. Such a plot is shown in Fig. 6. It covers 0.35 seconds of
the machining process which means that it includes several revolutions of the tool. The curve indicates shock loads which
are typical of the milling process. The force varies from -600 N to approximately 1200 N, causing relatively severe shocks
which may affect the quality of the machined surface. These shocks are due to individual teeth engaging the workpiece
or more precisely entering and leaving the cut area. This variation as such is unavoidable but its magnitude can be reduced.
The shocks become less severe when more teeth are engaged at the same time. In addition, it is possible to adjust the
geometry or microgeometry of the cutting edge, and other parameters.

Fig. 6. Cutting force profile – micro-scale
In the finishing of sculptured surfaces, the macro-scale view is more important than the micro-scale one. The impact
of the micro-scale profile on the quality of the finishing process arises from the inherent features of the milling process
and is virtually independent of the strategy used for tool path generation. On the other hand, the macro-scale profile is
substantially dictated by the strategy chosen and therefore becomes the key to the process.
2.2 Evaluation of finished surface quality
Suitable indicators for quality evaluation include surface roughness, macro-scale surface profile, and, understandably,
findings from visual inspection.
The number of surface characteristics available today is very large. Practically, the most widely used ones include Ra
and Rz values. Thanks to optical scanning devices, areal roughness is being used more frequently as well. Its information
value is not to be overstated but the method is suitable for sculptured surfaces thanks to contactless measurement.
One appropriate indicator might be the arithmetic mean deviation of the profile calculated according to:
𝑅𝑎 =

𝑛
1
× ∫ |𝑍(𝑥) |𝑑𝑥 [𝜇𝑚] [11]
𝑛
1

(1)

Fig. 7. Illustration of the arithmetic mean deviation of the profile Ra [11]
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It is advisable to verify the Ra value by theoretical calculation based on the specified feed rate for the milling process:
𝑅𝑎 =

𝑓𝑧 2
[𝜇𝑚] [12]
𝑛2 × 𝑧 2 × 31,2 × 𝑟𝑛

(2)

Fig. 8. Other roughness parameters, including Rz [11]
One can also use the arithmetic mean spacing between five peaks and valleys calculated as:
𝑅𝑧 =

∑5𝑖=1|𝑦𝑝𝑚𝑖 | + ∑5𝑖=1|𝑦𝑟𝑚𝑖 |
[𝜇𝑚] [11]
5

(3)

Dimensional analysis and evaluation of individual dimensions of a sculptured surface tend to be difficult. A convenient
approach uses measurement by a scanning device and an evaluation of the deviations from the 3D model.
It would be useful to compare the values of cutting forces, evaluate their profiles throughout the measurement run,
and their envelopes. In addition, it is possible to evaluate the total cutting force using the following formula:
𝐹 = √𝐹𝑥 2 + 𝐹𝑦 2 + 𝐹𝑧 2 [𝑁]

(4)

In order to compare the forces that arise in individual strategies, one can calculate the statistical mean value according
to:
𝑛

𝐹̅ =

1
× ∑ 𝐹𝑖 [𝑁]
𝑛

(5)

𝑖=1

Correlation of qualitative parameters and dimensional values with the values and profiles of cutting force in individual
strategies will reveal the dependences, on the basis of which optimized finishing strategies can be developed.
2.3 Summary
From the viewpoint of finishing operations which impart the final quality and dimensional accuracy to the machined
surface, the macro-scale profile of cutting force is the key factor. It is because it is affected by the machining strategy
which is the topic of the next section. In order to solve this problem, one needs to gain a comprehensive understanding of
the cutting process at the finishing stage, and of the impact of individual force components on the quality and dimensional
accuracy of the machined surface, and find correlations between these factors.

.

3 Tool path strategy
Fundamental differences in the tool behavior can be seen between climb milling and conventional milling. The
distinction between these two techniques is well known. When dealing exclusively with finishing strategies, the choice
of the technique does not have as strong effect as in other stages. The reason is that the load on the tool is relatively low
and does not reach critical levels. Therefore, both techniques can be used without any substantial qualitative differences,
and time savings can be achieved by eliminating non-cutting traversing movement.
Much greater impact is related to the feed and pick feed directions with respect to the inclination of the surface. All
variants are illustrated in Fig. 10.
The first option involves horizontal feed and vertical downward pick feed. The above strategy is referred to as linear
machining and is optimal for surfaces with steeper inclination angles, approximately 75°, as suggested in [3]. Here, this
strategy leads to the lowest cutting force and to the most favorable variation in the cutting force. This strategy involves
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downward tool movement and typically leads to abrasive wear on the tool flank. The flank wear tends to be uniform, as
shown in Fig. 9 a).

Fig. 9. Tool wear upon a horizontal feed process: a) downward, b) upward [2]
If the strategy involved the same horizontal feed but upward pick feed direction, these forces would increase. The
variation would be from 60 to 200 %, predominantly in the Fy component. This force acts in the normal direction with
respect to the workpiece surface and has a major impact on the resulting quality and dimensional and geometric accuracy.
The mechanical load on the tool is higher as well. The force profile is similar to the first case. Cutting edge chipping may
occur, as illustrated in Fig. 9 b). [6]

Fig. 10. Tool path strategy [7]
Another option of those listed in Fig. 10 involves vertical feed direction, and starting the cutting process at the top.
The pick feed direction is horizontal. In this strategy, the material is being pushed in front the tool. As a result, the tool
may deflect toward the workpiece, predominantly due to the Fy component of the cutting force. The variation in the
cutting force might range from 30 to 300 %. This strategy is appropriate for surfaces with mild inclination, less than 25°
[3, 7].

