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Abstract: This research deals with the optimization of the machining process using a
model based on criterial functional dependence hypothesis. The basis of this hypothesis
is the assertion that for each production process of a given product with many input
parameters, at given known requirements and conditions, it is possible to determine the
minimum/maximum local extremum, that is, to find the most suitable conditions under
which the criterion is achieved. To verify the optimization model, three different cutting
tools (cutting inserts) were compared within the criteria functions set for cutting force
Fc, process power P, and surface roughness characteristics Rz, all with two independent
variables—cutting speed vc and feed f. The technology of turning with longitudinal external
machining of the cylindrical surface was selected as the operation for the experiment.
Taking into account the importance of individual criteria for real practice and the minimum
extreme values achieved (a surface roughness Rz = 2.2 µm and cutting power p = 14,700 W
at vc = 145 m/min and f = 0.8 mm), the tool with a linear cutting edge (LCE) designed at
the authors’ workplace appeared as the most suitable tool for machining operation under
the given conditions when compared with commercially produced cutting tools TCMT
16T308-PR 4035 and CNMG 120408-WM 4025.

Keywords: turning process; optimization; criterial dependence; power; surface roughness;
linear cutting edge

1. Introduction
At the beginning of the 20th century, Niels Bohr observed and interpreted exponential

development in the field of science, and, with the necessary application time response, it
can also be identified in technology. His quote “The fact that nature does not allow the
simultaneous measurement of all properties of a system is a metaphor for the social inability
to simultaneously absorb all the consequences of progress” provides a philosophical basis
for understanding how scientific revolutions destabilize traditional understandings of
reality [1].

Another characteristic of modern society is the exponential growth of consumption in
developing regions and the associated exponential growth of production. Among the first
significant authors to describe how the speed of technological progress (“dromology”—
from an Ancient Greek noun “dromos” for race or racetrack) leads to “accidents” in social
space is Paul Virilio. Hypercomplexity is understood in his context as the product of a
collision between human perception and technical acceleration [2].

In 1997, John Elkington formalized the 3P (People-Planet-Profit, also known as the
Triple Bottom Line) concept, seeking to promote the evaluation of business success not

Machines 2025, 13, 478 https://doi.org/10.3390/machines13060478

https://doi.org/10.3390/machines13060478
https://doi.org/10.3390/machines13060478
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-5153-346X
https://orcid.org/0000-0001-9581-3423
https://doi.org/10.3390/machines13060478
https://www.mdpi.com/article/10.3390/machines13060478?type=check_update&version=1


Machines 2025, 13, 478 2 of 19

only based on Profit (Profit), but also on responsible behavior in the social (People) and
environmental (Planet) areas [3]. In 2018, in the article “25 Years Ago I Coined the ‘Triple
Bottom Line’. Here’s Why It’s Time to Rethink It” [4], he pointed out that his 1997 model
had become superficial “greenwashing” in many companies, serving to create a beautiful
packaging for an inferior product.

Today, Elkington speaks of the “Triple Helix” (People, Planet, Prosperity) as a new
vision for the 21st century. In this understanding, a shift can be seen from the “planar
circular 3P” to the “3P spatial orientation” with non-linear relationships between the
elements of the system. A look at the history of the development of the ingenious concept
of the 3P by Elkington himself very realistically points to a parallel with the development
of concepts aimed at creating mutual harmony of all elements of our civilization.

Some modern authors, in accordance with the philosophical framework of Elking-
ton, refer to modern society as a “hypercomplex anthropotechnical environment”, as a
description of the state of indeterminate complexity of exponential processes exceeding the
possibilities of natural human linear thinking and traditional models [5]. The technocratic
practices of modern society, based on engineering and rational planning, create a short-term
illusion of control that ignores local complexity and leads to systemic failures [6].

One of the best visualizations of the increasing complexity of production systems in a
hyper-complex anthropotechnical environment is represented by Figure 1.

 
Figure 1. The increasing complexity of the production system in the history of the industrial era
of humanity.

The production system (Figure 1) from the beginning of the industrial era is repre-
sented by the tetrahedron of the elements Cost/Quality/Flexibility/Time, which was the
main scheme until about the 1980s. Costs in the original tetrahedron gradually transformed
into the more practical Profit, and over time-mainly through the actions of society-other ele-
ments were added to the system. The octahedron Profit/Quality/Flexibility/Time/People/
Planet in Figure 1 is only illustrative, because currently there are other elements belonging
to this system: e.g., Technology/Business Philosophy and Strategy, etc.

2. State of the Art
Several studies have investigated the effects of cutting parameters—such as cutting

speed, feed rate, and depth of cut—on machining power indicators like surface roughness,
cutting force, and power consumption.

