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A leading trend inmodern industry is hybridmanufacturingmethods. The intention
is to integrate additive and subtractive methods into a single machine. In such a
process, it is difficult to evaluate the quality of the manufactured component
between successive processes. A solution thatwouldmake it possible to determine
the quality of a component produced by incremental technologies on the basis of
forces recorded in amachining process is not yet available. In the present study, an
attempt wasmade to reconstruct the surface of themachined workpiece solely on
the basis of recorded forces during the groove micromilling process. A workpiece
with a known surface geometry in the form of a sinuous wave was machined. The
geometry of the workpiece corresponded to a structure typical of the selective
laser sintering method for metallic powders. A process conducted with two
different axial cutting depths was considered. The reconstructed surface profiles
were evaluated by comparative analysis with the real machined surface.
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1 Introduction

Hybrid manufacturing is the combination of different manufacturing techniques.
Numerous papers have been published presenting hybrid technologies that combine
incremental and subtractive techniques. At the moment, such works dominate the
hybrid technology development space, which is particularly evident in publications of
Krimpenis and Noeas (2022), Greco et al. (2022) and Bambach et al. (2020). There are also
appearing works that focus on other types of hybrid technologies. Different subtractive
techniques are also being combined, including traditional cavity techniques and laser beam
processing technologies as described this Sahu et al. (2022) as well as Lorenz et al. (2015).

The most common hybrid technologies are those combining machining and selective
metallic powder sintering technology. The use of WAAM technology has been increasing in
recent years. On the one hand, it is characterized by significantly higher productivity than SLM
technology, but it does not provide such high dimensional and shape accuracy, as referred to by
Altıparmak et al. (2021). In addition, there are studies reporting the combination of laser
cladding technology with subtractive technologies. Such a solutionmakes it possible to improve
the properties of only the surface of the product, without the need to manufacture a full part
using the additive technology. Such manufacturing technologies have been described by
González-Barrio et al. (2022) as well as Kerschbaumer and Georg (2004).

The materials used in hybrid technologies are mainly determined by the possibilities of
additive manufacturing. It is necessary to use materials with properties that allow use, for
example, in SLM technology. The largest material groups used in hybrid technologies are
aluminum alloys and titanium alloys. This is dictated by the main use of these technologies in
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the aerospace industry. Hybrid technology combining SLM and
subtractive machining allows the manufacture of lightweight, hollow
components with high dimensional and shape accuracy. Many authors
refer to this type of manufacturing in the context of lightweight but
robust components of machine parts, for example, Buchanan and
Gardner (2019), Gao et al. (2023) or Olakanmi et al. (2015).

However, in any hybrid process, one quality control problem
arises. The first technology, whether incremental or subtractive, is
the less accurate technology. Only the second process is most often
used to achieve the required dimensional and form accuracy. The
extent of manufacturing inaccuracies and possible defects in the
fabrication of the semi-finished product will affect the second
process, which by definition is a high-precision operation. These
inaccuracies will therefore have a clear impact on the precision
machining process itself and, consequently, on the accuracy of the
finished product. This is why quality control of the semi-finished
product by the first process is so important. The importance of
quality control in hybrid manufacturing was also noted by the
authors of the publication Sebbe et al. (2022) and Luo and Yi (2018).

The impact of inaccuracies and manufacturing defects is clearly
visible in themicromilling process. Dimensional and shape inaccuracies
in the 3D printing process frommetallic powders reach values as heigh
as the axial depth of cut in themicromilling process.Moreover, the SLM
surface roughness themselves often reach the level of several hundred
micrometers. Such high variability in the depth of the micro-cutting
process leads to large differences in tool deflection. Furthermore, micro-
cutting tools are particularly susceptible to any variations in cutting
force due to their size and resulting low rigidity. In addition, defects
described by Galy et al. (2018) such as unmelted grains or porosity
further compromise the achievable accuracy in the micro-cutting
process. This is a clear example showing that the evaluation of
semi-product quality in hybrid micromachining is a necessary element.