Fig. 11. Tool wear upon vertical feed: a) downward, b) upward [2]
No major change will be registered when machining starts at the bottom and ends at the top of planar surfaces with
mild inclination angles.
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Near-planar surfaces with inclination angles under 15° are better produced using form-duplicating strategies,
according to [13], but the wear is more severe due to lower cutting speed. On surfaces with inclination angles around 45°
none of the strategies leads to markedly better results.
These conclusions are based on the literature sources cited, as well as on experiments carried out at University of West
Bohemia [6], [8].
3.1 Effect of strategy on dimensional accuracy
As mentioned above, an important aspect of the result of machining is the quality of the machined surface. However,
an equally important factor is its dimensional accuracy. Figure 12 a) shows an example of two machining strategies on a
shape surface: linear machining and form-duplicating machining.

Fig. 12. Schematic representation of tool paths for a) linear machining strategy, b) form-duplicating machining strategy
Strategy A is a linear machining strategy with an upward vertical pick feed direction. We will not explore the
suitability of this strategy for a particular shape surface. Instead, we will focus on the dimensional accuracy of the finished
surface shown in Fig. 13. We will find that it is not uniform. The largest deviations from the nominal values are produced
as the tool descends. While the tool is ascending, dimensional errors arise as well but their magnitude is smaller. The
main reason is the variation in the cutting force in various parts of the shape. In particular, this applies to the component
that is normal to the surface.

Fig. 13. Dimensional accuracy upon machining with strategy A [1]
By contrast, strategy B shown in Fig. 12 b) traces the shape of the workpiece in the horizontal direction and the pick
feed is perpendicular to the feed direction. The texture of the finished surface is completely different from that produced
by strategy A. As the tool descends, incomplete cutting occurs. The reason is, again, the normal component of the cutting
force. However, the amount of incomplete cut is less because the tool pushes the work in front. Conversely, as the tool
ascends, it overcuts because it is being pulled into the work. The results are illustrated in Fig. 14.
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Fig. 14. Dimensional accuracy upon machining with strategy B [1]
These data suggest that the finishing strategy has a major impact on the accuracy of the finished surface. The same
can be expected to hold for the quality of the finished surface, although this is not certain as no data on the surface quality
are available in this respect.
3.2 Summary
The above-named strategies represent the fundamental available approaches to calculating tool paths for general shape
surfaces. In many regions of such surfaces which are, in one way or another, approaching some limit, these strategies
begin to fail. In these regions, the pre-set parameters undergo changes – which either impairs the quality of the shape
surface or increases the machining time prohibitively.
Besides the machine, the tool, and the properties of the work, the shape itself also dictates the quality of the finished
surface. The reason is the changes in the cutting force or more precisely in some component of the cutting force. Such
changes affect the other parameters, such as cutting speed, chip volume, stock allowance for finishing, and others. In
order to be able to propose a finishing strategy which, at least in part, improves the state of the art, these aspects must be
investigated in greater depth. This will be the objective of the next part of the research
4.

Conclusion

This study explores modern effective finishing of sculptured surfaces, i.e. one part of the field, which concerns the
effect of the tool path strategy on the quality and geometric and dimensional accuracy of the finished surface. Despite
today’s advanced computing hardware and CAM software tools, finishing operations remain a challenge.
Algorithms that improve the effectiveness of tool paths in finishing are available. Unfortunately, their implementation
in automation and CAM systems is so complicated that even today none of the above-named algorithms is part of any
commercial manufacturing support software. Consequently, finishing paths have inadequate dimensions, e.g. too small
stepover, or combine multiple operations, which is very time-consuming and inefficient because of the overlap of paths.
All these drawbacks have mostly negative effects on geometric accuracy of the finished surface, and lead to nonuniform quality. Together with finishing time, the quality and geometric accuracy are the fundamental indicators of
effectiveness of any particular process. The reason is that these indicators show whether the condition of the surface is
adequate or whether reworking is necessary, which involves additional machining costs.
In order to be able to prove the effect of cutting parameters in a particular strategy, quality and dimensional accuracy
must be linked to a parameter which reflects virtually all changes that occur during machining. This parameter is the
cutting force. It varies with almost all changes in the fundamental parameters. Cutting force, specifically its components,
is a suitable parameter for evaluating finishing operations. One reason is that its amplitude gives a clear indication of
changes in the process, and the other is that its overall profile can be used for tracking the effects of the strategy, finding
correlations with the surface quality, and with the geometric accuracy of the finished surface.
Such conclusions can be drawn on the basis of the above-described facts. Further research will aim at finding
correlations of the quality and geometric and dimensional errors of the machined surface with variation in the cutting
force, and at improving the effectiveness of finishing sculptured surfaces, and thus developing the entire discipline of
machining.
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