Study of Patole et al. [7] examined how feed rate, cutting speed, and depth of cut in-
fluence surface roughness and cutting force during the turning of AlSi5Cu3 alloy. Findings
indicated that feed rate significantly affects surface roughness, followed by cutting speed,
while depth of cut has minimal impact. Similar results were obtained by Kumar [8] during
dry turning of aluminum with various cutting tools, including PCD and coated inserts.
This was also investigated by Rezvan [9], who revealed during the turning of Al7032-SiC
composites that surface roughness is most significantly affected by depth of cut.
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The research of Asavarutpokin et al. [10] aimed to optimize cutting conditions to bal-
ance power consumption and surface quality when turning S50C steel. The achievements
highlighted the trade-off between minimizing power consumption and desired surface
quality. A similar investigation on how surface temperature, cutting speed, feed rate, and
depth of cut influence cutting forces, surface finish, and tool wear during hot machining
was performed by Thandra [11], Bhattacharya [12], and El-Kady [13]. The findings revealed
that cutting speed significantly influences both surface roughness and power consumption,
while feed rate and depth of cut have less impact.

Duman & Özel [14] employed artificial neural networks and SHAP analysis to model
the effects of cutting parameters on surface roughness and cutting forces during the turning
of 90MnCrV7 steel. Multi-criteria decision-making methods were used to optimize these
parameters, identifying optimal levels for insert radius, cutting speed, feed, and depth
of cut to minimize surface roughness and cutting forces. Similarly, Varga & Szakálos [15]
examined the effects of cutting speed and feed rate on various surface roughness parameters
and cutting force during dry turning of AISI304L stainless steel using coated carbide tools.

The aim of the work by Jeulin et al. [16] was to create a model which expresses the
relationship with the chip cross-section defined by the coefficient Kc integrating specific
moment behavior. This model provides energy perspectives for specific configurations
for which torques in the energy balance could be important, such as small-radius tools
or high-speed milling. On another hand, Yuqin, in his study [17], concluded that with
changes in roughness, the optimal design value of the maximum residual compressive
stress depth changes from about 0.5 times the Hertzian contact half-width depth in the
subsurface layer to about 15 µm in the near-surface layer. Jaurker [18] and Xun [19] and
their teams investigated optimization techniques in machining processes to improve output
quality. They discussed methods for modelling parameters and their relationships and
calculating optimal machining conditions. Xun moreover proposed a generic optimization
framework based on an end-to-end evolutionary algorithm that can be adapted to various
machining optimization problems to guide operators in selecting the best parameters in an
automated manner.

Cutting analyses performed by Chang [20] discovered a relationship between chip
bending, shear yielding and fracture toughness, while the sharp tools with an angle θ were
used to cut surface layers of varying thickness h, and the cutting force Fc, and transverse
force Ft were measured during orthogonal cutting. The turning power using CBN inserts
under different cooling and lubrication conditions was also investigated by Ngoc [21]
through the evaluation of cutting force, tool wear, tool life, and surface roughness. It was
found that the normal force component takes on large values and is closely related to
flank wear, so it can be used as a criterion for evaluating tool life, while the cutting force
coefficient can also be used to evaluate machining power. Numerical approach to the
cutting forces investigation and machining model optimization can be also an efficient tool
for the cutting tool and machined workpiece behavior; however, it is not easy to take into
account all real boundary conditions [22,23].

Based on the above, it can be stated that the topic of the relationship between power
(energy), machining process parameters and the achieved surface roughness has been of
long-term interest to scientists, while it could be mistakenly concluded that development
in this area has stopped. However, since machining is still one of the most widely used
and accessible technologies, this topic is still relevant and gaining intensity, especially
in connection with automation, digitalization, or other new elements that are currently
emerging within Industry 4.0/5.0.

Therefore, the primary objective of the presented study is to create a simple model
for increasing the efficiency of the production process, based on which it is possible to
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determine the best value of the criterial function within the given conditions of a specific
company. Such a criterion function can be e.g., minimum process* power during the
production process, shortest production time, minimal cutting force, or minimal surface
roughness. The secondary objective is to verify this proposed optimization model when
comparing the achieved results for three types of machining tools, two of which are
commercially available and one of which the authors developed in their workplace.

The optimization of the machining process using a model based on criterial functional
dependence, together with the achieved results, represents a contribution not only to the
theory of machining, but also to aspects related to the evaluation of the production process
from the point of view of the product life cycle, product quality and tool life assessment,
since the power of the cutting process (while achieving the same product quality) is a
very important criterion for evaluating process efficiency and affects the competitiveness
of companies. Lower energy consumption or minimal process power can lead to lower
costs, reduced environmental impact of harmful emissions, and better sustainability of
production. A proposed model based on simple mathematical optimization while finding
the process power and surface roughness extrema can be considered as a novelty.

∗Process power is related in this research to the amount of energy consumed to perform
the cutting operation with a given tool.

3. Materials and Methods
3.1. Methodology

Long-term research in the field of complex efficiency of production processes and
systems has led to the creation of models for the efficient use of natural resources—mainly
materials and energy. The authors’ models are based mainly on the ISO 14040 [24] and ISO
14044 [25] standards focused on complex Life Cycle Assessment. These standards are a
very suitable tool for systematic assessment and improvement of the environmental profile
of processes and products.