With the development of hybrid technologies, the aim is to
enclose the entire process within a single machine. Such measures
dramatically shorten production processes allowing cost reductions.
As already outlined between the two technologies, quality control is
necessary in hybrid manufacturing. It is possible to add further
measuring modules so that quality control can take place within a
single machine. Removing a component between processes leads to a
loss of machining bases and is a time-consuming process, which has
been noted by Sommer et al. (2021). The aim should be to close the
whole process at one machine.

Modelling of the machining process is a research domain that has
been developed over the years. One branch of this research field is the
modelling of machined surfaces. Zeroudi and Fontaine (2012)
presented a model based on Z-map algorithms to model the surface
after milling with a ball-end tool. The modelling of micromachining is
most often implemented by adding a component responsible for the
influence of the ploughing phenomenon to the classical force model.
Rubeo and Schmitz (2016) presented a physical approach in their work,
where this influence was introduced as a function of the thickness of the
cut layer. Afazov et al. (2010), on the other hand, proposed amodel that
introduces the influence of ploughing based onmathematically adjusted
relationships. Currently, geometric models focusing on the
representation of the milled surface take into account elastic
recovery. A model of this type was presented by Lu et al. (2018).

Using a correctly constructed model, it is possible to analyze the
forces that lead to the reconstruction of the machined surface.

Krüger and Denkena (2013) presented a paper in which they not
only make a roughness prediction based on measured forces, but
also evaluate tool runout A full surface reconstruction including
process dynamics was presented by Denkena et al. (2012). The
reconstructed surface was machined with a 10 mm diameter tool.
However, surface profiles were reconstructed by Muñoz-Escalona
andMaropoulos (2015) for a wide set of feed values, depth of cut and
cutting edge geometry parameters. The research was conducted for a
32 mm diameter tool. The current work does not focus on the issue
of surface reconstruction in terms of micro-cutting.

This paper presents the results of a preliminary study to evaluate
the geometric structure of the surface based on the recorded forces in
the groove micromilling process. The machined surface was in the
form of a sinusoidal wave with a structure corresponding to the
sintering process of metallic powders (SLM). A workpiece made of
aluminum alloy 2017 was machined. The presented method can be
used to evaluate the quality of parts manufactured by incremental
methods during the micromachining process. In micromachining,
changes in depth can result from inaccuracies in the manufacture of
the component, dimension and shape errors, or technological
defects resulting from incremental technologies. Furthermore, the
method allows monitoring of the process itself by controlling the
axial depth of cut.

The presented work is remarkable for its use of a micro-cutting
model in the profile reconstruction method. A tool with a diameter
of 0.5 mm was used. At the same time, the method presented makes
it possible to use the classic cutting model by minimizing the
influence of the ploughing phenomenon. A surface is machined
that mimics the geometry characteristic of the additive
manufacturing process. The machined surface dynamics and
their amplitude are typical of the SLM method. The presented
model can be adapted in hybrid manufacturing processes.

2 Materials and methods

2.1 Profile reconstruction

In both micro and macro machining, the values of the recorded
cutting forces depend on the value of the machined layer area. The
machined layer area is dictated by three parameters. The first factor
is the cutting edge geometry. The feed per tooth is another
parameter that determines the machined layer area. Both cutting
edge geometry and feed per tooth are constant throughout the
machining process. The third geometric factor that has an impact on
the recorded forces is the axial depth of cut. The variation of the axial
depth of cut is dictated by the tool trajectory on the one hand, but the
geometry of the work surface on the other. The tool trajectory is
controlled by the machining program. The only geometrical factor
determining the values of the recorded cutting forces in milling,
which cannot be directly influenced, is therefore the geometry of the
workpiece surface.

