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Preface

This volume of Lecture Notes in Mechanical Engineering gathers selected papers
presented at the 7th International Scientific-Technical Conference
MANUFACTURING 2022, held in Poznan, Poland, during May 16–19, 2022. The
conference was organized by the Faculty of Mechanical Engineering, Poznan
University of Technology, Poland.

The aim of the conference was to present the latest achievements in the broad
field of mechanical engineering and to provide an occasion for discussion and
exchange of views and opinions. The conference covered topics in:

• mechanical engineering
• production engineering
• quality engineering
• measurement and control systems
• biomedical engineering.

The organizers received 165 contributions from 23 countries around the world.
After a thorough peer-review process, the committee accepted 91 papers for con-
ference proceedings prepared by 264 authors from 23 countries (acceptance rate
around 55%). Extended versions of selected best papers will be published in the
following journals: Management and Production Engineering Review, Bulletin
of the Polish Academy of Sciences: Technical Sciences, Materials, Applied
Sciences.

The book Advances in Manufacturing III is organized into five volumes that
correspond to the main conference disciplines mentioned above.

Advances in Manufacturing III - Volume 1 - Mechanical Engineering:
Research and Technology Innovations, Industry 4.0 gathers findings related to
the design and manufacture of advanced modern parts and mechanisms. It covers
machining, forming, and additive techniques. It presents developments concerning
modern lightweight materials such as sandwich plates with auxetic core. It also
discusses Industry 4.0 issues, e.g., in the field of digital twin technology or mobile
robots. This book consists of 19 chapters, prepared by 56 authors from 6 countries.
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We would like to thank the members of the International Program Committee for
their hard work during the review process.

We acknowledge all people that contributed to the staging of
MANUFACTURING 2022: authors, committees, and sponsors. Their involvement
and hard work were crucial to the success of the MANUFACTURING 2022
conference.

Bartosz GapińskiMay 2022
Olaf Ciszak

Vitalii Ivanov
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Response of a Sandwich Plate with Auxetic
Anti-tetrachiral Core to Puncture

Jakub Michalski(B) and Tomasz Strek

Institute of Applied Mechanics, Poznan University of Technology, Poznan, Poland
jakub.ja.michalski@doctorate.put.poznan.pl

Abstract. Auxetic materials and structures have unique properties thanks to their
negative Poisson’s ratio resulting from specificmicro- or macrostructure. They are
known to have superior resistance to dynamic loads in many cases. This includes
fatigue, fracture, vibrations, blasts, and impacts. However, this topic still requires
further research since there are several types of auxetics and the effect of their
Poisson’s ratio on the response to various dynamic loads can be unexpected. In
this article, impact tests were performed using the finite element method. The
behavior of two sandwich plates was compared. The first plate had an auxetic
anti-tetrachiral core while the other one, used for reference, was not auxetic and
had a hexagonal honeycomb core. The goal was to find out whether this type of
auxetic structure can be used for improved puncture protection or not. The results
obtained from numerical simulations definitely confirm that the auxetic plate has
the potential to replace its hexagonal honeycomb counterpart that could be used
as shielding in various demanding applications.

Keywords: Auxetics · Sandwich plates · Puncture · Explicit · Dynamics · Finite
element method

1 Introduction

1.1 Auxetics and Their History

Materials with a negative Poisson’s ratio are called auxetics. They deform in an unusual
manner when subjected to tension (they become thicker) or compression (they become
thinner). This characteristic influences the behavior of auxetics also under other operat-
ing conditions. Their improved strength and resistance to various kinds of loads result
in many potential applications. It has already been proven that auxetics can be used,
among others, for furniture, protection equipment, sports gear, sensors and actuators,
components in the aerospace industry, implants and prostheses, gaskets, or fasteners [1,
2]. This wide range of applications continues to expand with new research in the field of
auxetics. It is also important to mention that auxetic structures can be made of regular
materials such as structural steel or aluminum and their negative Poisson’s ratio (mea-
sured as a ratio of transverse to longitudinal strain) is a result of a specific shape. The
simplest example of such a structure is a re-entrant, shaped like an hourglass and obtained
directly from the regular hexagonal honeycomb cell [1]. Adjustment of its internal angle

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
B. Gapiński et al. (Eds.): MANUFACTURING 2022, LNME, pp. 1–14, 2022.
https://doi.org/10.1007/978-3-031-00805-4_1
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(between the ribs of unit cells) leads to a change in the value of Poisson’s ratio. Thus,
the modification of this angle allows for a smooth transition to a non-auxetic structure
[3]. However, there are also many other auxetic structures, including the anti-tetrachiral
one used in this case.

The history of auxetics goes back to Saint-Venant’s discovery that Poisson’s ratio
can have negative values. After that, in the XX century, scientists confirmed negative
Poisson’s ratio of several natural structures (including minerals and tissues) through
experiments. The large interest in this type of materials began in the 1980s when tests
were extended to artificial structures [1]. The development of numericalmethods allowed
researchers to perform their studies on those unique materials much more efficiently.
One of the greatest achievements in the field of auxetics was the invention of a method
of turning regular foams into auxetic ones. This approach was first described by Lakes
[4] in 1987 and then improved by other scientists. The method is based on the fact that
proper mechanical and thermal treatment changes the microstructure of foams and leads
to a negative Poisson’s ratio.

In fact, the name auxetics was not introduced until 1991 when Evans [5] derived it
from the Greek word “auxetikos” meaning “the one that tends to increase”. Henceforth,
materials and structures with negative Poisson’s ratio are commonly referred to by this
name.

Nowadays, research in the field of auxetics focuses mainly on the design of new
complex micro- or even nanostructures and their advanced manufacturing methods,
including precise additive manufacturingmethods. Apart from that, there are still several
types of loads and applications where auxetics have not been thoroughly tested yet but
provide promising initial results. Some of these cases, studied by authors, are fatigue [6]
and blast [7] or impact conditions. The latter are discussed in this article.

1.2 Auxetic Sandwich Plates. Blast and Impact Resistance of Auxetics

Sandwich (three-layered) plates are common composite structures used in various appli-
cations requiring high strength and low weight. This makes them particularly useful in
the aerospace and defense industry. Such plates consist of two outer skins and a much
thicker but porous core. The core is usually made of foam but it can be also designed as
a honeycomb with a selected type of unit cell. Various auxetic sandwich panels are often
tested in terms of the blast, impact, crushing, or otherwise dynamic load resistance.

The increased resistance of auxetic structures to sudden localized loads such as
impact or blast can be explained based on the indentation test. This kind of experiment
was carried out already by Chan and Evans [8] in 1998. The authors compared con-
ventional and auxetic foams and noticed that the latter ones behave differently. In the
case of auxetic foam, the material tends to flow towards the indenter densifying around
the contact area. This results in significantly higher stiffness and lower deflection under
the same load. In addition, Strek et al. [9] performed numerical simulations of contact
between cylinder and plate with auxetic covering layer.

Imbalzano et al. [10] performed numerical simulations on plates with a core made
of unit cells in the form of a 3D beam-like re-entrant lattice. The authors confirmed that
the auxetic plate undergoes significantly lower deflection than the equivalent monolithic
panel. Novak et al. [11, 12] checked the response of chiral auxetic structure used as a core
in the composite plate. It was proven that auxetic core may increase resistance to blast
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and impact. Response of sandwich panel with chiral auxetic core to projectile impact
was also verified numerically by Novak et al. [13]. Authors confirmed that the ballistic
limit velocity (projectile velocity required to penetrate the structure) can be increased
by introducing auxetic core.

Clearly, more previous research focuses on the blast resistance of auxetic sandwich
panels and other lattice structures. Imbalzano et al. [14] compared various designs of
auxetic re-entrant core with non-auxetic hexagonal honeycomb one. The authors con-
cluded that auxetic composite panels are promising structures for applications requiring
improved resistance to explosions. Al-Rifaie et al. [15] suggested that graded auxetic
lattices can be used to further reinforce the blast-resistant gates. Finally, Michalski et al.
[7] confirmed that sandwich plates with anti-tetrachiral core (further studied in this arti-
cle) provide a significant increase in blast resistance when compared with a panel having
a hexagonal honeycomb core.

Impact, crushing, and crashworthiness analyses are often performed for different
types of auxetic honeycombs and other auxetic structures. Among others, Zhang et al.
[16] numerically evaluated the response of re-entrant honeycombwith various cell angles
subjected to dynamic crushing. Gao et al. [17] performed multi-objective crashwor-
thiness optimization for auxetic cylindrical structure in order to increase the energy
absorption.

2 Johnson-Cook Plasticity and Failure Models

2.1 Johnson-Cook Plasticity Model

Johnson-Cook plasticity model is a special form of Mises model utilizing analytical
forms of hardening law and strain rate dependence. It is typically used for dynamic
simulations involving the deformation of metals at high strain rates. The yield surface
and flow rule in the Johnson-Cook model are the same as in the original Mises one.
Isotropic hardening used in this model assumes the following relation [18–20]:

σ 0 =
[
A+ B

(
εpl

)n](
1− θ

∧m)
, (1)

where: σ 0 – static yield stress, εpl – equivalent plastic strain, A,B, n,m – measured
material parameters, θ

∧

– non-dimensional temperature which is:

– 0 for current temperature θ lower than transition temperature (at or below which no
temperature dependence of the yield stress exists),

– (θ − θtransition)/(θmelt − θtransition) for current temperature between or equal to
transition temperature or melting temperature,

– 1 for current temperature higher than melting temperature.

Optionally, strain rate dependence can be included for this model. Then the yield
stress at nonzero strain rate is [20]:

σ̃ =
[
A+ B

(
εpl

)n][
1+ Cln

(
ε̇
pl

ε̇0

)](
1− θ

∧m)
, (2)

where: C, ε̇0 – measured material parameters, ε̇
pl
– equivalent plastic strain rate.
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2.2 Johnson-Cook Dynamic Failure Model

InAbaqus software, a dynamic failuremodel is available for usewith the aforementioned
Johnson-Cook plasticity. It is assumed that failure occurs when the sum of the quotients
of the increment of the equivalent plastic strain and the strain at failure exceeds 1. The
strain at failure is defined as [20]:

ε
pl
f =

[
d1 + d2exp

(
d3

p

q

)][
1+ d4ln

(
ε̇
pl

ε̇0

)](
1+ d5θ

∧)
, (3)

where: d1 − d5 – measured failure parameters, ε̇0– reference strain rate, p/q – pressure-
deviatoric stress ratio.

3 Research Problem

3.1 Description of the Problem and Method

For this article, finite element analyses were carried out in Abaqus 2021 software. Two
designs of sandwich plates were tested – auxetic and non-auxetic one. The goal was to
evaluate the response of the model with auxetic core to impact load and compare it to
the results of the reference simulation with the conventional plate. Explicit dynamics
analyses were performed and the impactor was assumed to be rigid.

3.2 Geometry and Mesh

Both plates were modeled in such a way to keep their overall size and unit cells dimen-
sions as close to identical as possible. However, due to the different geometry of both
types of unit cells, some discrepancy was unavoidable. The same remark also applies to
the relative densities of both plates. Each panel’s size was about 305 × 305 × 75 mm
(with two 5 mm thick skins included). The approximate size of unit cells was equal to
26 mm. Geometries of unit cells are shown in Fig. 1.

Skins were meshed with C3D8R solid elements (linear hexahedrons with reduced
integration) due to their considerable thickness when compared to the thickness of cores
which in turn were meshed with S4R shell elements (linear quadrilaterals with reduced
integration). The mesh consisted of 22326 solid elements and 57584 shell elements (a
total of 79910 elements and82584nodes) in the case of an auxetic plate. The conventional
plate was meshed with 22326 solid elements and 58580 shell elements (a total of 80906
elements and 86954 nodes). The shell element thickness was set to 0.76 mm in both
cases. All parts were positioned appropriately with respect to each other to account for
shell element thickness.

In addition to panels, a rigid impactor had to be modeled. It was shaped as a hemi-
sphere attached to a cylinder. Both the hemisphere and cylinder radius was 15 mm
while the height of the cylindrical part was 30 mm. The impactor’s mass was 222 g. It
was meshed with 944 solid elements (C3D8R type) having a total of 1179 nodes. The
impactor was placed in the middle of each plate, right above it. Meshed geometries for
both analysis cases are shown in the pictures below (Fig. 2 and 3).
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Fig. 1. Geometries of unit cells, auxetic cell on the left and non-auxetic cell on the right.

Fig. 2. Front view of meshed geometries used for both analyses, auxetic plate on the left and
non-auxetic plate on the right.

Fig. 3. Isometric view of meshed geometries used for both analyses, auxetic plate on the left and
non-auxetic plate on the right.
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3.3 Material Properties

It was assumed that the skins and cores of the plates are made of the same material –
aluminum 6061-T6. The following material properties were defined [20, 21]:

– density: 2700 kg/m3,
– Young’s modulus: 68 GPa,
– Poisson’s ratio: 0.33,
– plasticity with Johnson-Cook hardening model: A = 324.1, B = 113.8, n = 0.42,
– m = 1.34, θmelting = 925 K, θtransition = 293.2 K,
– strain rate dependence (Johnson-Cook model): C = 0.002, ε0 = 1,
– shear failure (Johnson-Cook model): d1 = −0.77, d2 = 1.45, d3 = 0.47, d4 = 0, d5
= 1.6,

– specific heat: 897 J/kg*K.

3.4 Analysis Settings

The same analysis settingswere used in both cases. It was assumed that skins are attached
to cores via a perfect bonding, i.e. the connection cannot fail. Thus, a tie constraint was
used to attach the parts to each other. This assumption is justified bymanufacturingmeth-
ods that can be used for such components, e.g. extrusion. General contact functionality
was used to account for the frictionless contact with impactor and self-contact within
the core of each plate. Friction was ignored in this case due to the fact that its effects are
expected to have small influence on the results and that accurate modeling of frictional
effects requires comprehensive experimental studies. In these studies, heating effects
were also omitted to reduce the already high complexity of analyses. However, those
effects are planned to be verified in future works, once reliable data will be obtained
through experiments.

The plates were clamped on each side. The authors could have used symmetry in this
case, model only one-quarter of each plate, and apply proper boundary conditions but
this approach was not necessary due to sufficient computational resources and to avoid
any mistakes. However, in future studies, the use of symmetry may become necessary.

Rigid body constraint was applied to the impactor so that it was assumed to be
perfectly rigid. The initial velocity of 300 m/s was applied to the impactor through its
reference point placed in its center of mass. Another initial condition used in the analysis
was the temperature of 273 K applied to the whole model. The analysis time was 1.5 ms.

4 Results

The results of the simulations are shown in the pictures below (Fig. 4, 5, 6, 7 and 8).
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Fig. 4. Cut view of von Mises stress contour plots on the deformed shape of each model at
corresponding time frames (0.625 ms), auxetic plate on the left, and non-auxetic plate on the right.

Fig. 5. Cut view of equivalent plastic strain contour plots on the deformed shape of each model
at corresponding time frames (0.625 ms), auxetic plate on the left, and non-auxetic plate on the
right.
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Fig. 6. Time history of impactor’s vertical velocity throughout the analysis for both cases.

Fig. 7. Time history of impactor’s vertical displacement throughout the analysis for both cases.
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Fig. 8. Time history of plastic dissipation energy throughout the analysis for both cases.

Obtained results indicate that the auxetic anti-tetrachiral core slows down the projec-
tile more effectively than the non-auxetic core. Stresses and plastic strains in both cases
are similar but the key factor for evaluation of the performance of both plates subjected
to impact is the residual velocity of the impactor. Total plastic dissipation energy was
also compared for both cases to verify the energy absorption capabilities of the plates.
It was found that the auxetic core increases plastic dissipation.

In order to confirm that these relationships hold regardless of the unavoidable dif-
ference in masses mentioned before, authors performed additional studies. Thickness of
shell elements forming cores was adjusted in such a way that both plates had the same
mass (around 1725 g). The results of this study are presented below (Fig. 9, 10 and 11).

Fig. 9. Time history of impactor’s vertical velocity throughout the analysis for both cases with
equalized masses.
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Fig. 10. Time history of impactor’s vertical displacement throughout the analysis for both cases
with equalized masses.

Fig. 11. Time history of plastic dissipation energy throughout the analysis for both cases with
equalized masses.

It can be seen that the relationships are not invalidated with equalization of masses
of the plates.

The authors also performed the analyses with plates having the same overall size
as in previous studies but with doubled number of layers of unit cells. The cells were
thus smaller and additional effects could be checked. The results of those analyses are
presented below (Fig. 12, 13 and 14).
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Fig. 12. Time history of impactor’s vertical velocity throughout the analysis for both cases with
more unit cells.

Fig. 13. Time history of impactor’s vertical displacement throughout the analysis for both cases
with more unit cells.
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Fig. 14. Time history of plastic dissipation energy throughout the analysis for both cases with
more unit cells.

The same relationships between the results can be observed also in the case of larger
number of unit cells.

5 Discussion and Conclusions

Results obtained from the simulations prove that the auxetic anti-tetrachiral core per-
forms better in terms of response to puncture than the non-auxetic hexagonal honeycomb
core.

However, it is important to mention that various simplifications were used in the
numerical model. There are several sources of potential errors. Mesh density was care-
fully selected to avoid significant dependency of the results on the level of discretization.
In this case, the material model was crucial for accurate output. Because of that, material
data had to be taken from reliable source. Another approximation used in the simula-
tions is the connection between skins and cores of both plates. It was assumed that this
connection cannot break during the analysis. To model it more realistically, it would be
necessary to account for the potential delamination and failure of the connection. But
such an approach would require additional data regarding the strength of the adhesive.