In terms of systematization of the assessment of the cutting process, in this paper, the
authors focus on a partial element of complex modelling—the physical determination of
the minimum required power to perform the operation [26].

Minimization of the power required to perform the operation led to the creation of the
authors’ hypothesis called “Minimum process power”.

The basis of this hypothesis is the assertion that for each production process of a
defined product, given known requirements and conditions, it is possible to determine the
minimum physical local extremum from the point of view of necessity.

The term “known requirements and conditions” means the following:

• Qualitative characteristics—conditions determined by the production drawing (type
of material, required tolerances and surface roughness), qualitative characteristics of
technologies, personnel qualifications, . . .;

• Quantitative characteristics—required production quantities and productivity, avail-
able capacities (personnel, available technologies).

The selection of the most suitable technology then depends not only on the above-
mentioned requirements and conditions but on all elements of a complex modern produc-
tion system, as mentioned in the previous chapter.

When simplifying the model for optimizing the production process, the authors used
decomposition of the product production process into individual technological workplaces
where production takes place in individual production operations. In order for the op-
timization to take place, it is assumed that several alternative production processes are
designed. If optimization is performed for each production process in order to minimize
the required power for each technological workplace, then the sum of the required power
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for all technological workplaces of a specific production process serves as a comparison
with other variants [27]. It is also necessary to simultaneously optimize material con-
sumption in connection with energy consumption. An example of the complexity of this
basic and initial optimization in the entire production system [28] is the comparison of
energy intensity (J/kg) and volume productivity (kg/h) of selected technologies in Figure 2
that is expressed in the form of “Hockey stick trend.” For easy sharing of optimization
results, it is very convenient to determine in advance the quantity in which the optimization
will be performed—for example, price, power, power input, amount of energy, carbon
footprint, etc.

Figure 2. The dependency of energy intensity (J/kg) on process rate (kg/h) for selected production
technologies expressed in the form of “Hockey stick trend”.

The choice of technologies used according to Figure 2 cannot be oriented only to energy
consumption and efficiency of material volume removal, because the product has clearly
defined quality requirements and conditions—e.g., characteristics defined by prescribed
tolerances and surface roughness. On the other hand, it is not appropriate to directly choose
a technology ensuring the fulfilment of quality characteristics [29]. This step involves the
optimization of a suitable combination of technological methods, which will ensure the
minimization of material and energy consumption for the required productivity [30].

For production process design, it is very important to choose suitable combinations of
technologies for known requirements and conditions—e.g., for piece production of small
parts, it is not economically permissible to design special tools and fixtures, in serial pro-
duction the suitability of their use is determined by optimization calculations, and in mass
production, special tools and fixtures are crucial for achieving the required productivity
at the required quality and price. In general, in piece and small-batch production, the
material consumption per product is significantly higher than in mass production, where
the initial investment in procedures that save the amount of material used is returned in
the form of savings in this particular item. An example of this optimization is shown in
graphic form in Figure 3. In this figure, the breakpoints are the intersections of the Psei

curves that determine the extent to which the individual proposed production processes
are economically more efficient in terms of the required productivity.

Figure 4 graphically interprets the assumed historical development of energy effi-
ciency of the selected manufacturing process-turning-Process Power Efficiency PPE—i.e.,
comparison of theoretically required power and actually invested power for removal of a
specified volume of material. It is an essential measurable factor of the authors’ “Minimum
Process Power” hypothesis. This factor indicates the degree of energy utilization for a
technological operation.



Machines 2025, 13, 478 6 of 19

Figure 3. Development of the price of material and the relative price of more suggestions of special
manufacturing equipment (tool, fixture, etc.) according to the required productivity.

Figure 4. Assumed historical development of the degree of energy use for the process implementation
through the process efficiency factor PPE.

The calculation of process efficiency is:

PPE =
PT
PR

, (1)

where

PPE—Process Power Efficiency—expresses the efficiency of the process (a dimensionless
number from 0 to a value approaching 1);
PT—Theoretically required power to perform the process;
PR—Real power needed to perform the process.

Determining PT—the theoretically required power to perform a process—is a complex
problem that depends on many factors. There is no universal physical approach that can be
used for all types of manufacturing processes and materials. In general, the power required
to perform a process change is proportional to the force required to create, move, or break
the bonds between the material particles to perform the change through the manufacturing
process. To decide on the method of determining the theoretically required power—i.e., the
minimum power required to perform a manufacturing process—it is necessary to consider
at least the following influences:

1. Process characteristics—because each production process in manufacturing engi-
neering has its own specific characteristics of the action on the material, this is the primary
consideration for choosing the physical principle for determining the theoretically required
energy. To determine the physical principle for determining the minimum energy, the au-
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thors use the definitions of the DIN 8580 standard [31], which identifies only four possible
types of manufacturing engineering processes in terms of influencing the cohesion of the
particles of the processed material:

• Creation—primary shaping, in which a compact object is created from atomized
particles, e.g., powder metallurgy processes;

• Preservation—the cohesion of the particles is neither broken nor increased, e.g., forming;
• Reduction—certain volumes of material are separated from the body that will form

the final product, e.g., machining;
• Increase—between the partial volumes of the future product there is a joining—e.g.,

welding.