Currently published geometrical models of the milling process are
used to predict cutting forces and the structure of themachined surface.
They are based on the field area of the cutting layer. Therefore, with a
validated model, a function can be created. This function assigns the
machining layer field a value for the recorded cutting force.
Unfortunately, this relationship cannot be constructed in such a
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simple way for micro machining. In micromachining, the minimum
thickness of the machined layer plays a key role. In areas where the
minimal layer thickness is not exceeded, no chips are formed (Figure 1).
The force values coming from such an area are disproportionately high.
It is therefore necessary to adopt a machining model that distinguishes
between these two areas (Equation 1). The area in which decohesion of
the workpiece material takes place is denoted As, while the area of
ploughing is denoted An. The area An is defined by the value of the
minimum thickness of the machined layer. The value of the An area is
determinedwhere condition ofminimal uncut chip thickness is notmet
(Equation 2).

F � ks · As + kn · An (1)
h< hmin (2)

In the literature, additional cutting speed-based relationships are
used to model the micromachining process. It is not necessary to
include the cutting speed in the formula in this case, because a
specific condition is considered with a fixed cutting speed, feed per
tooth and nominal axial depth of cut. For such fixed parameters, it is
easy to determine the values of the material constants and thus the
force values as a function of the machined layer area.

The angular position of the cutting edge at which the thickness of
the cutting layer is highest corresponds to the axis of the machined
groove. The thickness in this position is equal to the feed per tooth.
When tool tip radius equals zero, the cross-section of the machined
layer takes the shape of a rectangle with height ap and width fz. When
relation (Equation 3) is met, it should be assumed that the chip is
formed along the whole length of the cutting edge line (An ≈ 0), and
therefore the dominant field of plastic deformation is reduced to zero.
In this case, the problem can be simplified to the classical Formula 4.

f z > hmin (3)
F � ks · f z · ap (4)

It has already been established that, during stabilized machining
with a constant nominal depth of cut and constant machining
parameters, the value of the recorded force from a geometrical
point of view depends solely on the geometrical structure of the
machined surface. A distinction must therefore be made between the
value of the nominal depth of cut apn and the actual depth of cut apr

(Figure 2). The tool trajectory is based on the nominal value. The
value of the actual depth of cut, on the other hand, determines the
height of the cross-section of the machined layer at the considered
moment. Formula 4 can therefore be written in the form (5).
Transforming this Formula 5 yields the relation (6). This
function assigns the value of the recorded force to the value of
the actual depth of cut at a given moment.

F � ks · f z · apr (5)
apr �

F
ks · f z (6)

In order to use the formula given by Formula 6, it is first
necessary to determine the value of the cutting force at the
angular position of the tool, where the thickness of the cut layer
is highest. Given that the cutting forces assume the greatest values
for the largest value of the machining layer thickness, this problem
can be reduced to determining the signal envelope. The values of the
recorded forces are then determined from the signal envelope. The
signal envelope is based on the resultant force waveform. The
resultant force is determined from the forces recorded in the axes
during the machining process (Equation 7).

FIGURE 1
Recognition of the cross-section of the cutting layer for different tool types.

FIGURE 2
Nominal and real depth of cut.
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Fw �
������
F2
x + F2

y

√
(7)

The envelope of the signal is determined using the Hilbert
transform. The Hilbert transform consists of a π/2 phase shift of
the signal and, consequently, an exchange of the real part of the
signal with the imaginary part. First, the Fourier transform Y(ω) of
the force signal (Equation 8) is determined. A notation is adopted in
which the force signal in time is denoted as y (Equation 9). Next, the
vector h(i) (Equation 10) is constructed, where the length of the
vector y has been denoted as n. The elementary product of Y(ω) and
h(i) is then determined (Equation 11) and the inverse Fourier
transform is performed (Equation 12). The envelope E is finally
determined by calculating the signal modulus HS (Equation 13).