Comparison of the numerical results to data acquired from physical tests could
provide interesting insights into the problem being considered here. However, in cases
of impact loading, experiments are difficult to perform and potentially dangerous. This
is especially true for significant projectile velocities, as is the case here. Thus, numerical
methods are often used when evaluating the impact resistance of various structures.

Results obtained for the purpose of this article confirm that, in analyzed conditions,
auxetic anti-tetrachiral core can be used in place of the regular hexagonal honeycomb
structure to increase the puncture protection capabilities of sandwich plates. Such panels
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could be used in various protective structures, amongothers for the aerospace anddefense
industry where lightweight honeycomb structures are already used but may still require
further strengthening against high-velocity impacts.
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B., Szostak, M., Ivanov, V. (eds.) MANUFACTURING 2019. LNME, pp. 50–60. Springer,
Cham (2019). https://doi.org/10.1007/978-3-030-16943-5_5

7. Michalski, J., Strek, T.: Blast resistance of sandwich plate with auxetic anti-tetrachiral core.
Vib. Phys. Syst. 31(3), 20317 (2020)

8. Chan, N., Evans, K.E.: Indentation resilience of conventional and auxetic foams. J. Cell. Plast.
34(3), 231–260 (1998)

9. Strek, T., Matuszewska, A., Jopek, H.: Finite element analysis of the influence of the covering
auxetic layer of plate on the contact pressure. Phys. Status Solidi B 254(12), 1700103 (2017)

10. Imbalzano, G., Tran, P., Ngo, T.D., Lee, P.V.S.: Three-dimensional modelling of auxetic
sandwich panels for localized impact resistance. J. Sandwich Struct. Mater. 19(3), 291–316
(2017)

11. Novak, N., Starcevic, L., Vesenjak, M., Ren, Z.: Blast and ballistic loading study of auxetic
composite sandwich panels with LS-DYNA. In: 12th European LS-DYNA Conference 2019,
Koblenz, Germany (2019)

12. Novak, N., Starcevic, L., Vesenjak, M., Ren, Z.: Blast response study of the sandwich
composite panels with 3D chiral auxetic core. Compos. Struct. 210, 167–178 (2019)

13. Novak, N., Vesenjak, M., Kennedy, G., Thadhani, N., Ren, Z.: Response of chiral auxetic
composite sandwich panel to fragment simulating projectile impact. Phys. Status Solidi B
257(10), 1900099 (2020)

14. Imbalzano, G., Linforth, S., Ngo, T.D., Lee, P.V.S., Tran, P.: Blast resistance of auxetic and
honeycomb sandwich panels: comparisons and parametric designs. Compos. Struct. 183,
242–261 (2018)

15. Al-Rifaie, H., Sumelka, W.: Improving the blast resistance of large steel gates–numerical
study. Materials 13(9), 2121 (2020)

16. Zhang, X., Ding, H., An, L.,Wang, X.: Numerical investigation on dynamic crushing behavior
of auxetic honeycombs with various cell-wall angles. Adv. Mech. Eng. (2015)

17. Gao, Q., Zhao, X., Wang, C., Wang, L., Ma, Z.: Multi-objective crashworthiness optimization
for an auxetic cylindrical structure under axial impact loading. Mater. Des. 143, 120–130
(2018)

https://doi.org/10.1007/978-3-030-16943-5_5


14 J. Michalski and T. Strek

18. Stopel, M.: Methodology for determining constants for Johnson-Cook constitutive and dam-
age model. University of Sciences and Technology in Bydgoszcz, Bydgoszcz (2020). (in
Polish)

19. Jankowiak, T.: The use of experimental methods and computer simulation for determining the
properties of materials subjected to high deformation rate. Poznan University of Technology,
Poznan (2016). (in Polish)

20. Dassault Systemes SIMULIA Abaqus: 2021 software documentation
21. Dassault Systemes SIMULIA Abaqus Technology Brief: Simulation of the ballistic perfora-

tion of aluminum plates with Abaqus/Explicit



Comparison of the Tools for Design Process
Automation in Popular CAx Systems

Jakub Krajanowski-Kaleta1, Przemysław Zawadzki2(B) , Krzysztof Żywicki2 ,
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Abstract. The paper presents a comparison of the use of two popular CAx sys-
tems in the context of the automation of the chosen design tasks. The presented
solution (automation of the design of seat mounting) is part of a larger system,
intended for support and management of public transport vehicles seat produc-
tion. Based on the accumulated knowledge and experience, regulations, and man-
ufacturing guidelines provided by STER Company, a new design procedure was
developed and tested separately in the 3DExperiecne Catia program and Siemens
NX software. The results of verification were presented and discussed showing
common features, advantages, disadvantages, and limitations in the context of
using generative CAD models.

Keywords: Design automation · Generative CAD modeling · KBE systems

1 Introduction

Although it has been assumed that each stage in the product development cycle is impor-
tant and may affect the final success of the product on the market, from a practical point
of view, the key to this success seems to be good design. The design process is very
often the most important and labor-intensive stage [1]. Mistakes made at this stage
adversely affect not only the production processes but also often cause failure on the
market. Considering such factors like analyze the customer expectations, determining
the technical and functional requirements of the new product, and the limitations result-
ing from the applied manufacturing processes, it can be said that designers have the
greatest responsibility in implementing new solutions indeed.

In the area of development and optimization of production processes, much attention
is paid to modern, intelligent technologies referred to as Industry 4.0 [2]. It should be
noticed that this idea is really a way to increase the flexibility of production of enterprises
that are to be ready to meet the individual requirements of their clients [3]. This is
closely related to the concept of mass customization strategy, which was introduced in
theoretical considerations several decades ago. Industry 4.0 is really a way to effectively
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implement this idea in practice today. One of the basic issues of mass customization
is ensuring an economically acceptable unit cost of the product. To make personalized
products competitive, they should not be much more expensive than those offered in
mass production [4]. Customers do not want to pay for personalization in themselves,
they are ready to pay only for the additional value that the product has for them.

Regarding the above and focusing on the area of design a question could be asked:
how designers should design faster (so that it was cheaper) and more accurately (here
considering the individual approach to customer requirements), maintaining appropriate
quality standards (i.e.minimizingmistakes) in the same time?The answer to this question
could be - the generative design method, using parametric CAD systems.

Today’s CAx class systems allow the use of such solutions, thanks to which the
designers’ work is supported by various tools, such as parts and connection genera-
tors, tools that allow automating the construction of a series of parts, the selection of
materials, shape optimization in terms of strength, ergonomics, and recycling [5–8]. In
some systems, this type of solution is offered as standard, while in others a package
of appropriate functions allows you to develop them yourself. In more complex or spe-
cialized cases of designing, developing an expert system usually requires many hours
of preparatory work, collection, and recording of engineering knowledge, programming
work, and, above all, testing before this type of solution is ready for implementation.

In this paper, the authors present a comparison of the use of two popular CAx sys-
tems in the context of the automation of the chosen design tasks. Presented solution
(automation of design of seats mounting) will be a part of a larger system, intended
for support and management of public transport vehicles seat production. Based on the
accumulated knowledge and experience, regulations, and manufacturing guidelines pro-
vided by STER Company, a new design procedure was developed and tested separately
in the 3DExperiecne Catia program and Siemens NX software.

2 Generative CAD Modelling

Generative CAD modeling is of particular importance for enterprises dealing with mass
production of products, that are similar but are of diverse characteristics at the same
time. An example of such a process can be the production of automotive parts, where
very similar components, having the same purpose, may differ from each other due
to different variants of the vehicle [4]. It is similar in many other industries, such as
household appliances, sanitary, architecture or consumer electronics [9–11].

The idea of generative design is to reduce the time to develop a new product variant
by automating repetitive activities in the design process. This automation is provided
by special CAD models that allow you to quickly generate a new product variant in
accordancewith applicable requirements.Generative design is, in fact, a special approach
to design, where the designer does not focus on a specific case (product variant), but
on all the features describing the whole family of similar products. Using appropriate
tools of parametric CAD programs, the scope of product family configuration variables
should be described - which features can be changed and in what range, and what is more
difficult – describe how those features are related to each other. Although in practice
it can be very difficult to develop these assumptions (it is necessary to predict what
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the customer will want to adopt in a given product), it is worth doing because it is
estimated that approx. 80% of design time concerns repetitive, routine tasks [12, 13].
Their acceleration can therefore significantly affect the optimization of the entire product
development cycle and savings.

There are many examples of the use of the generative approach in design process in
the literature. Wu et al. [14] introduced a method for the generative design of face gears,
where they proposed non-equidistant isoparametric discretization, so the tooth surface
points are generated as an approximately even distribution on the tooth surface. Żywicki
et al. [6] in their works described, among others implementation of generative CAD
models in the model of production processes simulated in the Smart Factory Laboratory.
At work Gorski et al. [15] the authors presented the use of a generative CAD model for
design bus interior, as well as a way of data exchange between the CAD program and
the VR system. LE et al. [16] described an innovative Product Development solution
using parametric design and Generative modeling. In the work Grabowik et al. [17] one
can learn about the knowledge-based design method using the NX Siemens system.

3 Research Methodology

3.1 Case Study – Smart Production of Public Transport Vehicle Seats

The public transport vehicle (ex. bus, trains) production process is quite complicated
because unlike typical automotive production, where the number of cars variants is
well known and rather limited, public transport vehicles can be produced as one-off
production. In addition, the large number of features that affect the final form of the
vehicle means that the number of possible variants is hypothetically unlimited. This also
has an impact on described example, because the seat manufacturer must be ready to
develop a new mounting shape variant for each order (sometimes it is also necessary to
create a new seat variant, however in this paper authors are limited only to seat mounting
design).

To meet nowadays expectations of the market STER Company is developing a new
strategy, according to the idea of a smart productionmodel (Industry 4.0).One of themain
assumptions of this transformation is to create intelligent production and management
system, which allows to gather clients’ demands and translate them into productions
systems requirements automatically (or semi-automatically in some steps). The main
parts of the system are:

– superior system of data processing;
– identify clients expectations by special Configurator software – the creation of order
data;

– automatically import and translate the order data to CAD software;
– use generative CAD models to speed up the design process;
– translate the technical requirements of the newdesign and assign them to technological
process;

– management of production process according to generated order data.
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For this paper, only one step of the whole system is being analyzed, related to the
use of generative CAD models. The main aim was to check two different software in
such CAD models preparation process.

3.2 Design Process Requirements

The flexibility of seat configuration on the public transport vehicle (ex. bus) is therefore a
big problem for the seat manufacturer’s engineers. Theymust prepare for each new order
the appropriate technical documentation of the seat mounting, considering the technical
and approval conditions of the seat distribution (mounting methods, distance between
seats, etc.). There are also a few different types of mounting (Fig. 1). In addition, the
source data describing the context of the new project (vehicle manufacturer’s documen-
tation) vary from customer to customer. So, it could be a 3D models or more often 2D
documentation showing the interior of the vehicle. This environment must be considered
in the mounting design process, as structural components (such as fastening strips) and
vehicle equipment (e.g. heaters) are important. In practice, there are known cases where
for each seating position (at least several dozen) there was a different mounting.

Fig. 1. Different types of seats mounting: (a) “leg – leg”; (b) “mudguard”; (c) “leg – wall”; (d)
“cantilever”

Due to the above factors, the development of technical documentation (which is
needed in further processes), is laborious (it can take a few days for one order carried out
by one designer). In addition, although the attachment consists of an average of a dozen
or so elements, engineers have difficulty finding suitable archival solutions (there is too
much to search effectively). That is why they often duplicate their work by creating
new adapters or their parts without knowing if there are already developed matching
solutions. This is why the generative CAD model for the intelligent design process is
justified.

3.3 Research Plan

Automation in 3DExperiecne Catia can be done in some different ways. The most pop-
ular option is to use a toolkit called “Knowledgeware” containing, inter alia, embedded
application “EngineeringRulesCapture”. This application uses EKL (EnterpriseKnowl-
edge Language) to create scripts embodied in the model tree. The language is easy to
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use and fast. It is designed to create applications and perform their broadly understood
integration. This method also allows the use of Visual Basic, which is much slower and
more difficult to use, but is more versatile and has a wider application, so it can be used as
a fallback solution easily. Engineering Rules Capture is generally an option with limited
capabilities, but gives very quick results due to ease of use. Also, its products are very
reliable and fast, but it requires the purchase of an additional license. This method was
used in the experiment described in this publication.

The second method of automating Catia is scripting in Visual Basic, Visual Basic
for Applications, or CATScript. This allows the use of a wide range of functions from
many Catia modules. Catia allows you to record activities carried out in the graphical
environment and saves them as ready-made macros that can be edited or used in the
future. The solution is suitable for small projects. Code development is much more
time-consuming than the previous method, and the code is slower to execute.

Automation in Siemens NX can be done in a number of ways, which differs sig-
nificantly from those used in Catia. The first is NX Open. It is an API - Application
Programming Interface - set of functions that can be used in a custom program and its
integration with third-party applications. NXOpen use allows for the automatic creation
of parts, assemblies and other objects in accordance with the developed algorithm It is
intended mainly for large projects. The program can be written in 5 popular languages:
VB, C#, C++, Java and Python, which is convenient for programmers. A feature of this
method is its level of advancement, which requires a lot of knowledge from the pro-
grammer to start working. There is also a time-consuming configuration of the external
environment. The code written by the programmer must be compiled andmade available
as a separate library, and not, as in the case of Catia, entered into the structure of the CAD
model tree. As above, this solution also requires a license. IDE used in the presented
project is Microsoft Visual Studio.

Other methods of programming in NX are limited to simple, usually single-file
scripts, ensuring the automation of a single action or creation. You can use SNAP (Sim-
ple NX Application), GRIP (Graphics Interactive Programming), Knowledge Fusion
(interpreted, object-oriented language) or Manuscript. The first of these is API for sim-
ple geometry creating. SNAP represents a higher abstraction layer than NX Open and
it has lower possibilities. It was designed to make automation as easy as it could be
to target average NX user. Figure 2 shows the layer diagram. The lowest and therefore
the fastest and most reliable are NX internal functions. These are all features available
throughout this CAD software. User functions has lower functionality as it’s an API
written in C. NX Open provides full functionality but is very complicated. SNAP is
much simpler and does not provide some features. The next method – GRIP – is just an
old version of SNAP provided to keep backward compatibility, but it is not developed
anymore. The Knowledge Fusion is a procedural language used to capture progress in
KBE applications. Finally, manuscript is used for Customize menus and NX functions.

Automation analysis in Catia and NX systems consisted in making a similar project
in both systems and then comparing their advantages and disadvantages, both from the
practical and theoretical side. The time of development and execution of the project code
is the objective result of the test. The comparison also took place on other planes, which
gave a complete, comprehensive view that allows us to get to know the features of each
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Fig. 2. NX automation layers [18]

of the systems mentioned. Automation was prepared using the best tools available in a
given software. The project designed to compare the 3DX Catia system with Siemens
NX is based on the automatic spacing of the seat models in the bus model. In both
systems, an analogous script was prepared that performs the following activities:

– looks for a suitable armchair model in the repository;
– loads a table with target seat positions;
– sets the seat models in appropriate positions in relation to the bus geometry (Fig. 3).

Fig. 3. Application workflow
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This automation significantly speeds up the operation of setting the armchairs to the
appropriate positions, because the code execution takes less than a minute, and the user
would spend several minutes on it by manually adjusting them (Fig. 4).

Fig. 4. The result of the developed program in Catia and NX systems

4 Results

The result of comparing CAD systems is presented in Table 1. The most important
parameters are: the time of creating the program by writing the automation code and
the time of executing this automation by the computer. The first parameter, measured in
man-hours, describes the amount ofwork a programmer puts in to achieve certain results.
It was assumed that the programmer had the same experience in both tested systems and
a completely prepared automation environment. The time counted from the start of work
to the first successful automation project. This parameter determines, among others ease
of use of a givenCAD system, availability of functions and their universality. The level of
the programming language has a direct impact on the development time of the solution.
Specifies an abstraction level the programmer uses when writing the statement. As a
rule, the higher this level, the faster the programming is, however, it is less universal.
The lower level means more freedom for the programmer due to the less structured and
schematized functions available. However, it then requires writing more code.

The other important parameter determined the computing efficiency of the CAD
system. Faster execution of the automation code compared to the competing system
means its better performance, which translates directly into the profitability of working
with it for more complex tasks. While the automation code is being executed, the system
is frozen so that further work with it may not take place until the automatic operation is
completed.
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Table 1. Comparison of the time of performed tasks

Task 3D Experience Catia Time [min] Siemens NX Time [min]

Code development 408 600

Script development 408 840

Single code execution 0.18 0.45

Code executions for all vehicle
positions

5 12.2

5 Summary

Catia and NX are systems suitable for the implementation of advanced automation. They
have extensive solutions that help in thework of both the constructor and the programmer
who automates the design engineering. The approaches of both systems to solving the
same problem are completely different and the choice of the system for a given project
will depend on the design assumptions that imply specific priorities.

The comparison was settled in favor of Catia, but the choice of software will be
more appropriate if it is preceded by a meticulous analysis of the projects that will be
implemented in it. Each of the CAD software also has its own limitations, the analysis of
which helps to avoid problems duringwork. There are activities that cannot be automated
in one software, while in the other it is performed without any problems.