2. Technological properties of the material—it is evaluated in what proportion for a
specific material processed by a specific technology there are [32]:

• The proportion of elastic deformation, which causes certain dimensional and
shape changes in the volume of the material to be negated after the end of the
production process;

• The proportion of plastic deformation, which causes permanent changes in the volume
of the processed material.

• The proportion of brittle failures causing separation between specified volumes of the
processed material.

3. Chemical composition and physical properties of the material [33]:

• Chemical composition: One of the most significant factors of the material properties—
some chemical elements can significantly change—in a positive or negative sense—the
physical and technological properties of the material even in trace amounts.

• Physical properties:

# State of the material matrix: Theoretically the same material from a chemical
point of view has completely different properties if it is in the form of a single
crystal or a polycrystalline structure. A polycrystalline structure has different
properties if it is fine-grained or coarse-grained.

# Tensile strength: The resistance of the material to rupture.
# Yield strength: The stress at which the material begins to deform permanently.
# Modulus of elasticity: A measure of the stiffness of the material.
# Density: The mass of the material per unit volume.

4. Geometry of the processed material:

• The ratio of the maximum dimensions in space;
• The ratio of the number of atoms on the surface of the object to the number in the

volume of the material.

Depending on the combination of the above-mentioned influences, it is necessary to
define appropriate calculation methods.

For the purpose of the research presented in this article, the authors used to determine
the theoretically necessary power for the process (PT). Cutting force determined from the
chip cross-section A and the specific cutting coefficient kc, which expresses the resistance
of the machined material to cutting and is therefore representative of the technological
properties [34]:

Fc = kc A = kc f ap = kcbh, (2)

where:
Fc—cutting force;
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kc—specific cutting resistance—a material characteristic that needs to be determined
experimentally within the range of used technological parameters with the exclusion of all
other influences (resistances, changes in geometry, etc.);

A—chip area in the direction perpendicular to the action of the force Fc;
f —feed;
ap—depth of cut;
b—chip width;
h—chip thickness.
The above calculation of cutting force Fc based on a specific cutting resistance kc

has a certain degree of inaccuracy because the value of kc depends on several factors of
the cutting process—e.g., geometry of the cutting tool, cooling method, but especially on
the thickness of the removed chip—as the chip thickness decreases, the specific cutting
resistance increases.

The theoretical cutting power PT is given by the relation [35]:

PT = Fcvc (3)

where vc is the cutting speed.
If the dependencies of the experimentally measured data for the given conditions are

known, these mathematical formulations can be further used to optimize the parameters
entering the production process. When specifying the extrema of the function in a given
range of variables, it is necessary to identify the critical points and determine whether
these points correspond to local maxima or minima. Given the objectives of the presented
research, the following steps of the methodology are aimed at finding the minimum of a
function with two variables [36,37].

Let z = f(x,y) be a function of two variables, which is differentiable on an open set
containing the point (x0,y0). The point (x0,y0) is called a critical point of a function f of two
variables if one of the two following conditions holds:

1. fx(x0,y0) = fy(x0,y0) = 0;
2. either fx(x0,y0) or fy(x0,y0) does not exist.

The critical points of f (x,y) are the points where for the first-order partial derivatives
with respect to both x and y hold

fx(x, y) =
∂ f
∂x

= 0 (4)

fy(x, y) =
∂ f
∂y

= 0 (5)

The solutions (x0,y0) to this system are the candidate critical points. Once the critical
points have been found, discriminant D(x,y) at each critical point (x0,y0) is given as:

D = fxx(x0, y0) fyy(x0, y0)−
(

fxy(x0, y0)
)2 (6)

where

fxx(x, y) =
∂2 f
∂x2 (7)

fyy(x, y) =
∂2 f

∂xy2 (8)

fxy(x, y) =
∂2 f

∂x∂y
(9)
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The critical points (x0,y0) that correspond to local minima are identified when the
second derivative test yields D > 0 and fxx(x0,y0) > 0.

The critical points (x0,y0) that correspond to local maxima are identified when the
second derivative test yields D > 0 and fxx(x0,y0) < 0.

Similarly, it holds with when more variables are considered.
To summarize the steps of the proposed method, a simple flowchart was prepared, as

shown in Figure 5.

Figure 5. A flowchart for data processing.

In real machining operations, it is possible to determine the real power consumed to
perform the PR process by setting the desired cutting speed vc and measuring the cutting
force, or by directly measuring the tool power.

Although it seems that when applying different tools, the differences in power cannot
be significant, studies by several manufacturers [38–41] show that, for example, by changing
some parameters of the cutting tool (adaptive cutting edge geometry, variable helix pitch,
uneven cutting edge separation, etc.), it is possible to achieve the same amount of material
removed with almost half the tool power. So, small changes in some features of the system
can generate great differences in results.