Y ω( ) � FFT y( ) (8)
y � F t( ) (9)

h i( ) �

1 , for i � 1

2 , for i ∈ 〈2, n
2
〉

1 , for i � n
2
+ 1

0 , for i> n
2
+ 1

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(10)

yH � FFT y( )+h i( ) (11)

HS t( ) � FFT−1 yH( ) (12)
E � HS t( )| | (13)

The values of the force at time t are determined from the
envelope thus constructed. Subsequently, the values of the
envelope of the resultant forces at the ends of sections of length
Δt are determined. Δt is the time segment in which one of the cutting
edges is in the position corresponding to the axis of the milled
groove (Equation 14). The number of cutting edges is denoted by z,
while the tool rotation period is denoted by T. The solution based on
the envelope of the recorded signal makes it possible to eliminate the
error resulting from the mismatch between the angular position of
the cutting edge and the corresponding moment t of the actual force
waveform. However, this method only allows the surface profile to
be determined in the direction of the feed in the groove axis.

Δt � T
z

(14)

By knowing the value of the resultant force at time t, the value of the
actual depth of cut can be determined using Formula 6. On the basis of
the determined depths apr(t), the profile of the machined surface in the
location of the axis of the milled groove can be constructed (Figure 3).
The determined depths are located in the tool feed axisXwith a distance
corresponding to the feed per tooth (Equation 15).

FIGURE 3
Method of reconstructing the profile (A) Recorded signal (B) Reconstructed profile.
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x t + Δt( ) − x t( ) � f z (15)

2.2 sinusoidal surface

In order to validate themethod described in the previous paragraph,
a surface with a known geometry must be produced. It was decided to
produce a surface with a sinusoidal wave geometry. Such a surface
mimics the surface typical of the selective sintering of metallic powders
process (SLM). The sinusoidal wavemimics the surface structure created
by the laser spot versing in the additive method. Such a surface is
characterized by variation in one direction, which corresponds to the
profile reconstruction method. The profile forming the surface was
expressed by Equation 16, where the wave amplitude was taken to be
Asin = 20 μm and the wave period Ts = 640 μm. The sinusoidal wave
was milled in a workpiece made of aluminum alloy Al 2017.

z � Asin · sin 2 · π · x
Ts

( ) (16)

The sinusoidal surface was produced using a 1 mm diameter ball
tool. The tool used was JMB542010G1B.0Z2-SIRA. The surface was
machined with parameters values listed in the Table 1. The assumed
value of Ts is the smallest value of the period of a sine wave with an
Asin amplitude that can be produced with a 1 mm diameter tool. The
sine wave was produced in a field of 6.08 mm × 3.00 mm, which
allowed to reach a 9.5 period of the sine wave.

The resulting surface was scanned using a Mitutoyo Quick
Vision interferometer with a resolution in XY plane of 0.2 μm
and in optical axis of 0.002 μm. An unpolluted area of 1.25 mm ×
0.35 mm dimensions was extracted from the larger scanned region.
The scan consisted of 14 stitched fields of 246 μm × 246 μm with an
overlap level of 20%. The surface scan was compared with a
reference sinusoidal surface. The maximum deviation of the
actual surface from the reference surface was 6.14 μm. The mean
square deviation of the surface thus produced took on a value of
1.59 μm (Figure 4). Taking into account the small deviation values,
in the following work the machined surface is treated as a
sinusoidal surface.

3 Experiment

For the controlled reconstruction of the surface profile, the groove
was machined with a nominal depth of cut apn = 100 μm. A Kyocera
2FESM005-010-04 micro milling cutter with radius R = 250 μm was
used. The tip of the tool was not rounded. The set of parameters for
the machining of the microgroove is shown in the Table 2. The forces
were measured using a Kistler MiniDyn Type 9256C connected in
system with a Kistler 5070 amplifier at a frequency of 204.8 kHz. The
proportionality factor of the force value to the axial depth of cut was
determined from the forces recorded when cutting a groove with a
constant depth of cut of ap = 100 μm. The determined value of the
material constant was ks = 0.0115N/μm 2.

TABLE 1 Set of machining parameters for sinusoidal surface machining.