The programmer’s experience should also be considered. If he prefers to focus on
simple activities that give quick results, he should choose Catia. If you are familiar with
development environments and languages supported by NX, this software may be the
right choice.
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Wielkopolskiego w ramach Programu Operacyjnego Województwa Wielkopolskiego - projekt nr
RPWP.01.02.00-30-0014/16.



Comparison of the Tools for Design Process Automation 23

References
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Abstract. The aim of this paper is to present the concept of a neural model of a
manufacturing process. The goal of themodel is to forecast the number of defective
products based on the historical values of the manufacturing process parameters
and the historical values of the number of defective products. The paper describes
the creation of the model on the example of a manufacturing process in a glass
factory. The use of themodel allowed for amore accurate prediction of the number
of defective products, which is treated as the improvement of the manufacturing
predictabilitymentioned in the title of the paper. Themodel includes severalNARX
artificial neural networks. Each NARX network considers data from a different
part of the production line. The forecast results on four test data sets are also
presented. These results were compared with the classic approach, which uses a
single neural network. The created model allowed for a significant reduction in
the prediction error in four test data sets considered.

Keywords: Quality prediction · Neural networks · Glass factory · Defective
products · Manufacturing data

1 Introduction

The production process is defined as the process of transforming the input vector of
the production system into the output vector. The input vector consists of technical
means of production, work items, energy factors, personnel, capital, and information.
In turn, the output vector includes products, services, information, waste, as well as
defective products. Predicting the results of a manufacturing process that are part of the
output vector can be a difficult task, especially when dealing with complex production
processes. Therefore, one of the most important tasks of modern production engineering
is the development of methods and techniques allowing to predict what will be the result
of the production process. Exemplary predictive tasks in this context may be related
to the prediction of the number of products produced at the given values of the input
vector, as well as the prediction of defective products produced at the given values of
the manufacturing process parameters.
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The elements of the output vector, the prediction of which can be particularly impor-
tant, include the number of non-compliant or defective products. The task of predicting
the number of defects is a part of quality assurance. Product quality assurance is a key
element of the strategy of modern manufacturing companies. Therefore, the role of qual-
ity assurance research is becoming more and more significant. Such research can help
identify the causes of defects in products or determine the method of eliminating product
defects.

Information extracted fromdata that comes fromamanufacturing process canbe used
to support the quality assurance process. Currently, manymanufacturing companies face
the problemof huge amounts of data. These data are generated, inter alia, by various types
of devices that carry out operations in the technological process or also by production
process monitoring systems. Properly conducted analysis of production data can reveal
important information useful for predicting the quality of products. In the era of rapid
development of technologies for collecting and processing large amounts of data, it
is worth paying special attention to the possibility of supporting the quality assurance
process based on data obtained from the manufacturing process.

This paper proposes an approach using the exploration of production data and
machine learning techniques in the problem of predicting the number of defective prod-
ucts. A set of artificial neural networks (ANNs) was used for prediction. Each ANN
included in the set is a NARX network (nonlinear autoregressive with external input).
The proposed approach allows to reduce the prediction error compared to a single NARX
network. It was demonstrated on an example of data obtained from the production pro-
cess in a glass factory. The set of ANNs constitutes amodel of a part of themanufacturing
process from which the obtained data are derived.

The rest of the paper is organized as follows. Section 2 describes the Cross-Industry
Standard Process for DataMining (CRISP-DM) that was used in the methodology intro-
duced in this paper. Moreover, the applications of data mining in production companies
are discussed, in particular the use of ANNs for the analysis of manufacturing data.
Section 3 describes a case study of manufacturing process in a glass factory, defines
the proposed approach to solving the problem under consideration, as well as shows the
results of the approach. Section 4 provides information on the advantages and limitations
of the approach.

2 Data Mining in Manufacturing

The constantly growing data resources are a challenge for manufacturing companies in
every industry branch. This is due, inter alia, to a significant increase in the number of
devices that generate data.Currently, the concept of Industry 4.0 and related technologies,
such as Big Data or the Internet of Things (IoT), are very popular. These technologies
facilitate the collection, processing, and use of large amounts of data. Data obtained
from IoT can be exploited by many data mining techniques, including all data science
methods known in the literature [1].
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2.1 Knowledge Discovery from Data

Knowledge discovery from databases is a process whose task is a comprehensive data
analysis, starting from a proper understanding of the problem under investigation,
through the preparation of data, the building of appropriatemodels, and its evaluation [2].
Some variations of the knowledge discovery process are encountered in the literature.
The most commonly used methodology among researchers is CRISP-DM. CRISP-DM
defines the knowledge discovery process by dividing it into six phases [3]: (1) under-
standing the business domain from which the data comes; (2) detailed understanding of
the data; (3) data preparation; (4) creating models; (5) evaluation of the obtained results;
(6) implementation of the discovered knowledge in the business domain.

The first phase allows us to establish data mining goals in the context of the busi-
ness domain. The second phase is the selection of appropriate data and the preliminary
data analysis, which helps to understand the data [4]. Data sets obtained from indus-
trial enterprises often contain incomplete, inconsistent, or erroneous data, which may be
caused, for example, by failures in measuring or recording equipment. The third phase
of CRISP-DM is to counteract these negative phenomena. In this phase, appropriate
data preprocessing procedures are performed, such as removing observations contain-
ing erroneous data visible as outliers. Some methods of data analysis are sensitive to
outliers; therefore, it may be important to remove or replace them [5]. Another problem
encountered in the data is the missing observations resulting from improper work of
the recording apparatus. If possible, missing observations should be replaced by using
other observations from the data set. Otherwise, cases containing missing data must be
omitted [6]. The stage of data pre-processing of consists also data transformation that
results in converting the data to the appropriate types.

The fourth phase of CRISP-DM ismodeling, the task of which is to search for certain
dependencies, regularities, and patterns hidden in the data. Themain tasks of datamining
that appear most often in the literature are: detecting anomalies in data, modeling depen-
dencies using association rules, object classification and clustering, regression, creating
summaries in the form of reports and visualizations [2]. Generally, themethods used here
can be divided into two groups: (1) classical statistical methods, e.g., linear regression,
analysis of variance; (2) methods based on machine learning, such as classification and
regression trees, ANNs, or support vector machines.

The fifth phase is the patterns interpretation of the obtained patterns and validation
of the developed models. At this stage, it is checked whether the phenomena identified
through exploration occur only in the analyzed data, orwhether they can also be observed
in a wider range of data. If the created models pass the validation phase, they can be
deployed to the business domain and applied to new data (sixth phase).

2.2 ANNs and Production Data

For many years, the literature has witnessed a noticeable increase in the number of
described applications of machine learning in production engineering. Such applications
include, for example, the use of decision trees to determine the impact of production
process parameters on the state of a blade [7], the application of random forests to
investigate the influence of production process parameters on the number of defective
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products [8] as well as the application of decision trees in conjunction with various
types of wavelets to predict the remaining useful life of cutting tools based on force and
torque monitoring data [9]. Many papers have been published showing the wide range
of possibilities offered by ANNs, among others. The work [10] shows the possibility of
using data-drivenmodels to predict failures ofmachines used in continuous technological
processes. The aim of the research is to predict the total downtime of the machines
involved in production.

A large part of the literature dealing with the use of data analysis in manufacturing
companies is devoted to publications on product quality problems. The authors of the
paper [11] point out that the prediction of the influence of the technological process
parameters on the number of defects is very often based mainly on the experience and
knowledge of the people working in the manufacturing company. In the problem of
pressure casting, they propose models of ANNs that predict the influence of process
parameters on the properties of products (e.g., clotting time, number of defects).

Article [12] deals with the production of galvanized steel. The aim of the research
was to create a neural model that predicts the quality of steel expressed by its mechanical
properties. The paper [13] describes the use of anANN tomodel the relationship between
turning parameters and the quality of the product expressed by the surface roughness. In
turn, the authors of the paper [14] propose a model based on ANNs to predict the quality
of products during turning on numerically controlled machine tools. In the article [15],
the ANNs were used, inter alia, to identify key parameters that influence the quality
of products manufactured in the injection molding process. The results of the research
described in [16] show that approaches using ANNs give comparable results to other
methods of quality control, including control charts and statistical techniques. The paper
[17] refers to the glass coating process. It describes the use of ANN and the decision
tree to model the relationship between these process parameters and the quality of the
glass coating. The work [18] describes the use of a two-layer hierarchical ANN in the
petrochemical industry. It was used to predict the quality of the product derived from
the industrial pyrolysis of ethylene. The paper [19] describes the use of the bootstrap
aggregation technique and multilayer perceptron ANNs to assess how the parameters of
the manufacturing process affect the quality of the products.

In conclusion, the literature points out that in order to handlewith the dynamic growth
of data, there is a need to create tools that not only automatically collect data. These tools
should be able to select the most appropriate data and apply proper analyzes to extract
knowledge from the data [20]. More and more often, machine learning methods are
replacing or supplementing classical methods. The main advantages of machine learn-
ing techniques are the ability to discover non-linear relationships in data and visualize
interactions between variables. Moreover, machine learning techniques do not require
meeting as many statistical assumptions in relation to the data as in the case of classical
methods.

3 Research Problem

The research problem under consideration concerns the prediction of the number of
defective products. The prediction was made based on data obtained from a glassworks



28 Ł. Paśko and K. Antosz

that manufactures glass packaging. The data come from the production process moni-
toring system, which records the values of the selected parameters of this process. These
are parameters related to:

– the operation of the blast furnace (e.g. glass level, glass temperature),
– cooling glass molds,
– atmospheric conditions in the production hall (atmospheric pressure, humidity, air
temperature),

– the operation of the forehearth, which is divided into 6 sections (the data cover all
sections and concerns, for example, the position of cooling valves or the temperature
of the glass flowing through the forehearth).

In addition, data were obtained on the number of products with air bubbles in the
glass, which is treated as a product defect. Data on the number of defective products and
data on the values of the manufacturing process parameters come from the same period,
which is 27 days. The values are recorded at intervals of 10 min.

3.1 Proposed Approach Based on Manufacturing Process in a Glassworks

The data obtained from the glassworks were divided as follows:

– The values of the production process parameters from production monitoring systems
can potentially affect the number of defective products, therefore, they were treated
as input (explanatory) variables,

– The number of defective products is a prediction target and therefore serves as an
output variable (response variable).

The proposed approach to predicting the number of defective products is shown
in Fig. 1. This approach is based on the CRISP-DM process; therefore, it begins with
the business understanding phase. All the places from which the data serving as input
variables were obtained are symbolically presented here. Each place is associated with
an appropriate number of input variables (number of recorder parameters). The largest
number of parameters obtained applies to the sixth section of the forehearth (15), and the
smallest number of variables describes the atmospheric conditions and the cooling of the
glass molds (3). In the first phase, contact with the company’s employees is extremely
valuable, because of them it is easier to understand the problem under study and to better
select the process parameters that should be taken into account during the study.

The second phase was to understand the data and the relationship between the man-
ufacturing process parameters. Understanding the data enables a better selection of data
analysis techniques; therefore, it is also an important step in the proposed approach. In
this phase, exploratory data analysis techniques, different types of visualizations (time
series plots, histograms, box plots, quantile plots), and descriptive statistics were used.
Research has shown that the acquired data are characterized by heterogeneous variance
and the presence of several constant levels around which the values fluctuate. For some
variables, outliers or missing observations were revealed. Furthermore, statistical tests
and quantile plots did not show the consistency of the distribution of variables with the
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normal distribution. For this reason, classic methods of statistical data analysis should be
used with caution, because some of them require the fulfillment of appropriate assump-
tions. Therefore, it was assumed that the posed problem of predicting the number of
defective products would be solved by machine learning methods, which do not require
meeting the assumptions about the normality of the distribution or homogeneity of the
variance.

Fig. 1. Visualization of the proposed approach to the prediction of the number of defective
products on the basis of production data.

The third phase consists of preparing the data for analysis (pre-processing). At this
point, appropriate operations should be applied, for example, filling in missing observa-
tions or replacing outliers. The selection of these operations must depend on the data.
These operations can be applied to both the input variables and the output variable.

Due to the fact that it was decided to use machine learning techniques, in the third
phase, the data set should also be divided into three subsets: training, validation (verify),
and test. Typically, machine learning methods assume a random division of the original
data set into the three subsets, where each case is randomly assigned to one of the subsets.
In the proposed approach, a different method of data division was used. In the problem
under consideration, we deal with time series, so subsequent cases in the data set follow
each other. Therefore, the prediction task will require predicting the next values based
on the previous values. Random allocation of cases to the training, validation, and test
sets could adversely affect the training process, because cases from the validation and
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test subset are not taken into account during training and would be treated as gaps in the
training data. This would disrupt data continuity and the correct sequence of cases.
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Fig. 2. Time series plot of the explained variable.

For the data under consideration, the following fragments of each variable were
distinguished (see Fig. 2):

– Training subset: cases number 1–800; 1001–1400; 1601–2700; 2901–3600,
– Validation subset: 801–900; 1401–1500; 2701–2800; 3601–3700,
– Test subset: 901–1000; 1501–1600; 2801–2900; 3701–3800.

This divisionof the datawas dictated by the course of the explainedvariable presented
in Fig. 2. The first of the four training ranges covered the average level of the number of
defective products. The validation and test ranges immediately following it are designed
to test the predictive ability of the model to represent the average level of the dependent
variable. The second training range covers slightly lower values of the explained variable,
not counting single outliers.

The third training range includes a clear increase in the average level of the explained
variable, and the validation and test ranges immediately following it are designed to check
the predictive ability of the model to reflect the increased defectiveness of products. The
highest average level of the dependent variable covers the fourth range of the training
subset. The training subsets in total include about 80% of the cases, while the validation
and test subsets contain approximately 10% of the cases each.

The fourth phase is the modeling stage. It was divided into two parts. The first part
was about creating and training the nine ANNs. In the proposed approach, a separate
ANN was created for each data source. Therefore, for each of the ANNs, only some
of the input variables were used. The output variable for all ANNs was the number of
defective products.

Due to the nature of the problem under consideration (prediction of time series),
NARX ANNs were used. The visualization of the NARX network in an open form is
shown in Fig. 3. During the training process, the NARX network takes into account the
values of the explained variable y(t) with the appropriate delay d, as well as the values of
the explanatory variables x(t) also with the delay d. For this reason, the predicted value
of the explained variable y at time t is determined on the basis of d previous values of
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the variable y and d previous values of the explanatory variables x, which is expressed
by formula (1):

y(t) = f (y(t − 1), y(t − 2), . . . , y(t − d), x(t − 1), x(t − 2), . . . , x(t − d)) (1)

In the problem discussed, it was established, after consulting with the company’s
employees, that the number of defective products at a given moment can be most influ-
enced by the values of the manufacturing process parameters from the period of one
hour back. Given that the interval between consecutive observations is 10 min, it has
been agreed that the delay d will be 6.

Fig. 3. NARX network in an open form, which was used during training on historical data.

The input values go to the neurons in the hidden layer by connectionswith appropriate
weights. The hidden neuron first performs the operation of summing inputsmultiplied by
weights with bias. Then, the value of the activation function (in this case, the hyperbolic
tangent) is calculated. For simplicity, it was assumed that each NARX network used has
10 hidden neurons. The calculated value of the activation function of hidden neurons
goes to the output layer, where there is a neuron with the linear activation function. The
task of the output neuron is to calculate the prediction result of the explained variable.

The training subset was used to train each NARX network. During training, the
prediction error was calculated on the training, validation, and test subsets. The plot of
the prediction error determined during the training process of one of the created NARX
networks is shown in Fig. 4. The prediction error on the validation subset is used to
prevent overfitting of the NARX networks. When this error increases its value in six
successive epochs of the training algorithm, the training process of the NARX network
is interrupted. The result of the learning process is the state of the NARX network at
the moment when the validation error started to increase (the epoch denoted as Best in
Fig. 4). In turn, the error calculated on the test subset was used in the second part of the
modeling phase.

The role of the prediction error was played by mean squared error (MSE), which is
one of the basic andmost popular indicators for assessingmodels that generate numerical
outputs. The MSE value is determined according to formula (2):

MSE = 1

n

∑n

i=1

(
yi − y∗

i

)2 (2)

where n–number of cases in the data set, yi–actual value of the explained variable for
the i-th case, y∗

i –predicted value of the explained variable for the i-th case.
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Fig. 4. The prediction error of one of the created NARX networks, calculated during the training
process.

The second part of the modeling phase was to create and train a single NARX
network. This time the NARX network took into account all 69 parameters of the man-
ufacturing process, treating them as explanatory variables. However, the values of these
variables were converted in a suitable manner before starting the training process. The
transformation of the variables consisted of dividing each value of a given explanatory
variable by the value of the prediction error calculated on the test subset for this NARX
network from the first part of the modeling stage, which used the given variable as its
input. In that way, the prediction errors computed in the first part were included in the
second part of the modeling step. These errors act as weights that reduce the value of the
explanatory variables. The higher the value of the prediction error of the NARX network
from the first part of the modeling step, the more the values of the explanatory variables
of this network were reduced. According to this approach, the explanatory variables, the
use of which resulted in greater prediction errors in the first part, were reduced in the
second part of the modeling step, so as to have less impact on the final prediction results
of the number of defective products.

The fifth phase assesses the set of ANNs created in the fourth phase, which consists
of ten NARX networks. For the evaluation of the set of ANNs, four data sets were used,
which contain the values of all 69 explanatory variables and the explained variable. None
of these data sets were used in the modeling stage.