The disadvantage of these solutions is usually the higher price of the tool, uneven
wear of the cutting edges, more complicated restoration of cutting-edge quality, etc. [42]
Typically, power savings in the cutting process are achieved by requiring increased power
in tool manufacturing and maintenance.

The goal of the research is therefore to determine in a certain control area the com-
bination of cutting factors that will ensure the maximum control efficiency, given by the
objective function of these factors, in the presence or absence of additional parameter
constraints dependent on these factors set by the control objective.
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3.2. Experimental Conditions and Materials

In real practice, it is important to correctly decide which tool (cutting insert) is most
suitable for machining the selected material under given conditions and with specified
requirements. Criteria for evaluating efficiency with the given range of input parameters
(e.g., cutting speed, cutting depth and feed) can be, for example, the shortest time, the
smallest roughness, the smallest cutting forces, the lowest power, the smallest value of
energy consumed, or others. Different tools mean different results; and in large-scale or
mass production, they affect not only the economy but also the qualitative side of machining
(and other associated evaluation indicators such as tool life, etc.).

To verify the optimization model, the authors decided to compare three different
cutting tools (cutting inserts) within the criteria functions set for cutting force Fc, machining
power P and surface roughness characteristics Rz, all with two independent variables—
cutting speed vc and feed f.

Note: The influence of the depth of cut ap on the variables has not been investigated
because based on the experience of the authors, its influence on the values of the charac-
teristics is the smallest of the technological factors and this insignificant limitation will
significantly simplify the conditions of the pilot experiment.

The technology of turning with longitudinal external machining of the cylindrical
surface was selected as the operation for the experiments according to a scheme shown
in Figure 6. This technology was chosen because of the simple kinematic scheme of the
process, which is easy to control, the possibility of a quasi-static process, the simplicity of
setting the experiment factors, the simplicity of measuring the measured parameters, and
the simplicity of designing and manufacturing the necessary tool.

Figure 6. The machining setup scheme.

The maximum height of surface roughness Rz was selected for evaluation because it
has the following advantages over Ra [43,44]:

(i) Rz is much more sensitive to extreme fluctuations in the surface profile—it provides
better information about the extreme values of the measured surface, which have
a significant impact on the functionality of the surface. In the case of scratches or
grooves in the surface profile, this characteristic of surface roughness identifies them,
which is important for surfaces participating in sealing systems;

(ii) Rz correlates better with the functional properties of surfaces—the measured val-
ues are in direct relation with the surface properties affecting tightness, wear and
friction properties;
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(iii) Rz is more suitable for quality control, because it is more sensitive in detecting surface
defects that negatively affect its functionality.

Surface roughness measurements were performed parallel with the workpiece axis with
the measurements repeated three times.

The experimental and technological conditions were determined based on the prop-
erties of the investigated material and the selected tools, and an experimental plan was
developed on their basis:

(A) Machined material: 12 050.1 (C45 according to DIN EN, which corresponds to
1045 AISI/SAE steel), ϕ 170 mm—it is an unalloyed structural carbon steel produced
to a range of 0.43 ÷ 0.50% Carbon and 0.60 ÷ 0.90% Manganese. It is a high strength
steel intended for tempering, popular because of the good balance between machin-
ability and mechanical properties, used primarily in gears, shafts, axles, studs, and
other machine parts.

(B) Cutting tools (Figure 7)—three tools designed for different types of machining
were selected for comparison in order to determine the characteristics for their
special orientation:

I. Tool with a linear cutting edge—self-designed at the Technical University of
Košice (Figure 7a).

Cutting geometry—angles in the tool coordinate system:
The angle of tool orthogonal rake γo1 = 0◦

The angle of tool orthogonal rake γo2 = 40◦

Cutting edge inclination angle λs1 = 40◦

Cutting edge inclination angle λs2 = 0◦

The angle of tool orthogonal clearance αo1 = 20◦

The angle of tool orthogonal clearance αo2 = 10◦

Negative chamfer 0.2 mm
Corner radius rε = 0.5 mm

A tool with a linear cutting edge performs machining based on a free cut, with
the chip being cut off only by the major cutting edge. This tool is suitable
for machining at high feeds, since at low feeds there is a risk of vibrations
caused by the small thickness of the chip, and even at high feeds it shows
effective values of surface roughness characteristics after machining. Other
advantages of a tool designed in this way include that any vibrations of the
technological set can be eliminated by the position of the cutting-edge incli-
nation or that the worn part of the cutting edge can be easily regenerated by
parallel displacement in the direction of the cutting edge or by changing the
position of the tool. The tool material is P30 according to ISO (C6 according to
ANSI) with a TiN coating, and the tool is primarily intended for high- power
finishing of external cylindrical surfaces.
Recommended feed range 0.25–1.0 mm, cutting depth range 0.5–5 mm.