Feed per tooth fz [μm] Nominal axial depth of cut apn [μm] Radial depth of cut ae [μm] Spindle speed [rpm]

5 100 100 30,000

FIGURE 4
Deviation of the machined sinusoidal surface from the reference surface.

TABLE 2 Set of machining parameters for microgroove machining.

Feed per tooth
fz [μm]

Nominal axial depth of cut
apn [μm]

Range of the real axial depth of cut aprmin -
aprmax [μm]

Spindle
speed [rpm]

5 100 80–120 30,000
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4 Result

The Figure 5 shows the recorded forces in the X-axis (feed axis),
Y-axis and the resultant force in the XY plane. The envelope of the
signal is plotted on the resultant force waveform, and the location of
the minimum and maximum force values is marked. The marked
locations correspond to the peak and valley of the milled waveform.
The maximum and minimum values of the determined envelope of
the recorded resultant force are summarized in the Table 3.

On the basis of the recorded signal of the resultant cutting force in
the XY plane, the profile of the machined surface was reconstructed as
described in paragraph 2. The values of the actual depth of cut
corresponding to the determined minimum and maximum force
values were collected in the Table 3. The value of the amplitude of
the reconstructed sinusoidal profile was determined from Formula 17.
The reconstructed profile is shown in Figure 6.

Asinrec � Fw max − Fw min
2 · f z · ks (17)

The determined values of aprmax and aprmin correspond to the
actual depth of cut resulting from the nominal depth of cut and the
amplitude of the sine wave (Equation 18, 19). The average value of

the actual depth of cut, determined from the resultant force, is equal
to the nominal depth of cut. The value of the amplitude of the
reconstructed profile is also similar to that of the reference surface.

FIGURE 5
Recorded components of cutting force in the X and Y axis and resultant cutting force.

TABLE 3 Characteristic values of the recorded forces with values of the real
depth of cut.

Registered forces

Fwmax [N] Fwmin [N] Fwmean
[N]

Fwmax -
Fwmin [N]

6.94 4.54 5.67 2.40

Reconstructed profile

aprmax [μm] aprmin [μm] aprmean
[μm]

Asinrec
[μm]

120.70 78.96 98.61 20.87

References surface profile

aprmax [μm] aprmin [μm] apn [μm] Asin [μm]

120.0 80.0 100.0 20.0
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In addition, the coefficient of determination R2 of the reconstructed
profile with that of the reference surface was determined
(Equation 20).

apr max � apn + Asin (18)
apr min � apn − Asin (19)

R2 � 0.90 (20)

5 Conclusion

Analysing the set of determined values of the actual depth of cut
at the characteristic points and the value of the coefficient of
determination R2, it should be concluded that the reconstructed
profile corresponds with the profile of the surface of the workpiece
preparation. This concordance concerns not only the shape of the
profile, but also the height parameters of the profile. The method
described can therefore be used to evaluate the quality of the
machined surface based solely on the forces recorded during
the process.

At the same time, it should be noted that the presented method
is based on a basic force model, so it is not possible to apply the
described method to machining with tools of other geometries. In
addition, the method can only be used in its current form for surface
reconstruction for microgroove machining. The presented method
is not yet suitable for determining the roughness parameters of a
reconstructed surface, as numerous factors are not taken into
account in this form, such as the dynamics of the cutting process
or static deflection.

This paper presents a method for reconstructing the profile
of a machined surface from recorded forces during micromilling
of grooves. The presented method shows huge potential in the
monitoring of the micromilling process. Systems based on the
presented method may have applications in quality control of
hybrid processes at the subtractive machining stage. The
presented method can be adapted to other hybrid
technologies including WAAM technology and macro-scale
machining. In the following work, the model results will be

complemented by a quantitative analysis of the method, as
this approach is particularly important for the practical
application of the presented concept. Future work should be
also carried out in the direction of surface reconstruction of the
workpiece material to detect material defects and dimensional
and shape inaccuracies.
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