The assumption of the fifth stage is to simulate the operation of the ANNs set in a
situation in which a forecast of several future values of the number of defective products
should be made. For this purpose, the structure of all NARX networks was changed
to a closed form (see Fig. 5). The open NARX network allows for performing only
one-step-ahead prediction. In turn, the closed form of the NARX network causes the
network to contain a feedback loop. This gives the possibility to perform multi-step-
ahead prediction. In this case, the prediction results of y(t) will be used in place of the
actual future values of y(t).

The nine NARX networks established in the first part of the modeling phase were
first evaluated. Each of these ANNs made predictions for the given values of the input
variables, taking into account only the input variables that are assigned to the given
ANN. The prediction of the number of defective products is made by each ANN six
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steps forward, taking into account the six previous values of the explanatory variables
and the explained variable. The prediction error of each of the NARX networks is then
calculated by comparing themwith the actual values of the number of defective products.
Prediction errors are treated asweights that reduce the values of the explanatory variables,
similarly to the modeling phase: the values of the explanatory variables are divided by
the prediction error of the corresponding NARX network.

Fig. 5. NARX network in a closed form that was used in prediction for new data.

The data set prepared in this way goes to the final NARX network, which takes into
account all explanatory variables. This network predicts the number of defective products
six steps forward, taking into account six past values of the explanatory variables.

For the newdata used in the evaluation phase, the actual number of defective products
is known (although the NARX network does not take this into account when predicting).
Therefore, it is possible to evaluate the predictions of individual NARX networks as
well as the entire set of ANNs. If the prediction error is at an acceptable level, then the
ANNs set can be deployed to operate in the business domain. However, if the prediction
error is unacceptably high, then the created model should be modified and returned to
the modeling phase. The modification may consist of selecting a different number of
hidden neurons. If possible, it can also be extending the training dataset and re-training
the ANNs.

3.2 Results and Conclusions

The quality of ANN depends not only on the training process and the training subset
but also on the initial values of the weights of connections between neurons. The initial
weight values are randomized and thenmodified in theANN training process. The course
of the training process can largely depend on the initial values drawn, and this, in turn,
has a significant impact on the prediction ability of the ANN. Therefore, an approach
to generate ten ANNs was used for each NARX network in the ANNs set. Each of the
ten ANNs was trained using the same training subset. After completing the training, the
quality of the ANNswas assessed using the test subset. The ANNs set included the ANN
that had the smallest prediction error calculated on the test subset.

Figure 6 shows a comparison of the actual number of defective products with the
number of defective products predicted by one of the NARX networks. The period
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included in Fig. 6 covers the entire training, validation, and test subset. It should be
noted that the predictions in this case were generated by the NARX network in an open
form. Therefore, the plot depicts the one-step-ahead predictions. Looking at the course
of the time series of the dependent variable (upper part of Fig. 6) it can be seen that
the considered NARX network makes the smallest errors in the case of the initial data
fragment (up to approximately 1900 cases).

Fig. 6. Comparison of the actual values of the explained variable with the prediction results
obtained by one of the NARX networks included in the ANNs set.

Later in the time series, the differences between the actual values and the predicted
values are greater, which is clearly shown in the error graph at the bottom of Fig. 6.
Moreover, it can be noticed that the NARX network in open form has a worse prediction
of the highest values of the number of defective products. In such situations, the NARX
network understates the prediction result. This observation is apparent for all three
subsets: training, validation, and test. However, it is not the task of the neural model
developed to predict outliers. Instead, the neural model created should estimate whether,
with the given parameters of themanufacturing process, the number of defective products
will remain at a low level orwhether an increase in the number of defectswill be observed.
This task is accomplished by the NARX network because it is able to reproduce the
increase in the number of defective products, which starts from approximately timestep
number 2000. Moreover, it should be considered that the NARX network discussed
comes from the first part of the modeling phase, which means that this ANNwas trained
only on a small subset of the manufacturing process parameters. Considering all the
process parameters in the second part of the prediction modeling stage, the result of the
prediction can be better.

One-step-ahead prediction, the results of which are shown in Fig. 6, usually does
not reflect the real predictive ability of the created model, because in real applications
the created model of the manufacturing process will be used to predict the number
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of defective products several timesteps ahead (e.g., for the next hour, which in this
case means six-timesteps-ahead prediction). Therefore, a more reliable measure of the
predictive ability of the model is the prediction error computed for the multi-step-ahead
prediction. To determine the multi-step-ahead prediction, an additional test data set
was used, which was divided into four periods. The prediction for these periods was
performed by the NARX networks in closed form.

In addition, one additional NARX network (designation “single ANN”) was created
to serve as a benchmark. The single ANNwas trained in an open form using the training
subset, which included all the manufacturing process parameters. Thus, for the single
ANN, all possible input variables were given without additional information about the
significance of the input variables or their influence on the output variable. The single
ANN in closed formwas then used to predict four test periods. The singleANNprediction
results were taken as the benchmark generated to compare the proposed approach with
the singleANNapproach. If the benchmark gives a prediction error close to the prediction
error of the ANNs set or if the benchmark prediction error is smaller, then creating the
ANNs set according to the proposed approach would be unjustified.

As with the rest of the NARX networks, also with the single ANN the approach was
used, in which 10 ANNs were generated with the same parameters, and the ANN that
made the smallest error on the test subset was selected. To make it easier to interpret the
size of the prediction error, the RMSE (root mean squared error) measure was used, the
result of which is expressed in the same units as the values of the explained variable.
RMSE prediction errors calculated on the training, validation and test subsets of the
best of the ten ANNs were 22.03, 18.61, 19.13, respectively. On the other hand, the
corresponding measures for the NARX network from the second part of a modeling
phase had the value of 18.09, 18.84, 18.87. Comparing the obtained RMSE errors, it
can be concluded that the results for both approaches are similar. Therefore, there is
no clear advantage of the proposed neural model over the NARX network treated as a
benchmark. However, different conclusions can be drawn after analyzing the prediction
results for the additional test data set, divided into four periods.
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Figure 7 shows the actual and predicted values of the explained variable in one of
the four test periods. The forecast was made 6 steps forward. The results show a clearly
better accuracy of the forecast made with the use of the ANNs set. Prediction by the
single ANN underestimates the value of the explained variable at each of the six points.
Also, in the remaining three test periods, the predictions made using the ANNs set are
burdened with a smaller error compared to the benchmark single ANN. The RMSE
prediction errors for all four test periods are shown in Table 1. In addition, Table 1
considers the prediction results of each of the nine NARX networks created in the first
part of the modeling phase. For most of the rows, it can be seen that the RMSE values
increase in subsequent periods. This may be due to the fact that each subsequent period
is farther away from the training data.

Table 1. RMSE calculated for data from the four periods that were treated as test data.

ANN 1st period 2nd period 3rd period 4th period

Single ANN 30.10 37.87 36.69 42.37

Set of ANNs 16.14 13.32 15.28 19.98

Atmospheric cond. 16.70 21.86 23.62 27.59

Furnace 19.25 18.79 28.91 33.73

Section 1 14.91 17.92 27.19 30.94

Section 2 14.18 17.96 30.93 32.54

Section 3 15.52 21.92 28.99 32.52

Section 4 16.08 18.91 26.82 33.01

Section 5 15.03 18.99 33.04 35.15

Section 6 22.47 19.53 33.39 33.93

Molds cooling 25.47 22.15 29.66 34.09

Another interesting pattern can be seen in the case of the first period. The RMSE
values generated for NARX networks based on forehearth sections number 1, 2, 3, 4,
and 5 are lower than the RMSE of the ANNs set. This could suggest that the data from
these five forehearths sections are sufficient to make the forecast. However, in the next
three periods, the ANNs set has a clear advantage over NARX networks, with only the
five sections listed. This example shows that when assessing the effectiveness of ANNs
models, it is not worth relying on just one test period. The more possibilities to test the
forecasts, the more reliable the evaluation of the created ANNs model.

The aforementioned research problem,which concerned the prediction of the number
of defective products, is worth attention because by predicting this number, it is possible
to determine how much glass cullet waste will appear after production. This allows the
glassworks workers to better plan the demand for rawmaterials (glass cullet is one of the
rawmaterials used). In addition, knowing the number of defective products, it is possible
to more precisely determine the time needed to produce a given number of products.
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Plans for further research may include more tests of the proposed approach, e.g.
using data from other production lines in a glass factory or from other manufacturing
companies. Furthermore, in the proposed approach, it is possible to add the step of
selecting the appropriate number of hidden neurons in NARX networks, which could
improve the prediction result. It also could be valuable to compare the predictive ability
of the proposed ANNs model with other machine learning techniques (e.g., regression
trees, random forests, support vector regression). In the proposed approach, for example,
a random forest can be used instead of ANNs. Such an experiment could show whether
the proposed approach is appropriate also for other types of models based on machine
learning techniques.

4 Summary

The paper describes the process of creating a neural model of the production process on
the example of a glassworks. The application of the created model to predict the number
of defective productswas presented on the basis of historical data on the values of selected
manufacturing process parameters and the corresponding number of defective products.
A characteristic feature of the proposed model is the creation of separate NARX ANNs
for each stage of the manufacturing process. Each of the ANNs takes into consideration
only that part of the manufacturing process parameters, which is assigned to a given
stage of the process. The additional NARX ANN then considers all parameters along
with the prediction results of previous ANNs.

The proposed neural model allows reducing the prediction error in comparison with
the classic approach in which only one ANN is used, including all process parameters.
Moreover, the proposed approach is independent of the business field. The presented
example concerns the glass industry, but the approach can also be used in other industries
or branches of industry. It seems that for each research problem in which the relationship
between the input variables divided into certain subgroups and the quantitative output
variable is sought, the proposed approach can be applied.

The time devoted to building the neural model may be a limitation of the proposed
approach. The neural model contains many separate ANNs, each of which must first be
trained and then tested. This takes more time than the classic approach based on just one
ANN. The second limitation is the number of historical values that must be available to
make a forecast. In the example of a glassworks considered, it was assumed that the six
previous values of the manufacturing process parameters and the number of defective
products should be considered, because the previous six values have the greatest impact
on the future number of defective products. Due to the fact that the proposed model
works in two stages, it is necessary to have twelve previous values of the parameters and
the number of defective products. In the case of the classic approach with one ANN, it
is sufficient to have only six previous values of the parameters mentioned.
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Abstract. In the last decade, the paradigms concerning designing and enhancing
manufacturing systems were changed due to an uncommonly fast development of
computerization, automation and robotization. Unknown information technolo-
gies, such as virtual reality, artificial intelligence-based solutions and robots enter
the industrial reality to an increasingly great extent. Development trend analysis
allows one to assume that in the nearest future collaborative robots, capable of
intelligent cooperation with people will constitute an element of manufacturing
systems. The objective of this article is to present conditions that ought to be
met in order to introduce intelligent collaborative robots as well as to employ
Digital Twin technology in the process of cobot adaptation in terms of a certain
manufacturing system.

Keywords: Manufacturing systems · Digital twin · Cobots · Artificial
intelligence · Virtual reality

1 Introduction

Industry 4.0 revolutionised the production sector by integrating and implementing infor-
mation technologies such as artificial intelligence (AI) Internet of Things (IoT), cloud
computing or cyber-physical systems (CPS) [1, 2]. The main rule of Industry 4.0 is
to make the manufacturing system “intelligent” by connecting machines and devices,
which can control each other throughout their entire life cycle [3, 4]. The main priority
of Industry 4.0 is process automation and therefore limiting human contribution to the
manufacturing process [5, 6]. Industry 4.0 concentrates on enhancing mass production
and effectiveness by providing intelligent connection between devices and applications
using machine learning [7, 8]. Moreover, the fourth industrial revolution brought com-
panies’ attention to the fact that data-driven management offers certain possibilities [9].
Data aggregated in real time present changing of production in overtime [10].
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The more possibilities of measuring and analysing, the greater potential for opti-
mizing. It is therefore to be stated that data aggregation in itself does not determine
competitive advantage, but is a step towards a possibility of a full usage of production
data potential [11]. It is also worth mentioning that each company is different and may
collect a different range and volume of data [12]. The properly analysed data become a
basis for management decision-making in manufacturing [13]. Due to this fact numer-
ous question occur in terms of data analysis, mainly on selecting proper algorithms and
determining the method of data aggregation and measure definition, that would allow
one to assess the occurring changes [14]. Answering those questions poses a signifi-
cant difficulty. Prior to answering, it is necessary to obtain a base – a place for data
implementation – to obtain a coherent result.

The objective of this article is to present conditions and strategies resulting from cur-
rent development trends in industrial systems, which influence and are used for imple-
menting cobots. The possibility of using Digital Twin technology in the adaptation of
cobots for certain manufacturing systems was especially examined.

2 Digital Twin as an Environment for Designing and Improving
Modern Manufacturing Systems

2.1 General Idea of Digital Twin Technology

As far as optimization of processes and manufacturing systems, a concept of Digital
Twin, promoted in terms of Industry 4.0 may prove helpful. Digital Twin is a structured
method of digitalizing manufacturing systems. Digital Twins are defined as a digital rep-
resentation of an active, unique product, service or manufacturing system characterized
by certain characteristics or conditions used for analysing, understanding and improving
the product, service or manufacturing system [15]. According to the research byMarkets
and Markets, the worth of the Digital Twins global market of Digital Twins was stated
to be 3.1 billion dollars in 2020, whereas in 2026 it is estimated to reach 48.2 billion
dollars [16].

Digital Twin can be characterized by three basic elements: physical reality, virtual
representation and interconnections that exchange information between the physical
reality and virtual representation. It was presented in Fig. 1 in schematic form.

Fig. 1. Digital Twin components and high-level processes [17].
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The main motivation for the development of solutions on the level of Digital Twin
is to improve the safety of manufacturing systems [18]. In this case it is focused on
automatic fault-tolerant control, FTC. This structure allows process manufactures to
continue predefined work in the case of equipment failure. The work may not be as
efficient as normal, but the manufacturing system does not cease to operate [19].

2.2 Benefits of Digital Twin Implementation

The solutions of the Digital Twin are useful when a diagnose as well as prognosticating
failures/errors of physical devices, planning movement by integrating with agent-based
algorithms of fast optimization in a robotized production hall, modelling the real state
of objects in order to increase their reliability, productive capacity or to plan the path of
the robotic tool on the basis of transferring information between a reconfigured additive
manufacturing system and its digital twin [16].

Management feedback using a digital twin is conducted by creating a model and
its verification by what-if testing with another model proposition/suggestion. In the
feedback phase of the digital twin, virtual start with thewhat-if tests combines simulation
and automation. Virtual production modelling offers numerous benefits presented below
[20].

1. Finite production planning and task schedule testing to avoid unplanned production
downtime.

2. Supporting decision-making ‘to optimize production.
3. Avoiding human errors in real production by virtual simulation and testing.
4. Allowing for easy error/problem detection in the manufacturing system.

Environment and context area of a Digital Twin is represented by four dimensions:
integration breadth, connection mode, update frequency and product life cycle.

Digital Twin behaviour or the wealth of opportunity include the remaining four
dimensions, mainly CPS intelligence, simulation capabilities, digital model richness
and human interaction. An eight-dimension model determined in such a way can help in
the process of setting goals in the development of a new product by using the existingDT,
upgrading the already existing product with the knowledge obtained from their operative
DT, using standardization tool for the further development of DT as a single product
or service (as a template), with the possibility of adding new functions along the eight
dimensions as needed [15].

3 The Issue of Implementing Cobots in the Light of Current Trends

3.1 Motivation for Implementing Intelligent Collaborative Robots

Researchers indicate that the fourth industrial revolution decreases the need for a human
component/factor in production, as it focuses on automation and seeking algorithm-
based optimization. It is also frequently stated that numerous social consequences may
ensue and the possibility of innovation is decreased, since it is an element characteristic
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for humans, as opposed tomachines. Replacing humanswithmachines became naturally
an area of research on new ways of a mutual (safe and effective) cooperation between
human and machine. The term “cobot”, describing a robot able to work and cooperate
with humans, has been introduced.

Cobot was designed (both in terms of construction and application/usage) to be safe
operating in the vicinity of humans [21]. Moreover, the term “intelligent collaborative
robot” can be found in literature more,21,and more frequently. Cobots are equipped
with elements of artificial intelligence allowing one to broaden the range of intelligent
interaction with objects nearby [22–24].

Introducing a human factor in the form of intelligence to the realization of processes
with cobots is stated to be one of the elements of the fifth industrial revolution (Industry
5.0). The essence of Industry 5.0 is currently in the phase of concept formulation and is
focused on the possibilities of using human intelligence and creativity to cooperate with
powerful, intelligent and precise machines.

Numerous technical visionaries believe that Industry 5.0 will allow not only for
using intelligence, but also the sense of touch (characteristic for humans) in the manu-
facturing industry. Industry 5.0 is expected to combine the high speed and precision of
machines with critical and cognitive human thinking. Mass personalization is another
important contribution of Industry 5.0, in which the customers may prefer personalized
products, which suit their needs and taste. Industry 5.0 shall significantly increase pro-
duction effectiveness and create versatility between humans and machines, allowing for
responsibility in terms of interaction and constant monitoring [7].