II. Commercial tool for fine-turning with wiper technology for low values of
surface roughness characteristics at high feed rates-CNMG 120408-WM 4025
(Figure 7b)—cutting material GC4025 with CVD coating is intended for ma-
chining steels (P10 to P30 according to ISO) with a combination of high wear
resistance and good edge stability.
Recommended feed range 0.15–0.7 mm, cutting depth range 0.5–5 mm.

III. Commercial tool TCMT 16T308-PR 4035 (Figure 7c)—recommended for use in
common turning operations and cutting material GC4035 is a universal quality
material (P20–P40 according to ISO) with CVD coating. It is intended for
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medium cutting speeds and feeds usable under adverse working conditions.
Recommended feed range 0.12–0.35 mm, cutting depth range 0.2–2 mm.

   
(a) LCE—Linear Cutting Edge (b) CNMG 120408-WM 4025 (c) TCMT 16T308-PR 4035 

Figure 7. The cutting tools used for experiments.

Measuring of tool geometry was performed employing the profile projector—optical
comparator Mitutoyo (Mitutoyo UK Ltd, Andover, Hampshire), with templates used: for
radii: Mitutoyo RA1.34, no. 301394; for angles: Mitutoyo G01.34, no. 301395. Below,
in Figure 8a, is shown a picture of the tip with linear cutting edge LCE, in Figure 8b is
presented a shape of the cutting tip of Wiper CNMG 120408-WF 1525 tool during measuring
the geometry on a projection profilometer Mitutoyo (Figure 8c), while the geometry of the
individual cutting tips is presented in Figure 9.

   
(a) LCE cutting tip (b) CNMG 120408-WM 4025 tip (c) Mitutoyo projection profilometer 

Figure 8. (a) Cutting tip of LCE tool; (b) tip shape of the Wiper CNMG 120408-WF 1525 tool; (c) tool
geometry measuring by a projection profilometer.

  

Figure 9. The geometry of the individual cutting tips.

(C) Machine: Lathe SUI 40;
(D) Devices and instruments for measuring monitored and detected quantities;

• Mitutoyo Surftest 301 (Mitutoyo UK Ltd, Andover, Hampshire)—instrument for
measuring the roughness characteristics of the machined surface;

• KISTLER dynamometer (Kistler GmbH, Wien, Austria)—instrument for measur-
ing cutting force components—KISTLER 9411 sensor unit/KISTLER 5006 signal
amplifier/KISTLER 5501 analogue indicators;
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• Lutron DT 2235A (Lutron EA Ltd., London, UK)—digital contact tachometer for
measuring cutting speed.

(E) Machining conditions:

Cooling NO
Depth of cut ap = 1 mm
Adjustment related to the workpiece axis

Tool with LCE h = 1 mm above the axis
CNMG 120408-WM h = 0 mm—in the axis
TCMT 16T308-PR h = 0 mm—in the axis

Feed per revolution—used values f = 0.203/0.281/0.405/0.563/0.810 mm
Cutting speed—used values vc = 70/84/100/120/145 m/min

4. Results and Discussion
Based on the experimental plan, three measurements at the same setup characteristics

were made, while surface roughness Rz and cutting force Fc as criterial dependencies on
two independent variables—cutting speed vc and feed f —were selected. Three different
tools were tested using external longitudinal turning technology.

The results obtained by experimental measurement were supplemented by the de-
pendence of the required power P on both independent variables based on Equation (3),
where for each measurement point determined independently by the variables (vc and f ),
the cutting power P = Fc vc was calculated, which, unlike theoretical power, also includes
all resistances entering the technological operation (e.g., friction).

The measured values were statistically processed, and the Grubbs’ test was used to
identify individual outliers, while no outliers were detected. The mean value was used to
compare the influence of cutting conditions (feed, speed, depth of cut). The obtained data
were subsequently processed in MATLAB software, version R2024a, using the methodology
for evaluating the extreme (minimum) described in Section 3.1. and multivariate regression,
while the following criterion functions and coefficients for individual tools were obtained
(with R2 identifying strong dependencies):

Tool TCMT 16T308-PR 4035

Fc = 532.12–3.76vc–444.84 f –0.02v2
c + 1356.25 f 2–2.75vc f ; R2 = 0.989; R2–adjusted = 0.984 (10)

Rz = −16.09 + 0.06vc + 129.35 f –0.43vc f ; R2 = 0.906; R2–adjusted = 0.858 (11)

P = 31978.40 + 24.64vc–115260.36 f –0.07v2
c + 140914.06 f 2 + 357.39vc f ;R2 = 0.992; R2–adjusted = 0.988 (12)

Tool CNMG 120408-WM 4025

Fc = 10.35 + 2.47vc + 163.64 f − 0.01v2
c + 623.44 f 2–1.67vc f ; R2 = 0.981; R2–adjusted = 0.971 (13)

Rz = 40.12–0.34vc–30.24 f + 10.94 f 2 + 0.09vc f ; R2 = 0.995; R2–adjusted = 0.992 (14)