Industry 5.0 acknowledges the industry’s ability to reach social goals exceeding
workplaces and growth so as to support sustainable development (respecting the capa-
bility of the environment while concentrating on the wellbeing of the industry worker)
[25]. This goal comprises of these three basic elements:

– human-centric approach – instead of treating new technologies as a starting point and
researching its potential for increasing effectiveness, human-centric approach places
human needs and interests in the centre of the production process. Instead of focusing
on the possible applications of the new technology, we ask what it can do for people;

– sustainability; sustainability means decreasing energy consumption and greenhouse
gas emission in order to avoid depletion and degradation of natural resources to fulfil
the needs of current generations without jeopardizing the future generations;

– resilience – focuses on the need to develop a higher level of resilience in manufac-
turing, bracing it against disruptions and ensuring its readiness to support critical
infrastructure in the times of crisis [25].

A new perspective of developing manufacturing systems is introduced considering
these three elements. This perspective would bring people back to factory halls, con-
necting people and machines to utilize the power and creativity of human mind in order
to increase process effectiveness by combining the workflow with intelligent systems
[26].
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3.2 Cobots – Collaborative Robots

Industry 5.0 redefines the notion “robot”.Robots shall no longer be simplyprogrammable
machines suited for performing repetitive actions. Instead they could become a perfect
companion for people in certain cases. The next industrial revolution will introduce a
next generation of robots – cobots, which will know or learn quickly how to perform
tasks.

These collaborative robots will be aware of human presence and therefore shall take
care of safety and risk criteria. They will be able to notice, understand and feel not only
a person, but also the goals and expectations of a human operator. Similarly to a student,
cobots will observe and learn how to perform a certain task. Once the task is learned, it
will be performed by the cobots as it was done by humans [25].

3.3 Cobots – Collaborative Robots

Despite a promising perspective presented by Industry 5.0, there is a lot to be done in
terms of robot implementation, and especially its conditions. According to the authors,
numerous requirements presented in literature ought to be met by Industry 5.0. These
conditions can be divided into two main groups: technical and technological conditions
and organisational conditions.

The first group is focused on technical and technological measures that ought to be
used in creating solutions for Industry 5.0 and cobots. It is necessary for the solution to be
cohesive in terms of the working environment for both humans and machines. It is also
indicated that in order to consider such a solution it is necessary to present readymethods
and tools in terms of both obtaining and processing data. Technologies supporting the
implementation of cobots is a set of complex systems which combine technologies,
such as intelligent materials with biology-inspired sensors. Therefore, each of the below
presented elements can reach their potential only when combined with others, as a part
of a system or a technological solution.

– networked sensor data interoperability – ensuring the possibility of data flow between
various machines and sensors (as required), energy-saving and safe technologies of
transmission, storing and analysing of data,

– multiscale dynamic modelling and simulation: digital twins – allowing one to map
the production process in the virtual reality, digital twns and simulation technolo-
gies optimize production, test products and processes as well as detect possible
consequencs,

– shopfloor trackers – constituting a base for robot navigation in the production area;
– virtual training – training in a simulated environment, allowing one to select a proper
solution for the type of work, staff education,

– intelligent autonomous systems – working without an operator, deep learning neces-
sary for pattern recognition, ability to dealwith andfind correlations between complex,
interconnected data from various sources and scales in terms of a system of systems,

– advances in sensing technologies and machine cognition – a base for recognizing
patterns and applying them in machines,
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– applying brainmonitoring technology in order to recognize signals – encephalography
(EEG). Functional Magnetic Resonane Imaging (fMRI) or functional near-infrared
spectroscopy (fNIRS) (fNIRS is portable and easier to use due to a shorter configu-
ration time and built-in wireless connection for transferring data in the majority of
available headsets [26],

– individualised human-machine-interaction –solutions allowing one to combine the
work done by humans with technology, support people and combining human inno-
vation with the capability of a machine, recognizing speech and gestures, predict
intentions, control mental and physical burden and stress in workers, cobots, aug-
mented, virtual or mixed reality, exoskeletons, bio-inspired work clothes and safety
equipment,

– bio-inspired technologies and smart materials – bio-inspired technologies and
processes ensured by built-in sensors, adaptative-ergonomic properties of the surface,

– technologies for energy efficiency, renewables, storage and autonomy – technologies
require significant amounts of energy to properly function, therefore solutions obtain-
ing carbon neutrality are required, mainly integration of renewable energy sources,
Hydrogen andPower-to-X technologies support, intelligent dust sensors, energetically
autonomous or low-energy data transmission and analysis [27].

The other group of conditions are organizational issues. Here, the issues regarding
the influence of cobots on the work environment, employees, organizational structure
and ethical or legal issues are discussed. The following issues are presented:

– legal and regulatory issues:
There is still no coherent legal definition of a robot. Technical definitions are available,
but only a legal definition is a basis for business and organizations. Moreover, the
definition ought to allow one to discern a robot from other machines occurrin in the
production environment. Apart from a clear definition, the law ought to consider at
least the types of robots, which might be operated alongside human workers, roles
and responsibilities of robots, types of decisions concerning humans that can be made
by robots, types of malfunctions and responsibilities, distribution of responsibility in
the even of robot malfunction, robot software regulations, the robot’s ability to learn
adn develop, certificates necessary, certificating bodies and their responsibilities;

– personal preference toward working with robots:
Some workers may be interested in working with robots, whereas some others might
be against it. Organizations interested in implementing such solutions ought to be
aware of those preferences, since they will influence the speed of implementation and
the number of problems relating to it;

– psychological issues resulting from human-robot co-working:
It is difficult to determine how human psyche will be influenced by the cooperation
with robots. Could it cause phobias? At this point it can be stated that further research
will be necessary;

– social implications of human-robot co-working:
During work, numerous social interactions occur, also in a group. Some people might
prefer robots presenting social behaviour. Others might claim that social behaviour
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exhibited by robots is unreal and, since it results from computer programming, false.
The employees’ opinions will most likely vary;

– the changing role of human resources departments:
Conducting work analyses, creating descriptions of workstations and identification of
business processes are the most important tasks of the human resources department.
HR departments will have to conduct their tasks again before introducing robots to
their organizations;

– the changing role of information technology departments and emerging of robotics
departments:
Since robots take over important tasks, their conservation and modernisation ought
to be performed in a safe and secure manner. It is important to ensure security of data
obtained by the robots. This shall pose even more difficulty than securing the current
IT infrastructures of an organization. Cooperating with robots will make it harder to
ensure information and privacy in the workplace;

– ethical issues resulting from human-robot co-working – ethical status of robots:
Commitment towork and a proper performance of duties are directly linked to humans
and their work. In the case of robots, this ethics does not apply, since they perform
certain strictly defined tasks. For this reason, people cannot compete with robots in
terms of obtaining a good ethical norm in this aspect. It is hard to predict how work
ethics will evolve in the area of human-robot cooperation;

– preference toward types of robots to work with (learning or rule-based robots):
Robot learning method depends on the applied technique. It can either synthesize
knowledge in terms of machine learning, or work according to strict rules. As a result,
we will be faced with a compromise in terms of the types of robots used in the
environments where humans cooperate with robots;

– learning to work with robots:
Wemay be forced to learn how to behave towards a robot in order to achieve what we
want. Non-verbal communication is an important part of interpersonal interactions.
Robots can, but do not necessarily have to understand these nonverbal signals. People
will take time to learn and get used to working with robots;

– negative attitude toward robots due to shrinking human workforce:
Somemight claim that using robots may increase unemployment. A counterargument,
however, indicates that additional workplaces will be created. History validates this
counterargument. Since machines would take over more “earthbound” tasks, people
could focus on jobs requiring creativity, artistry, research and development;

– humans competing with robots or robots complementing humans:
The majority of people may even prefer obedient robot-assistants. Such robots would
help people with their tasks without a need for a human assistant. On the other hand,
some people may claim that that robots can, and even should take up jobs for people,
as it would increase the effectiveness of human workers. People compete for jobs in
organizations and adding robots to this competition would complicate management
and organisation [28].
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A production system changes significantly as cobots are introduced to it. The awareness
of organizational conditions of robots must be taken into account and might help to
assess whether a solution would be beneficial for a certain production system.

3.4 The Role of Digital Twin in the Implementation of Cobots for Production
Systems of Industry 5.0

Among numerous conditions relating to implementing cobots an area requiring attention
occurs, mainly implementing the robot in certain industrial conditions. It is important to
realise that the human-robot cooperation poses a challenge for both the cobot builders
and the people operating the machines due to the variability of people. Even in the
case of an identical task, each movement of a person performing it might be slightly
different. On the other hand, cobots might perform various tasks and ae introduced to
various production contexts. The cobot activity depends on the data availability and
the quality of controlling algorithms. The more data, the better possibilities for robot
parametrization, which means a better human-robot cooperation. Work safety increases
similarly in the case of anormal or atypical situations.

In the case of purchasing a new cobot equipped with specialist sensory infrastructure
(cameras, laser sensors etc.) and pre-defined algorithms it is necessary to adjust the cobot
to the needs of a given organization.

Two strategies appear to be especially promising. In the first one, the cobot is
implemented directly into the work environment, which would allow the algorithms
to parametrize the behaviour on the basis of the sensors available. In this case, however,
the cobot will be limited to the data it can obtain itself. In many cases this would suffice,
but in the case of a complex machinery park or a production line that is constantly in
motion (the workers moving, automated guided vehicles supplying materials etc.) it is
impossible for a cobot to notice everything using cameras and sensors. For example,
cobot will not be able to notice a person, whose view is obstructed by another person or
an object.

For this reason and considering the development of Digital Twin solutions it is
advised to consider the second, much more complex strategy, where the cobot is imple-
mented using a Digital Twin. Moreover, the environment is characterised using the data
from Digital Twins. This way, almost the entirety of the environment is represented by
digital data – both the human workers and the machines have a representation in the
virtual reality (Fig. 2). Data on the full spectrum of events in the workplace allows one
to implement a greater number of boundary conditions. Depending on the needs, fulfill-
ing the conditions can be seen as a safety or work effectiveness operations. In the case
of humans, human robot collaboration approach is implemented and the human digital
twin solutions are used [21].

In the case ofmachines, Digital Twin solutions are usually used. This approach offers
a greater range of data, which allows both the robot builder and the robot itself to perform
tasks both at the implementation stage and in everyday work in industrial conditions.

In the implementation stage (even before the physical implementation) it is possible
to train the cobot on the basis of the aggregated real production data. The training is
therefore not based on simulated or estimated data, but on data registered in the place
where the robot is expected to operate. Such an approach shortens the implementation
time and limits the risk of human-machine cooperation.
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Fig. 2. Information flow between digital and physical human-twin [21].

Upon completing the implementation period, newproduction launches are performed
elastically. Cobot ought to be able to learn. In the case when data is supplied by Digital
Twins, such an adaptation is based on the analysis of new data, which is in accor-
dance with the current production requirements. In this, way the cobot becomes a fully
functional tool, an open system.

4 Conclusions

Considering the above discussed conditions and strategies of implementing cobots, it is
to be mentioned that this issue is of great importance for the development of production
systems. It is necessary to determine how a certain solution realises technical, techno-
logical and organizational conditions when developing, planning or implementing such
a solution. It is a basic step towards creating a fully functional solution meeting the
needs of the robot builders, companies and production workers. The role and meaning
of Digital Twin technology and cobots shall be researched further.
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Abstract. This paper presents research within are studied and applied distinct
types of determination of the workspace of a 6 DOF Parallel Kinematic Machine
(PKM). PKM structures assume the incorporate of flexibility and/or envelope
founded in robotic architecture alongside with the rigidity and efficiency provided
by the machine tools kinematics. With the help of modern techniques that are used
worldwide within different applications in various fields of the industries, and it is
to be studied in the early study years of Bachelor of Science the Computer Aided
Design (CAD) systems proved to be the correct solution for modeling-simulate-
optimize before implement the final product. In this direction the work conducted
through the research of this paper uses a modern, efficient, and adequate CAD
system - SolidWorks. The current research focuses on using geometrical methods
of identification and evaluation of the volume for the workspace of a 6 DOF PKM.

Keywords: Workspace analysis · PKM · CAD · Geometrical method ·
SolidWorks

1 Introduction

1.1 Importance of the Workspace of Parallel Kinematic Machines

Through the entire kinematics of these types of machines, PKM, have been proved to
be a complex architecture, as it is to be found in the specific literature which underlines
aspect that refers to the ability with high precision of changing the position and the
orientation of these types of structures. In various domains such as microtechnology’s
or assembly electronic components and many others where are to be found robots based
on a serial structure it has been proved that more suitable are the parallel kinematics
machines due to the built-in repeatability, rigidity, and the accuracy of positioning [1–
3]. Moreover, when it comes to reducing forces within the entire kinematic structure,
PKM has proved to be efficient due to fixed frame fitting of the motors directly on the
robot frame resulting a lower mass that needs to be moved [4, 5].

In terms of parallel robotic structures there are several research that have been devel-
oped to identify, measure, and analyze by any means using modern techniques the
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B. Gapiński et al. (Eds.): MANUFACTURING 2022, LNME, pp. 50–63, 2022.
https://doi.org/10.1007/978-3-031-00805-4_5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-00805-4_5&domain=pdf
https://doi.org/10.1007/978-3-031-00805-4_5


Workspace Analysis of a Novel Parallel Kinematic Machine 51

workspace. It is to be considered that the workspace of a parallel robotic structure is a
main characteristic, and it refers to it is performance [6, 7].

It is identified in the literature as an important aspect the aspect regarding the deter-
mination of this workspace and depending on the application for which the structure is
intended to be implemented. With complex kinematic structures, PKMs are challenging
structures in terms of workspace [8–13].

From the point of view of the applicability of these parallel kinematic structures, in
the literature it is underlined the fact that the most used structure in this category, from a
commercial point of view, having different dimensions, is the Gough-Stewart structure
[14].

Also, it is underlining the aspect that refers to some limitation that PKM struc-
ture have, due to the workspace dimension. Workspace and its limitation are identified
through its kinematic architecture which presents a fixed location of both active joints
and passive joint within the base frame on which the arms are connected [1].

This paper presents workspace analysis and determination of a novel 6 DOF Parallel
Kinematic Machine (PKM) using CAD in combination with evolutionary and numerical
analysis methods.

Workspace determination is a critical issue as it measures the ability of the robot
to work in a certain workspace due to the range of the movements of the robot arms.
There are several ways of determining the robot workspace most of them are geomet-
rical, numerical, and analytical [15–17]. Geometrical methods (CAD based methods)
are preferred when cross sections of workspace are needed, numerical are preferred
to show visibility and variation of several indices within the workspace. A combina-
tion of both numerical and geometrical method is preferred for workspace analysis and
representation of limits of workspace [18, 19] (Fig. 1).

Fig. 1. Workspace analysis methods.
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1.2 General Description of the PKM

The architecture of the novel concept of PKM type with 6DOF identified as 3-PR (RPR)
RS has in its component two identical kinematic chains that are fixed on a mobile
platform. Each kinematic chain is actuated through belt driven actuation fixed on two
rails identified as the mobile base.

To properly control the structure, it is required to determine the number of degrees
of freedom which will determine the minimal number of required actuators.

By using the formula for determining the degree of freedom of a spatial structure
[20, 21] results:

M = 6n − 5C5 − 4C4 − 3C3 − 2C2 − C1 (1)

where:

– M - the degree of freedom of the studied structure
– n - the number of mobile elements
– Cn - the number of joints with (6-n) degree of freedom

In the PKM novel structure presented in this paper, the parameters described are:

– n = 10;
– C5 = 9;
– C4 = 0;
– C3 = 3;
– C2 = 0;
– C1 = 0.

Through all mentioned above is can be underlining that the degree of freedom of the
PKM architecture is 6. From the previous result it is understood the fact that the PKM
structure requires at least 6 actuators to be completely controlled.

The joints that are going to be actuated will be the three prismatic joints of each
kinematic chain by using a fixed belt drive with three stepper motors mounted on each
prismatic joint and actuating the belt by using pinion.

The remaining three joints that need to be actuated are introduced as a new kinematic
chain RPR, mounted between the links of the RRS joints of the PRRS kinematics chains,
thus resulting the 3-PR (RPR) RS structure.

Kinematic chains no.1 and 3 of the proposed PKM require an inclination around the
Z-axis to fully determine the geometrical structure. In the case study of the presented
structure from this paper the values of the angles are respectively 120 and 60°.

The kinematic chain number two, the middle one, has an inclination of 60° around
Y-axis, because its inclination determines the travel interval on the Z axis of the mobile
platform. It should bementioned that each of the threemoving platforms,which represent
a prismatic joint, is driven by a stepper motor.

All the prismatic joints that are constituent of the entire robotic structure PKM, are
actuated to fully control the structure while the revolute and spherical joints are passive
(Fig. 2).
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Fig. 2. Concept sketch of novel 6 DOF Parallel Kinematic Machine.

1.3 CAD Prototype of PKM

Following the general kinematic description of the entire architecture of the 6-DOF
PKM, further it was used a CAD software application in order to define all the needed
components which together mounted into an assembly design construction outlines the
final form, see Fig. 3 and Fig. 4.

Within the design process it was taken into consideration even the next step which
needs to be fulfilled, the manufacturing. In this direction in the 3D working environ-
ment all the parts were assigned with specific material, aluminum, and plastic. Authors
have decided to combine two technologies of manufacturing, classic - lathe and milling
together with non-conventional manufacturing technology (additive manufacturing) -
3D printing. It was established this to reduce the production cost regarding the parts
manufacturing due to the fact of the high complexity.

Fig. 3. Front and back 3D view of the novel 6 DOF Parallel Kinematic Machine.
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Fig. 4. Top 3D view of the novel 6 DOF Parallel Kinematic Machine

1.4 PKM Manufacturing and Assembly

The equipment’s that were used to manufacture the entire parts of the structure assumed
a 3D printer, Anet ET4 Pro, and a VMC, Microcut Challenger 2418, and the manu-
facturing parameters are presented in Table 1. Having the 3D models of the parts, the
preliminary stage before the actual processing involved the use of the CAM (Computer
Aided Manufacturing) environment to obtain the necessary information transmitted to
the production equipment.

This stage was successfully completed with no errors or incompatibilities between
the transfer of data from the CAD environment to CAM. The final parts obtained can
be seen in the figures below Fig. 5, Fig. 6, and Fig. 7. In the pictures it can easily see
the difference between the plastic parts, made on a 3D printer and those that have been
processed by milling.

Table 1. Parameters used for manufacturing the parts

Parameter Anet ET4 Pro VMC Challenger 2418

Material used PLA EN AW-5083

Feed rate 20–100 mm/min 1000–3000 mm/min

Manufacturing precision 0.1 mm 0.01/300

Manufacturing time 80 h 20 h

Axial/Radial 0.2 mm/0.4 mm (layer height/nozzle
diameter)

2.5 mm/3 mm (depth of cut)
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Fig. 5. Three prismatic joints and the first revolute joint of each kinematic chain mounted on the
guiderails

Fig. 6. Plastic elements mounted on the mobile platforms

Fig. 7. Complete mounted arm having all the components assembled
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The novel PKM consists of a parallel structure with 6 DOF [3-TR(RTR)RS]. It has
3 stepper motors, see Fig. 8 and parameters in Table 2 assigned to prismatic joints. From
the point of view of actuation within the structure, stepper motors were used to achieve
prismatic movements. A drive motor was used for each revolution torque.

A LACT10P linear actuator, see Fig. 8 and parameters in Table 3, with a stroke of 10
inches was used for each kinematic chain to perform the RRS type movements within
the 3-TR (RTR) RS structure.

Fig. 8. Stepper motor and linear actuator used for actuating the structure

Table 2. Parameters of the stepper motors

Parameter Value Units

Model number JK57HSB

Current/Phase 1 A

Step Angle 1.8 °

Motor Height 86 mm

Inductance/Phase 0.9 MH

Holding Torque 0.39 Nm
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Table 3. Parameters of the linear actuators

Parameter Value Units Value [IS] Units [IS]

Part number LACT10P

Stroke 10 Inch 254 mm

Input 12 V - DC 12 V - DC

Average speed 0.5 Inch/ s 12.7 mm/s

Dynamic load 110 lbs 49.9 Kg

Static load 500 lbs 226.8 Kg

2 Workspace Analysis

The determination of the workspace for any moving structure is an initial requirement
for any further analysis involving the moving behavior of the robot with respect to a
desired task. The determination of the workspace can be achieved by using geometrical,
numerical, or analytical approaches and each method has its own advantages and disad-
vantages based on the desired workspace parameters that needs to be determined [22,
23].

a)              b) 

c)

Fig. 9. Volumes generated by the three kinematic chains of the PKM a) front view, b) top view
c) side view
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Each approach used for the determination of the workspace can be implemented in
multiple ways and based on implementation and precision factors some methods can
be implemented with less difficulty than other. The geometrical method involves the
procedures of generating the workspace volume by constructing the volume generated
by each kinematic chain of the PKM and intersecting them, Fig. 9, thus resulting the
workspace volume, Fig. 10, of the whole structure of the PKM. This method can be
easily implemented by using CAD software and CAD tools and it will also result in the
representation of the whole theoretical workspace. One downside of using this method
in the case of PKM is the fact that certain construction parameters can be difficult to
implement, like limit angles for the revolute joints, and like most PKM, the moving
platform being the moving element that closes all the kinematic chains, is difficult to
implement apart from the kinematic chains.

a)              b) 

c)

Fig. 10. Workspace volume generated by the intersection of the kinematic chain volumes of the
PKM a) front view, b) top view c) side view

The secondmethod used for the determination of theworkspace volume is the numer-
ical approach, which requires at least the equations that solve the forward kinematics
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problem or the inverse kinematics problem. By using the equations that solve the for-
ward kinematics problem, a vector for each generalized coordinate is created and by
iterating through each combination of generalized coordinates the result will be checked
to conclude in a real position in space and if this is the case, that resulting point and
orientation is stored and represented, thus resulting the reachable workspace [24].

By using the equations that solve the inverse kinematics problem, a grid of point is
generated using fixed or variable space step and for each individual point and orientation
the generalized coordinates of the PKM are computed and checked to result in real
values of actuations. In this case, the initial point used for the determination is saved and
represented, thus resulting the same reachable workspace.

The numerical method will only result in approximate representations of the
workspace due to the implementation through iteration and the precision can be improved
by decreasing the step used in the generation of initial generalized coordinates or
positions and the construction parameters can be implemented with less difficulty
(Fig. 11).
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Fig. 11. Reachable workspace volume generated by numerical methods
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In the case of the analytical determination of the volume, the approach is to determine
the resulting surfaces from the interstation of the generated surfaces of each kinematic
chain of the PKM and, through integration, to compute the resulting volume.

By using this method, the absolute value of the volume of the workspace can be
computed and by further bounding the generated surfaces by using the limit angle for
each joint, the absolute value of the reachable workspace can be computed [19, 25].

The numerical methodwill always result in the absolute values of the volumes for the
workspace but in some cases, it is difficult to implement due to geometrical complexity.

For the implementation of the analytical approach, it is required to determine the
functions that describe the projections of the shapes described by each kinematic chain
on theYOZplane, step followed by the determination of the shape on the intersection and
finally the integration among X between the boundaries defined by the support planes
of each kinematic chain (Fig. 12).

Fig. 12. Representation of the projections on the reference plane YOZ

The circle C1i represents the upper limit of the surface described by the kinematic
chain i and it is described by the equation:

X ′2 + Z2 − R2
i = 0 (2)

By using the same equation, the circle that describes the lower limit of the surface
described by the kinematic chain i and it is described by the equation:

X ′2 + Z2 − r2i = 0 (3)

Given the fact that the support plane for the circles is tilted around Z axis or Y axis
by angle ϕi, the projection of the circles on the plane YOZ is:{

Y 2

sin(ϕ1)
+ Z2 − R2

1 = 0, outer circle
Y 2

sin(ϕ1)
+ Z2 − r21 = 0, inner circle
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{
Y 2 + Z2

sin(ϕ2)
− R2

2 = 0, outer circle

Y 2 + Z2

sin(ϕ2)
− r22 = 0, inner circle{

Y 2

sin(ϕ3)
+ Z2 − R2

3 = 0, outer circle
Y 2

sin(ϕ3)
+ Z2 − r23 = 0, inner circle

The boundaries of the workspace are the planes placed at the rear limits of the X
axis oriented by the initial tilt angles and the whole volume is determined by:

VWS = Vo − Vi, (4)

where:

– VWS - workspace volume,
– Vo - outer volume,
– Vi - inner volume.

The outer volume can be determined as:

Vo = ∫ S0dx (5)

Where S0 represents the function with respect to x of the section of the workspace.
The inner volume can be determined as:

Vi = ∫ Sidx (6)

Where Si represents the function with respect to x of the section of the central workspace
that needs to be removed.

Therefore, the workspace volume is determined by:

VWS = ∫ S0dx − ∫ Sidx = ∫(S0 − Si)dx (7)

3 Conclusions

Workspace determination of a parallel robot is a critical issue. Modern CAD software
offer lately the possibility of representation complex shapes of intersected volumes and
via constraints using evolutionary methods [27]. The article presented a concept of
evolutionary design of the workspace volume of a novel 6 DOF PKM using SolidWorks.
The proposed method consists in representation of the workspace as a volume in a
CAD system (SolidWorks), based on CAD features like parametrization of it and we
demonstrated the advanced performance of this proposed method to obtained volume
of workspace of the PKM. The initial step relies on the parametric description of the
workspace volume of the novel 6 DOF PKM and directly representation of it in the CAD
system (SolidWorks). In the analysis process, design parameters were set, target value
e.g., volume of workspace was obtained.
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Abstract. The article presents the concept of an innovativemobile robotwith a set
of manipulation arms. The peculiarity of the device is the way of moving in every
direction without having to change the orientation of the structure. This effect was
achieved thanks to the spherical shape of the body. A set of arms cooperating with
it are used to manipulate objects within the operating range of the device. The
control system uses microcontrollers, orientation and position sensors. The robot
is controlled remotely by the user using a smartphone. Based on the literature
review, no similar solution used in the industry was found.

Keywords: Mobile robots · Ball robot · Robot manipulator · Control system

1 Introduction

1.1 Review of the Literature

In large-scale production plants whose factories occupy huge spaces in production halls,
inter-station transport is very important. It is more and more common for enterprises
to invest in mobile robots, the task of which is to transfer elements from one station to
another. They usually look like a wheeled platform that follows a certain, predefined
trajectory. Thanks to this, employees can focus only on their work, not paying attention
to the need for the necessary components. This solution also has the advantage that
the transport robot is reliable. There are accidents where a forklift operator, through
excessive fatigue or distraction, causes large material losses in the company or, worse,
injures other people. The use of robots avoids this type of accident [1].

Due to the way robots move in space, they can be divided into holonomic and
nonholonomic. Eachmobile robot has generalized coordinates q and generalized speeds.
The relations between the robotic system and its environment are described by the
configuration constraints f(q)= 0 and the phase constraints A(q)= 0. Phase constraints
may be possible to integrate - then they are holonomic phase constraints or impossible to
integrate - nonholonomic phase constraints. Therefore, holonomic robotic systems are
thosewhose constraint equations can be integrated,while if the equations are incomplete,
we are talking about nonholonomic systems.

Another, more intuitive way to distinguish between robots as holonomic and non-
holonomic involves the number of degrees of freedom of the robot and the number of
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degrees of freedom that the robot is able to control. If these numbers are equal, then we
are talking about a holonomic work, if not - a nonholonomic one.

Among mobile, wheeled robots, a significant part is occupied by non-holonomic
robots. The main source of nonholonomic limitations is the lack of wheel slip - the
wheel speeds perpendicular to the wheel cancels out. The solution to this problem may
be the use of omnidirectional wheels, also known as Swedish wheels. These wheels,
on their circumference, have rollers enabling such a wheel to be moved in a direction
perpendicular to the normal direction of wheel movement [2].

In certain cases, it is required to use a manipulator, which will additionally have
the functionality of a mobile robot. Such a need occurs, for example, in the military
industry, namely in the performance of activities that are dangerous to humans, such as
defusing bombs or reconnaissance. Another application in which it is necessary to be
able to move as well as perform manipulator operations is the space industry. In this
case, an additional important element is the control, which must be reliable.

The paper proposes the construction of a sphere-shaped robot [3]. Ultimately, this
robot is to work with a set of arms mounted magnetically (with magnets) on the main
body. As far as it is known such or similar combination has not been introduced yet. The
goal of this research is to check whether such solution makes sense. Most mobile robots
withmanipulators e.g.,KukaKMRQuantec [4] orOmronMoma [5], consist of a 4-wheel
platform equipped with one manipulator. The proposed, spherical robot kinematics is
characterized by one point of contact with the ground, which ensures greater movement
capabilities of the robot in unpredicted or demanding terrain. Two manipulation arms
instead of one provide easier balancing of the center of gravity of the robot holding a
carried element. The main purpose of the described contraption is the safe transport of
goods in the warehouses of different kind. The selected kinematics does not have high
positioning accuracy, while the spherical shape of the carrier part ensures that the robot
cannot be overturned and the transported goods stay intact. Manipulators facilitate the
maintenance of balance and allow for arranging the transferred elements.

The project covers the mechanical structure, power supply system, drive system,
control systemand themethodof communicationbetween ahumananda robot. The robot
has the shape of a sphere with a diameter of approx. 30 cm, is controlled wirelessly using
an Android application, can move in any direction on the plane and has an “orientation”
function that allows the user to easily determine the direction of movement.

1.2 Theory of Operation

Although the robot has the shape of a sphere, its motion can be considered as a disk
[6], as shown in Fig. 3. The center of mass of IDU (Internal Driving Unit) M, shifted in
relation to the geometric center, is affected by the force of gravity m. This force on the
arm l in relation to the instantaneous center of rotation S causes a driving torque τ.

τ = l × m = rmsinθ (1)

The torque can also be expressed as the product of the moment of inertia I and the
angular acceleration α.

τ = lα (2)



66 J. Urbański et al.

As we know, giving the body an angular acceleration causes it to rotate, making the
robot roll. The influence of the value of the angle θ on the value of the torque τ is also
important. The torque has the greatest value for θ = 90°, i.e., in the position where the
center of gravity of the IDU is at the greatest distance in the plane perpendicular to the
direction of the force of gravity from the point of contact S. The mass of the IDU also
directly influences the torque value. It follows that in order to obtain the greatest possible
angular acceleration, the mass and the angle of deviation of the IDU should be as high
as possible, and the moment of inertia of the robot - as small as possible (Fig. 1).

Fig. 1. Model of a robot as a disk. O - geometric center, S - point of contact with the ground, M
- IDU center of mass, r - distance between the center of the ball and IDU, l - distance between
the IDU and the contact point, θ- IDU deflection angle, ω - angular velocity of the ball, m - IDU
gravity force [6]

The main robot movement is coming from the rotational speed of the drive wheel
ωD. The purpose of controlling the speedωD is to cause the angular acceleration α. The
acceleration α can be given by changing the value of the angle θ, which can be changed
by the motion of the IDU, i.e., making the wheel move at the speed ωD.

From the equality of linear velocities at the point of contact of the wheel with the
ball:

ωR1 = ωDrD (3)

where:
R1 - radius of a disk,
rD - radius of a drive wheel.

which allows to derive a simple formula on the rotational speed of the ball:

ω = rD
R1

ωD (4)

making it easy to control the speed of the ball with the speed of the drive wheel.
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The problem in controlling the robot from the user’s point of view is determining
the direction in which the robot is facing, so it is not known which direction the user
is pointing on the application screen. The solution to this problem uses data about the
angle between the north direction and the direction indicated by the robot’s characteristic
point or the telephone, i.e., azimuth. The concept of this solution is presented in Fig. 4.
In the control without “orientation”, the user specifies the angle ρ in relation to the
robot’s characteristic point (front) using the indicating element (3 - analog knob), which
determines the direction of the desired movement. When the user knows where the
robot’s front is located, he can intuitively adjust the angle of the analog stick to move
the robot in the selected direction.

In the case of a spherical robot, it is impossible to define the front as the platform
is inside a closed sphere. So, the problem is the difference in the directions indicated
by the robot and the smartphone. Knowing these directions, it is possible to correct the
angle of the knob set by the operator in such a way that the movement of the ball actually
takes place in the direction specified in the application. This dependence was expressed
by the formula:

ρsteering = ρ + (ϕ − γ ) (5)

where:
ρsterring – angle defining direction in which the robot should move in relation to its front,
ρ – angle between direction chose by user and direction pointed by smartphone,
ϕ – smartphone azimuth,
γ – robot azimuth (Fig. 2).

Fig. 2. Steering the direction of movement with “orientation” feature; 1 - robot; 2 - smartphone
with running application; 3 - steering stick; purple, solid line arrow - direction pointed by user;
pink, dashed line arrow - the direction in which robot will move with “orientation” off; purple,
dotted line arrow - the direction in which robot will move with “orientation” on
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2 Mechanical Construction

2.1 Driving Platform

The idea of the robot - the sphere determines its external shape. The robot consists of
two parts - the outer shell and the platform inside. The ball must be rigid enough not to
deform under the weight of the platform which could prevent effective movement. At
the same time, it must not be brittle, it must have sufficient impact strength to withstand
collisions resulting from the ball running into the surroundings. The ball may not be
made of a material that blocks radio communication, e.g., metal, plastic is preferred.
Due to the possibility of cooperation between the robot and the unit with the arms, the
thickness of the shell cannot be too great for the magnetic force to be sufficient to hold
the cap. The surface roughness is also an important aspect. Both the outer and inner
surfaces of the shell must not be too smooth, which could interfere with movement.

The main and basic task of the internal platform is to provide the connection and
arrangement of other elements such as motors, battery, sensors, control electronics,
switches. The platform should be seated as low as possible in relation to the geometric
center of the ball, thanks to which the amplitude of the ball deflection caused by external
excitation will be reduced to a minimum. The bending strength of the wheel spacing
members must be sufficient, i.e., withstanding the weight of the platform, as they support
the entire structure. Due to the location inside the magnetometer sphere, there must not
be any ferromagnetic or other material that could interfere with the operation of the
sensor in its vicinity.

a) b)

Fig. 3. a) view of the inner platform of the robot, b) view of the whole robot ball.