P = −5712.22 + 296.03vc–39459.71 f –0.42v2
c + 57507.81 f 2 + 427.07vc f ;R2 = 0.992; R2–adjusted = 0.987 (15)

Tool LCE (Linear Cutting Edge)

Fc = 39.57 + 0.74vc–447.87 f + 340.63 f 2 + 1.00vc f ; R2 = 0.996; R2–adjusted = 0.995 (16)

Rz = 49.13–0.51vc–35.69 f + 10.94 f 2 + 0.15vc f ; R2 = 0.967; R2–adjusted = 0.950 (17)

P = 10600.80–89.40vc–43869 f –0.75v2
c + 32750 f 2 + 1006.70vc f ; R2 = 0.998;R2–adjusted = 0.997 (18)
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The processed results are plotted in Figure 10, while all evaluated extrema of the desired
criterion functions within studied range of variables are listed in Table 1.

Cutting Force Fc 

   
(a) TCMT 16T308-PR 4035 (b) CNMG 120408-WM 4025 (c) LCE-Linear Cutting Edge 

Power (Performance) P  

   
(d) TCMT 16T308-PR 4035 (e) CNMG 120408-WM 4025 (f) LCE-Linear Cutting Edge 

Surface Roughness Characteristic Rz 

   
(g) TCMT 16T308-PR 4035 (h) CNMG 120408-WM 4025 (i) LCE-Linear Cutting Edge 

Figure 10. Graphical interpretation of the experimental verification results.

The first comparison of the achieved results is in terms of the complete cutting forces.
All three tools show a tendency for a small effect of cutting speed on the cutting force Fc

and a significant effect of the increase in cutting speed Fc with increasing feed. TCMT
tool—compared to the insensitivity of the remaining two tools to changes in cutting force
Fc by changing the cutting speed vc, for this tool the cutting force Fc slightly decreases
by increasing the cutting speed vc. The minimal cutting force is for the combination of
experimental factors vc = 145 m.min−1 and f = 0.2 in the value of Fc = 196 N. The CNMG
tool achieves the lowest value of the cutting force Fc at a feed of f = 0.2 mm in the entire
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range of used cutting speeds in the approximate value of Fc = 211 N. The LCE tool achieves
the lowest value of the cutting force Fc at a feed of f = 0.2 mm in the entire range of used
cutting speeds in the approximate value of Fc = 210 N. Based on Fc, it can be stated that
the minimum value was found when machining with the TCMT tool, but the difference
between the minimum cutting force values Fc achieved with all three tools is small, with
the values for the CNMG and LCE tools being almost the same.

Table 1. All evaluated extrema of the desired criterion functions within studied range of variables are
listed in Table 1.

Findings Cutting Tool
TCMT CNMG LCE

Input variables Cutting speed vc (m/min) 145 70 70
Feed per revolution f (mm) 0.2 0.2 0.2

Minimum of the criterial
function Cutting force Fc (N) 196 211 210

Input variables Cutting speed vc (m/min) 145 145 145
Feed per revolution f (mm) 0.2 0.8 0.8

Minimum of the criterial
function Surface roughness Rz (µm) 5.23 3.15 2.2

Input variable Cutting speed vc (m/min) 70 70 70
Feed per revolution f (mm) 0.2 0.2 0.2

Minimum of the criterial
function Power P (W) 19,040 14,770 14,700

The second comparison of the achieved results is in terms of the cutting power that
has in practice greater significance. For all three tools, a tendency of increasing cutting
power with increasing values of both independent variables is shown. All tools reached
the minimum of cutting power P at the combination of input factors vc = 70 m.min−1 and
f = 0.2. Specifically, the TCMT tool has reached a minimum cutting power p = 19,040 W, the
CNMG tool has reached p = 14,770 W and the LCE tool p = 14,700 W. The values p of both
CNMG and LCE tools are again almost the same (similarly as it holds for Fc).

The third comparison of the achieved results is from the maximum height of the
surface roughness Rz point of view. The TCMT tool shows a significant tendency for the Rz
value to increase with increasing feed. The lowest Rz = 5.2 µm has been identified at the
highest cutting speed vc = 145 m.min−1 and lowest feed f = 0.2 mm. The CNMG tool shows
the smallest values of Rz ∼= 3.15 µm at the combination of the highest values of cutting
speed vc and feed f (vc = 145 m.min−1 and 0.8 mm). When machining with the LCE tool,
the lowest value of Rz = 2.2 µm has been achieved in combination of the highest values of
both variables (vc = 145 m.min−1 and f = 0.8 mm).

An important fact is that for the dependence of the surface roughness Rz on the
independent variables for the TCMT 16T308-PR 4035 tool, it was not possible (Figure 10g)
to perform measurements for feeds greater than 0.405 mm, since the roughness values were
outside the maximum measurement range of the roughness meter used. However, this fact
is logical, since this tool is designed to work in the feed-range from 0.12 to 0.35 mm. For
example, the tool with the wiping geometry CNMG 120408-WM 4025 has, according to the
manufacturer, a recommended working feed range from 0.15 to 0.7 mm, which is twice
as wide.