The challenge was to construct a separable shell. This problem was solved by using
two hoops. They were made by the method of additive manufacturing in layers - FFF.
The purpose of the rim is to connect two hemispheres. The hoops on the two hemispheres
differ from each other and their shapes are designed in such a way that they fit into each
other. In addition, the rims are screwed together with a bolt and a nut. In one of the
variants of the rim, a nut is mounted. Then a second hoop is put on and both elements
are screwed together with a screw. The screw used is a M1.6 x 2.5. clamping screw with
an allen slot.
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2.2 Grippers

Achieving the assumed object manipulation goal requires a mechanical interface that
will allow the manipulator to cooperate with the mobile part of the robot, which is a
rolling sphere. It should be emphasized that in this case it is impossible to attach the
platform onwhich the arms will be mounted directly to the sphere, due to the fact that the
platform with the set of arms must be able to slide freely on its surface. This is possible
thanks to the mechanical connection in the form of neodymiummagnets. The permanent
magnetic field will not affect the operation of the robot, and will allow it to work with
the ball. Tower Pro MG-996R modeling servos were used to implement the movement
of the manipulation system arms. The problem of gripping objects was solved by using
the set of Pololu - Micro Gripper Kit. Thanks to this gripper, it is possible to manipulate
objects up to 32 mm in size, since the jaws of the component open to this width [7]. The
gripper mechanism is based on the use of a toothed wheel and a toothed bar [8]. To avoid
unnecessary friction of magnets or structural elements against the surface of the ball, 4
Pololu metal balls with a diameter of 3/8 inch, embedded in a dedicated holder, were
used. Thanks to them, the structure is not supported on magnets, and this function is
performed by balls, the so-called Ball Caster. This solution allows to obtain a lower value
of kinetic friction due to the fact that the rolling friction coefficient is lower than that
of the sliding friction. All these components are mounted on an additive manufacturing
structure. For this purpose, PLA (polylactide) material was selected [9], which belongs
to the group of thermoplastics. In the era of high generation of plastic waste, polylactide,
compared to other materials of this type, is distinguished by biodegradability. Of course,
this does not mean that an element made of PLA that will be thrown in a landfill will
decompose on its own [8].

Fig. 4. Complete manipulation system
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3 Control System

3.1 Driving Platform Control Hardware

The role of the electronic system in the robot is to collect data from sensors, process
them according to a programmed algorithm and appropriate control of actuators. The
program execution takes place in a microprocessor unit, most often a microcontroller.
As in any system, power source is also needed, in the case of a mobile robot - a battery.
Wireless communication must also be ensured in the designed device.

Expectations for motor controllers include the ability to change the direction of the
motor rotation, the option of smooth speed control (for example by means of PWM
[11]) and the ability to ensure sufficient current consumed by the motor. As a system
of sensors, the IMU is preferred as an accelerometer, gyroscope and compass [12].
Wireless communication can be provided by means of systems working in Bluetooth
or Wi-Fi standards, or by using an RF transmitter and receiver [13]. The first solution,
however, will enable cooperation with other devices that support these standards, such
as smartphones or PCs, thanks to which it will be possible to control the robot using a
mobile application. For the operation of sensors and controllers and for the execution
of the control algorithm, a microcontroller is preferred, much smaller in size and more
energy-efficient than a mini-computer or a single-board computer (Fig. 5).

Fig. 5. Block diagram of control system.

3.2 Driving Platform Control Software

The task of the control application for mobile is primarily to retrieve input data from
the user, retrieve information from the robot, process it and send control data back. The
application performs the correction of the traffic direction presented in Sect. 1.2. In
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addition, it is also possible to control parameters such as switching on/off the motion,
switching on/off the regulator, rotation around its own axis, etc.

The first function of the microcontroller software is collecting information from the
orientation sensor via the I2C interface. Another one is carrying out the entire process of
PID control with a constant frequency (calculation of errors, output values, etc. [14]), and
then appropriate driving of themicrocontroller outputs in order to control themotors. The
microcontroller must also receive data sent from the phone, as well as send information
to it, including readings from the inertial sensor. The information sent from the robot is
primarily the orientation angles and, additionally, auxiliary messages informing about
the robot’s state. Data should be sent with a constant frequency. A useful function would
also be to monitor whether the user is connected via the phone application to avoid
unwanted behavior of the robot.

The microcontroller software is written in C/C++. The program runs continuously -
it executes an infinite loop.With each run of the loop, a sequence is performed. It consists
of the following tasks: receiving data sent from the application, processing the received
data, sending information about the robot’s status to the phone, making adjustments or
direct actuation of themotors. These tasks are performedwith different frequency, which
means that not all of these functions will be performed in every cycle. Data acquisition
and transmission is carried out by data frames that have start and stop characters at
the beginning and end. The receiving function writes into the array only the data that
is between these characters. Upon encountering a stop character, writing to the array
is complete and the newData flag is set to true. The end time of data reception is also
stored, which is used to detect connection interruption. If the time from the last data
reading is too long than the fixed one, the table storing the received data is reset and the
new data flag is set to true.

The robot control system can control the movement of the ball in two independent,
perpendicular axes x and y. In order for the robot to move, two values X and Y must
be sent from the mobile application, specifying the amount of movement in a given
axis. Getting the robot to move in any direction is possible by adding the moves in
both directions. For this purpose, it is necessary to convert the speed of any direction
and value into the sum of two speeds in the x and y directions. The mobile application
is responsible for this, thanks to which specific values for controlling the robot’s axes
of movement are transferred to the microcontroller program. Depending on the user’s
desire, the robot can be controlled with or without regulators.

To set the robot in motion, move the platform out of its equilibrium position - tilt it
by a certain angle. For this purpose, the microcontroller program implements a regulator
that’s role is to maintain the deviation angle at the indicated level. There is a separate
controller for each axis. The setpoints for the controllers are rescaled X and Y values
received from the application. The deviation angle around the x axis is marked with the
letter A, and around the y axis with the letter B. It means that changes in angle A cause
movement in the y axis, and changes in angle B -movement in x axis. Applied controllers
are PIDcontrollers. In the actual implementation, the operation of the regulator is discrete
and takes place from time to time, in this case at a frequency of 100 Hz (Fig. 6).
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Fig. 6. Regulation system of tilt angle “A” using PID controller.

3.3 Grippers Control Software

The next positions of the servos are determined by the application for smartphones with
Android software, written for the needs of the project. The data is sent via the Blue-
tooth module and received by the microcontroller. The data registered by the controller
are appropriately converted, and then the desired outputs are activated. The process of
moving the arms is supervised by ultrasonic sensors whose task is to prevent possible
collisions of the manipulator arms with obstacles. The sensors influence the movement
performed by the first modeling servos from the base.

If the control concerns second arm or gripper drives, the movement is performed
immediately, while in the case of first arm servos, the signal from the ultrasonic sensors
is checked before starting themovement.When an obstacle is detected closer than the set
limit distance, the movement will be stopped, and if it was just about to start, the armwill
not move at all. When the obstacle is on one side of the arm, there is no contraindication
to move towards the side where the collision will not occur. This means that movement
is blocked only in the direction of the obstacle and does not affect movement in other
directions (Fig. 7).

The movement of individual arms is controlled by sliders. After changing their
position, a sequence of characters is sent, with the appropriate prefix, so that there
is no doubt which modeling servo should work at the moment. If the connection is not
established, the items are not sent to avoid possible errors in the application. The program
can be used in both the horizontal and vertical position of the screen. When the phone
is flipped over, the application is scaled in width, however, it is necessary to scroll to
access all functionalities. Due to the large number of elements arranged one above the
other, it is recommended to use the application in a vertical orientation, so that all sliders
and buttons are visible at all times, which significantly improves the comfort of use.
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Fig. 7. Block diagram of the control program.

4 Experimental Tests and Discussion

The manipulator was made and tested, which confirmed that all assumptions were met.
During the tests, there were no problems suggesting the need to modify the structure or
the control system. Selected components, both mechanical and electronic, have proven
successful in use, so you can confirm their correct selection (Fig. 8).
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Fig. 8. Manipulator with a mobile robot.

The functionality of the manipulator was also checked in direct cooperation with the
sphere-shaped robot for which it was designed. The used neodymium magnets ensured
that the manipulation assembly was firmly held in the upper part of the ball, and the
Ball Caster balls allowed for easy movement on its surface during movement. This type
of detachable connection provides sufficient force for the devices to cooperate, but,
if necessary, it does not cause difficulties in separating the components. The mobile
robot is equipped with 4 DC motors that allow the assembly to move in any direction
without the need to rotate. Its power source was a Li-Pol battery with an output voltage of
11.1 V. In order to obtain information about the robot’s orientation, as well as to properly
regulate the operation of the motors, the IMU BNO055 module was used. To control
the movement of the mobile robot, an application for an Android smartphone was used,
written for the needs of the technical solution, which uses the Bluetooth interface to
communicate with the controller.

From the comparison of the graphs (Fig. 9, 10), it is easy to see that the regulator is
working. Its action significantly reduces the time of the ball to stabilize after being out
of equilibrium from about 40 s to 10. The amplitude of deflections is also significantly
reduced. Already at the very beginning of the movement, the oscillations of the ball are
smaller and are not even able to reach values as high as it is when the regulator is turned
off. It is worth noting that the ball during the process behaves like a pendulum, which
oscillations are damped. The controller helps to reduce these vibrations to a minimum
in the shortest possible time.

In order to verify the correct operation of the device in terms of preventing the
arm from hitting an obstacle, measurements were taken. For each of the four ultrasonic
sensors, the value of the distance from the nearest obstaclewas recorded for each position
of the shaft 	 during the movement. The blue line on the graph is the distance from the
obstacle, the horizontal red line is the value at which the movement should stop, and
the green diamond shows the position at which the obstacle stopped the movement. The
situation in which the blue line would be under the red line is unacceptable and would
indicate a malfunction of the system (Fig. 11).
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Fig. 9. Graph of the platform’s inclination angle during disruption with the regulator turned on.

Fig. 10. Graph of the platform’s inclination angle during disruption with the regulator turned off.
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Fig. 11. An exemplary graph of the distance from the obstacle for the left arm

5 Conclusions

The conducted research proved that it is possible to build a robot with the presented
kinematics. The big advantage of the constructed device is the robot’s spontaneous return
to the point of equilibrium. Thanks to this, the role of the control system is only to support
the phenomenon that occurs naturally. The obtained results are satisfactory, considering
the fact that low-specialized components were used. The limitations that have been
encountered are, first of all, friction and slippage between individual components, play in
mechanical transmissions, or poor quality of components. The direction of development
of further research is the integration of the driving and handling parts in order to provide
additional balance by means of a pair of arms.

The decision to prepare a smartphone application for a specific solution provided full
freedom in controlling and arranging elements on the screen. It is true that ready-made
applications from the “Play Store” could be used for control, but to some extent they
could limit the functionality of the manipulation system, which would certainly reduce
the transparency of the interface and the comfort of use. In addition, when developing
an application with a specific application in mind, in the event of problems or possible
software updates, there is no problem with making any modifications. The undeniable
advantage of such a solution is also the simple way of implementing the application
using a programming environment that can be used for free. Even people who have not
had any contact with the implementation of projects regarding applications for mobile
devices will certainly be able to make a basic application. Of course, basic programming
knowledge is required for this, such as knowledge of conditional instructions. All the
above-mentioned advantages mean that when implementing smartphone control into a
project, it is worth considering preparing an application program tailored to the needs
of the solution.
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Abstract. The article describes development of a two-wheeled self-stabilizing
platform which is a laboratory model of the human transport vehicle. The device
operates with use of the reverse pendulum stabilization principle. The authors pre-
sented a change in its behavior along with lifting center of gravity and after mount-
ing on the pendulum top hanging mass. For vertical stabilization, Author used a
measuring system consisting of an encoders, a gyroscope and an accelerometer,
to calculate actual angular position. System worked under P and PD controllers.
The robot has the possibility for: balancing in point, move forwards, backwards
and turn. The communication was realized with used of the smartphone dedicated
application and Bluetooth interface.

Keywords: Inverted pendulum · Mobile platform · Complementary filter ·
Selfstabilizing robot

1 Introduction

1.1 Literature Review

Control of a two-wheeled vehicle which kinematic are similar to the inverted pendulum
is much more difficult than statically stable vehicles. The control system need to take
into account following parameters: influence of center of gravity and load changing,
possibility to quiqly changing direction and velocity of movement, possibility to stay in
a stable position.

Authors of [1] propose to use of the fuzzy controller. Unfortunately, this is a compli-
cated procedure that requires the adequate number of fuzzy sets, resulting in a significant
amount of memory consumption. The more conventional way of regulation is to use a
classical PID controller [2] whose characteristic are determined by matching the appro-
priate coefficient that give a specific response to the value speed of change and time of
deviation from equilibrium.

To allow driving with a change of direction, a more advanced PID controller, cas-
caded, must be used [3]. The similar type of regulation was applied in the case described
by the authors: At the input of the controller P is given the set speed from smartphone
and current speed of the vehicle. The output is corrected the set tilt angle of the robot,
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B. Gapiński et al. (Eds.): MANUFACTURING 2022, LNME, pp. 78–92, 2022.
https://doi.org/10.1007/978-3-031-00805-4_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-00805-4_7&domain=pdf
http://orcid.org/0000-0002-6715-5045
https://doi.org/10.1007/978-3-031-00805-4_7


Development of Two-Wheeled Self-stabilizing Mobile Platform 79

which hits the input of the PD controller and is compared to the actual deviation from
the vertical. A PWM signal is sent to the output and controls the DCmotors. In addition,
there is a third controller (P) which maintains the same speed of both wheels. The key
element in designing the self-stabilizing device is the appropriate selection of regulator
settings. The current position of the device is read from the signal received from the
gyroscope and the accelerometer.

Article [4] presents evolutionary approaches for designing inverted pendulum (RIP)
controller including genetic algorithms (GA), particle swarm optimization (PSO), and
ant colony optimization (ACO) methods.

Article [5] described stabilization problem from the biomechanical point of view.
Authors of [6] detailed described is a human-sized dynamically stable mobile robot that
balances on a single ball. They performed several tests, that demonstrate the ballbot bal-
ancing and locomotion capabilities. The paper illustrates also some interesting human–
robot physical interaction behaviors that can be achieved as a result of the ballbot’s
dynamic stability.

Article [7] presented control of Bicyrobo, which is an unstable system associated
with many sources of uncertainties due to un-model dynamics, parameter variations, and
external disturbances. Authors used robust and optimal control technique. The authors
of [8] presented an unusual application of the problem presented in the article. They
described inverted pendulum by placing the pendulum on top of a quadrotor aerial vehi-
cle. The issues related to energy consumption in the operation of the inverted pendulum
are discussed in the paper [9]. In publication the dynamic model of a wheeled inverted
pendulum is analyzed from a controllability and feedback linearizability point of view
[10]. This allowed to control the position and speed of the system.

The issue of the use of the inverted pendulum mechanism for applications in educa-
tion is presented in the publication [11]. The device described by those citing the said
work may have similar applications. For tests of this type of devices, vision systems can
also be used, as shown in [12, 13].

On the basis of the literature, it can be concluded that the inverted pendulum as a
mechanism is an interesting object from the control point of view. The authors decided
to build a device with a modified structure, which would allow to study the influence of
an additional moving, hanging mass placed in the upper part.

2 Mobile Platform Structure

2.1 Mechanical Parts

The aim of the publication was to build a mobile platform in an inverted pendulum
arrangement, which would be equipped with a hanging mass constituting an additional
disturbance. Devices built in this way can be used in the future to move elements at high
heights in warehouses in the conditions of limited maneuvering space. The functional
purpose of the proposed mobile platform is to compensate for the influence of moving
masses on the various heights.
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The built-in robot consists of the rectangular plates that form of four levels (Fig. 1).
To the bottom plate (first level) two DCmotors integrated with the gear are attached. On
the second level there are parts of the control system: motor driver modules and the main
PCB contain of the microcontroller and inertial sensors. The third level was designed for
power supply: There is a battery, power switch, two voltage converters and two fuses.
To the fourth plate based on the thin-walled angle bars with dimensions 30 x 30 mm,
which allows realization testing of the device. The total height of the model is 129 cm
and the weight is equal to 1.5 kg.

Frame for hanging mass

Control 
electronics with 

IMU sensor

DC motors with 
encoders

Fig. 1. The 3D model of the mobile self-balancing platform.
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2.2 Electronic Controller

Genuino 101 is used as the main module that manages the entire electronics of the built
robot (Fig. 2). It is equipped with a 32-bit dual-core Intel microcontroller based on ARC
architecture, clocked at 32MHz. As the IMU sensors Authors used 6-axis accelerometer
and gyroscope. The DC motors are controlled by L298 bridges. The system is powered
by a lithium-polymer battery with nominal voltage 11.1 V. The DC motors are supplied
with 9 V voltage. This treatment reduced the current drawn and allowed stabilizing the
system dynamics during the battery discharging.

The control system are equipped with Bluetooth module HC-06 to communicate
with mobile devices.

Fig. 2. The electronic controller scheme.

The current data e.g. angle of inclination, wheel speed, set speed, are sent through
UART interface with a maximum available speed of 250000 baud/s, to minimize the
slowdown of the working program. These data are updated with a frequency of 10 Hz.

2.3 Control Algorithm

The robot’s built-in software allows two-wheel balancing and driving at a set speed with
the turn option. To make this possible, it is necessary to read and process the data from
the sensors and the appropriately calculated PWM signal sent to the motors. In addition,
for security purposes, to smartphone the data is sent about the battery powering device
charge status.

The structure of the program is based on the multitasking architecture and its divided
into five subprograms. In order to no microcontroller load, each thread, depending on
the priority level, is realized with an different frequency.