Taking into account the importance of individual criteria for real practice and the
minimum extreme values achieved, it can be concluded that among the tools studied, the
tool with a linear cutting edge (LCE) is the most suitable tool for longitudinal external
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machining under the given conditions, because it achieved the lowest extreme values for
two evaluated criterial functions—cutting power P and surface roughness Rz (while at the
same time the cutting force was also close to the minimum value).

The tool wear measurement was performed using a Carl-Zeiss measuring microscope
(accuracy 0.01 mm) so that for each cutting speed there were 3 specific cutting wear
curves using at least 5 measurements. The cutting wear criterion was set (e.g., for LCE
it was VB = 0.4 mm—this value was chosen considering that the tool was intended for
finishing and higher tool wear values could adversely affect the dimensional accuracy of
the workpiece). The results were tested for outliers using the Grubs test. No outliers were
identified; therefore, the measured data were subsequently statistically processed.

An example of captured wear/damage on the Wiper CNMG 120408-WF 1525 cutting
tool is shown in Figure 11.

Figure 11. An example of captured wear/damage on the Wiper CNMG 120408-WF 1525 cutting tool.

During machining, the formation of long helical chips (5.1 Long Conical Helical
Chips) for a tool with a linear cutting edge and the formation of short conical helical
chips (4.2 Short Washer-Type Helical Chips) for classic cutting tools (TCMT16T308-PR
4035 and CNMG120408-WM 4025) was recorded—according to DIN 3685 [45]—in all used
combinations of independent variables.

5. Conclusions
In real terms, it is not always necessary for the product surface to be characterized

by low roughness values. Achieving lower roughness values may cause higher energy
consumption, but at higher cutting speeds and feeds, the operation will be performed
earlier. The range determining the Process Power Efficiency (PPE) values is given by
the combinations of cutting speed vc and feed f, in which the Rz values range from the
maximum limits given by the drawing to the values (RzMAX-10%).

Based on our measurements and evaluation method, the values of these input factors
(vc, f, . . .) can also be selected using an inverse approach, i.e., backwards based on the
output requirements (criteria) set for the surface roughness.

The research presented in the paper is pilot research of the authors’ hypothesis called
“Minimum production power” oriented on the creation of as the simplest model as possible
to obtain knowledge and experiences for continuing processes efficiency increasing. The
basis of this hypothesis is the assertion that for each production process of a given product,
at given known requirements and conditions, it is possible to determine, from the point
of view of need (specified criterion), the minimum/maximum physical local extremum
using a model based on criterion functional dependence, that is, to find the most suitable
conditions under which the criterion is achieved.

• To verify the model, experimentally obtained data for external longitudinal turning,
as the kinematically and technologically simplest manufacturing operation, were
processed and evaluated. Three tools with different characteristics were selected for
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the model verification: a classic commercially available universal tool TCMT16T308-
PR 4035 for common machining operations with standard ranges of used technological
factors; a commercially available tool CNMG120408-WM 4025 with a wiper geometry
designed for very productive universal machining in twice the technological factor
ranges compared to the first tool; and an original innovative author’s tool design with
a linear cutting edge (LCE) for productive machining with very good values of surface
roughness characteristics.

• After obtaining the dependences of experimentally measured and calculated data
Fc, Rz and P on the input two independent variables of cutting speed vc and feed
f for given conditions, these mathematical formulations were used to optimize the
parameters entering the production process. When specifying the extrema of the
function in a given range of variables, it was necessary to identify critical points and
determine whether these points correspond to local extrema (in our case, minima).

• The evaluation of the behavior of the three tools used under the same conditions
showed a diversity of results related to the established criterion. If the criterion of
the smallest cutting force Fc had been established (which has a low practical signif-
icance for real practice), the most suitable tool would have been the commercially
produced TCMT tool (with an achieved value of Fc = 196 N at the input parameters
vc = 145 m.min−1 and f = 0.2 mm). However, for the criterion of the smallest rough-
ness, the LCE tool (with the possibility of achieving a roughness of Rz = 2.2 µm at
vc = 145 m.min−1 and f = 0.8 mm) was clearly the best, which also dominated from the
point of view of the criterion of the lowest process power p = 14,700 W achieved at the
same parameters. Therefore, taking into account the importance of individual criteria
for real practice and the minimum extreme values achieved, it can be concluded that
among the tools studied, the tool with a linear cutting edge (LCE) is the most suitable
tool for longitudinal external machining under the given conditions.

Given the required simplicity of this initial model, the results achieved are partial and
for future research, the authors plan to create a more complex model that will also include
the volume of machining power and power consumption in the optimization.
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Abbreviations
The following abbreviations are used in this manuscript:

3P People-Planet-Profit/after 2018 in version People-Planet-Prosperity
CNMG Cutting tool with wiper geometry
LCE Tool with linear cutting edge
PR Production rate
TCMT Tool for general purposes
LCE Linear cutting edge
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