82 D. Szatkowski and D. Rybarczyk

The main thread, with the highest priority, is realized at a frequency equal to 100 Hz.
This is the most important andmost comprehensive part of the software. Initially, signals
from the accelerometer and the gyroscope are read and appropriately converted according
to a predefinedmeasuring range. Next, on the base of accelerometer signal, current angle
is calculated. For the reduction of noise, the average of the last four readings is calculated.
The next step, the pretreated data is modified by the complementary filter formula - the
final angle value is derived from the gyro and accelerometer fusion. The complementary
filter [5, 14] can be described by the following formula:

θf (k) = a[θf (k − 1) + ωg(k) · dt] + [1 − a][θa(k)] (1)

where: θ f (k), θ f (k − 1) - output angles; a – complementary filter coefficient; ωg(k) -
angle velocity from gyroscope; θa(k) – angle from accelerometer; dt – signal sampling
period.

For the entire procedure of obtaining the current angle described above, the interrupt
handler function (used to read signals from the encoders) is disabled. This is the most
important part of the entire code. When the interrupt handler function is re-enabled,
the set speed and the current speed are updated and the proportional speed controller is
induced to calculate the set swing. Then the angle deviation is calculated and depending
on its size and character (forward/backward tilt) the program selects the instruction,
introducing the appropriate correction: determining the direction of rotation of themotors
and inducing the proportional-derivative angle controller. Before the calculated PWM
signal is sent to the motor controllers, it is additionally corrected by the proportional
controller of driving direction which compare speeds on the both wheels.

Other threads ale responsible for:

• calculating current speed,
• receiving values from the smartphone,
• sending data to the computer,
• sending battery charge value via Bluetooth to the smartphone.

3 Research Methodology and Experimental Investigation

The physical properties of the object like moment of inertia and kind of used drive are
influenced on object behavior. The main aim of the research was to check the impact of
changing the center of gravity. In described here case, these settings were dependent on:
the diameter of the wheels, DCmotors dynamics (velocity, torque), themass of the entire
system, center of gravity location. The controllers settings were taken experimentally
and have not been changed during investigations. The individual controller coefficients
were equal to:

• proportional velocity controller: kp = 0.072,
• PD angle controller: kp = 35,5; kd = 3,5,
• proportional controller of the driving direction: kp = 17.

As an additional element, the wooden panel with a weight of about 200 g was used,
which gave the total weight of the whole set of about 1.7 kg.
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Fig. 3. Stabilization with a static load assembled on height 40 cm
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Fig. 4. Stabilization with a static load assembled on height 52.5 cm
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Fig. 5. Stabilization with a static load assembled on height 65 cm
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Fig. 6. Stabilization with a static load assembled on height 77.5 cm
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Fig. 7. Stabilization with a static load assembled on height 90 cm

The above graphs (Fig. 3, 4, 5, 6 and 7) have shown the robot’s balancewith additional
mass. During the initial stage, the readings of the deviation angle were recorded during
free balancing. The first four graphs show that the robot is within the range of −0.5
to 0.5°, while in the case of placing the mass at 90 cm from the ground, the angle of
deviation from the vertical regularly exceeds this value, remaining in the range of±0.7°.

After about twenty seconds (second stage), the external force was applied to the
construction, resulting in a dynamic deflection of less than 6° from the home position
(about 0°), thus resulting in a steady-state knock out. At that point, the timemeasuring of
its return to a relatively stable state began. The return period to the steady state started at
the time of the peak deviation from the vertical and ended when the deviation point was
not over±1°. On the graphs can be seen that the period of system stabilization increases
with the lifting of additional mass. With the mass hanging height equal to 90 cm, the
device was unable to return to a stable state. Collected data are shown in the Table 1.

Table 1. Height of the assembled load combined with stabilization period of time

Height of the assembled load
h [cm]

Stabilization period of time
T [s]

40.0 1.9

52.5 2.1

65.0 4.8

77.5 17.6

90.0 ∞
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In order to better illustrate the tests results, Authors prepared the graph which show
the change of the period T as a function of the assembly load height h (Fig. 8). This
relationship can be approximated using the exponential function:

T = 0, 0112e0, 1062h (2)
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Fig. 8. Stabilization time depending on mass height assembly

The curve onFig. 9 canbe characterizedby the logarithmic function.The stabilization
period of the system increased in relation to the change in altitude of additional load.
At a height of 90 cm, the robot has too high moment of inertia (to all structure), which
disqualifies the possibility to return to steady state.

To complete tests, authors examined the behavior of the system after mounting the
load at a height equal to 115 cm. The results was show on Fig. 9.
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Fig. 9. Stabilization with a static load assembled on height 115 cm

After four seconds, robot lost his stability and his vertical deviation increased to over
6o. In this case the allowable mounting height of the additional mass has been exceeded
and therefore system cannot balancing correctly.

The presented here robot can be characterized and described from the kinematic
point of view as a type of the pendulum. During movement, the center of gravity is
constant. However, a behavior of the system has been changed, when another physical
pendulum is attached to it (Fig. 10). During the swing of the additional mass, the center
of gravity of the robot changes dynamically. The object became highly nonlinear.
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0. 

Hanging object

Electronic controller

Fig. 10. Mobile platform with assembled pendulum

The additional mass (load) was connected to robot frame by used of plastic rod
400 mm length). Authors checked following values of additional mass: 10, 20 and 50 g.
The following graphs show system behavior (Fig. 11, 12 and 13).
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Fig. 11. Stabilization with hanging load - 10 g
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Fig. 12. Stabilization with hanging load - 20 g
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Fig. 13. Stabilization with hanging load - 50 g

In the first phase of the graph, for about 25 s, free balancing is shown (without
external distortion). It can be seen that the device, despite of the small movements of
attached pendulum, is able to maintain a stable position without major problems. The
second phase, which started about twenty-five seconds, Authors extortion pendulum to
swingingwith an angle equal to 45°. All graphs show sudden, significant deviations from
the vertical position. However, the waveforms in each case is slightly different: in the
first two graphs (Fig. 11, 12), after the initial sharp deviation, the oscillations regularly
increase to the certain level. When it is reached, the oscillations are suppressed to about
4° and then increase again. In the casewith the attachedmass of 20 gweight, can be seen a
faster transition to the damping phase (the time of initial increasing is shorter). A different
characteristic is observed in the system with an additional mass of 50 g (Fig. 13). The
run is extremely irregular. Between deviations for 7° appear much smaller swings, with
values less than 3°. This is probably due to the difference in frequencies of deviations
in pendulum and the platform. Another feature that distinguishes this waveform from
previous ones is the reached value after attenuation, which is only 2.4°. Nevertheless, in
the next phase, the deviations of the system are again increasing, which, like in previous
cases, stops at values from 5° to 6°, with a tendency of slight increase (with increasing
mass). When the load increases, the limit of deviation also increases after which the
attenuation starts.

Authors checked also the system properties with the additional mass equal to 100 g.
The result was quite different (Fig. 14).
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Fig. 14. Stabilization with hanging load - 100 g

After free, undisturbed balancing, lasting about twenty seconds, the swings of the
system exceeded over 6° (Fig. 15). The loading of physical pendulum by mass of 100 g
makes it impossible to keep the device in a relatively stable position, because the slightest
swing causes significant shifts in center of gravity. In addition, after manually stabilizing
the object, an attempt was made to tilt the pendulum to the angle of equal to 30°. At this
value the center of gravity of the system changed dynamically and the robot was unable
to stay on the wheels (resulting - immediate fall).

4 Conclusion

This article describes the stabilization of two-wheeled mobile platform with the variable
center of gravity and swinging mass hanging to the platform frame.

The first step of tests was to increase the height of the additional mass. It has been
shown that, when the center of gravity of the model is raised, its stabilization time
increases logarithmically. For described here system the maximum value of the load
hanging is 90 cm height. After exceeding this value, the system lose its equilibrium
point and is no able to return to it.

The second step was to examine the behavior of the system after mounting an addi-
tional pendulum. The graphs show that even with the small mass of the pendulum,
imbalance results in a lack of stability.

The built-in mobile platform can be used in two ways. The device can be supple-
mented with gripping elements, thanks to which it will be possible to move elements at
high heights in spaces with limitedmaneuvering space, e.g. in warehouses. The structure
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of the steering gear allows for the compensation of the changing center of gravity of the
steering gear. Another application is the use of the platform for research purposes.
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Abstract. A search procedure for a rational design of a worm gear of a drive
mechanism for a tool magazine using the main criteria for the effective function-
ing of ametal-cuttingmachine in themode of automatic tool change is considered.
The analysis of the chain tool magazines design of the drilling, milling and boring
machining center based on the constructed solid models in the environment of the
integrated CAD KOMPAS-3D is carried out. 3D modeling of a worm gear using
specialized software for the design of mechanical transmissions integrated into
the contour of the KOMPAS system is carried out. A procedure for multicriteria
optimization of the design parameters of the worm gear drive for the machining
center by the method of Lagrange multipliers is proposed. An algorithm for find-
ing the best design solutions for a worm gear, a feature of which is the introduction
of two derived criteria expressed as a ratio of the optimized variables is proposed.
A numerical analysis of the results of the system equations solving reflecting the
dependence of the main gear transmission criteria on the optimized parameters is
carried out. Based on the results obtained, it is shown in what ranges of design
parameters of the worm gear elements and their gear ratios the effective func-
tioning of the tool magazine is possible within the permissible values of the basic
parameters of the worm gear.

Keywords: Chain tool magazine · Worm gearing · Structural optimization

1 Introduction

Modern metal-cutting machine tool systems represent complex assembly structures
designed for shaping various types of parts with the ability to automatically change
tools. To implement the change procedure, tool magazines, auto-operators, auxiliary
and cutting tools are used, which together form the machine Tool System (TS). In the
practice of mechanical engineering, a classification of tooling systems is used, in partic-
ular for drilling, milling and a boring cluster of CNC machine tools and various designs
of Tool Magazines (TM) [1–3]. For the machine housings processing of medium and
high complexity, a significant number of various tools are required (taking into account
duplicating tools) In the TM housing, such tool blocks are mounted that provide techno-
logical operations for milling planes and flattened surfaces, drilling and countersinking
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holes, machining grooves and other machined planes. This gives the TS technological
flexibility, on the other hand, requires the use of high-capacity TM designs. For such
purposes, the most rational is a chain tool magazine.

In the process of designing machining centers, it is necessary to be guided by a
certain strategy for the development of tool systems. In work [1] outlines are contours
and a study of the optimal strategy of tool support for machine-building production is
carried out. For this purpose, based on a systematic approach, a number of factors have
been identified that influence the choice of a stable production process in the direction
of two aspects. A feature of this task is the presence of two conflicting goals:

1) adherence to the schedule of production orders and, as a result, an increase in the
level of inventories and transportation costs; In this regard, interesting work [2] in
which the author created a mathematical model reflecting the minimum stock of the
tool and the value of the average delay associated with the identification of the tool.
This model most adequately reflects the situation associated with the storage of tools
in a centralized tool workshop or localized storage.

2) High tool availability and reduced machining times.
The resolution of this conflict of goals lies, according to the authors [1], in

determining the optimal storage area within a set of options: a) centralized tool
shop; b) localized storage, and c) machine tool magazine.

In the process of functioning a CNC machine (machining center type) with a variety
of tooling, several errors arise. In this case, the errors of Machining Centers (MC) are
formed more intensively than in conventional CNCmachines and can lead, in aggregate,
to relative linear and angular displacements of the working machine parts, carrying the
cutting tool and the workpiece. Correction of the angular displacements is especially
difficult.

The efficiency and productivity of the machining center are largely related to the
interrupted operation of the automatic tool changer (ATC), and the accuracy and quality
of forming blanks with the level of errors arising from the interaction of “tool magazine –
auto-operator – machine tool spindle.

Some works to the analysis of errors in the functioning of the TS machining centers
are related.

So, works [3, 4] are devoted to the analysis of errors associated with the positioning
of tools in the TM, which can lead to failures in the ATC operation of the machining
center. In this regard, it is important to have an early warning system for tool magazine
failures. Such a system for analyzing vibration signals in situations of removing tools
from the magazine slot and mounting it in the conjugated conical bore of the spindle
is presented in [3]. The same problem of predicting TM for machining center failures
based on performance assessment and identification of the most critical components
using a fuzzy comprehensive assessment was proposed in [4]. It is shown that among
the various causes of failure, the component associatedwith tool jammingwith inaccurate
positioning accounts for 21% of the total volume of failures. The software VERICUT
[5] for 5-axis milling machines of medium sizes equipped with chain tool magazines is
developed. This software is designed to simulate the main shaping processes, including
to ensure high position accuracy in the chain TM during tool change.



Multicriteria Optimization of the Worm Gearing Drive 95

In the work [6] the issues of increasing accuracy and reducing the cost of processing
due to improvement of the components of the technological system of the CNC lathe are
considered. Analytical dependencies to determine the errors of the machining process
in the case of using a multi-cutter turret are formed. This allows reducing the machining
errors along the X- and Y-axes by up to 30%.

In turn, the positioning indicators – positioning accuracy, positioning resolution,
positioning repeatability depend on the design characteristics of the TM drive, the
main mechanical transmission of which is a worm gear. In the reversing mechanisms
of machine tools and machine-tool complexes, the use of classical mechanical trans-
missions, such as a worm gear, is difficult due to the problem of strict synchronization
of the drive and drive shafts rotations [7, 8]. This situation occurs during the reverse
movement of the worm when the driven worm wheel is stationary for a certain period.
The misalignment of the rotations of the worm gear elements causes inaccuracy in the
TM positioning.

Analyzing the implementation methods for increasing the accuracy of the actuating
movements of the tool system by reducing the gaps in the transmission, two approaches
can be distinguished. The first is associated with the search for a new technology for
the production of worm gear elements. The second is associated with the use of optimal
design solutions in worm gearing. In this regard, the designer is faced with the need
to analyze the engagement zone, which is characteristic of various types of mechanical
gears (spur, helical, bevel, worm, etc.) [9, 10]. Large-scale studies of various types of
mechanical transmissions structures in advanced computer-aided design systems and
specialized applied software are carried out. Thus, dual-part gearing research in the
ABAQUS program environment is realized. Such research is aimed at modeling and
determining contact stresses on the lateral surfaces of the teeth and bending stresses at
the root of the teeth [11]. Of interest are also two author’s specialized subroutines [12]
as part of the ABAQUS program. The proposed subroutines make it possible to assess
the level of contact stresses, pressure on the lateral surfaces of the tooth, the length of
the contact lines and the wear resistance of the contacting surfaces.

In [13], the fatigue strength of the output link of a two-stage gear mechanism under
contact and bending stresses was researched. An experiment to determine the fatigue
strength in the most dangerous section at the tooth tip, compared with the permissible
values with a safety factor equal to value 1.4 was carried out. The authors use the
procedure for optimizing the gear mechanism design. At the same time, the scenario of
the optimization procedure is not presented in the work.

The optimization of the worm gears parameters in works [14–16] in various aspects
is considered. So in works [14, 15] analytical and experimental approaches to solving
the problem of choosing a rational type of gearing and optimization of its parameters
are presented. The work [16, 17] presented the results of multicriteria synthesis of gears
with different types of worms, as well as the influence on these criteria of individual
geometrical-kinematic characteristics of the engagement, such as the length and shape
of contact lines, reduced curvature, profile angle of turns, etc.

Based on the analysis of the above results of the machine tool with TM, it becomes
necessary to research the properties of the tool magazine structure, which is equipped
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with a large number of various kinds of tool blocks. On the other hand, there is a need to
search for rational design solutions when creating a TM drive based on the worm gear.

Problemstatement: to create a complexof the 3D-modelsmain components of a chain
tool magazine, as a basis for determining its technical characteristics and developing an
optimization procedure for choosing the rational TM drive mechanism design.

2 Three Dimensional Modeling of the Tool Magazine

Consider the process of manufacturing a complex housing part on a drilling, milling and
boring machining center. The technological process of machining involves the use of
a large number of cutting and auxiliary tools. For the considered nomenclature of the
tool, there is the possibility of reuse with the potential restoration of cutting properties
(regrinding, changing the cutting insert, adjusting to size). The presence of such factors,
according to the strategy of optimal tooling support [18, 19], makes it possible to choose
a tool magazine as the optimal storage area.

When conducting engineering research and evaluating the efficiency of the func-
tioning of machining centers, it becomes necessary to create new sets of tool magazines
3D-models of disk and chain types for machines of 2- and 3-standard sizes [20, 21].
For such magazines, you need to create separate sections of 3D models of auxiliary and
cutting tools using rendering technology. As noted above, the sufficient complexity of
the technological process and a significant number of cutting tools justify the choice of
a chain tool magazine.

Consider the design of amachining center chainmagazine. Toolmagazine is intended
for storage and delivery to the position of changing tool holders with cutting tools. The
TM of the chain type of the machining center is mounted on a column, taken out from
the cutting zone of the machine. The tool magazine’s chain in two versions consists of
36 (60) elements and is driven by a gearbox.

In this work, as a research part of the TS operability and reliability, a complex of
3D models of tool magazines, equipped with auxiliary and cutting tools for milling and
axial machining operations (drilling, countersinking, etc.) is created.

The use of 3D modeling with the principle of associativity in this task allows you
to generate TM-constructions, any necessary views and sections in the drawings, to
obtain initial data for the tasks of design and technological preparation of production
[22–24]. Based on the constructed model of the structure, precise lists of equipment,
products and materials used in this model are formed – specifications, bills of materials.
As a computer-aided design system for the implementation of three-dimensional TS-
modeling, it is advisable to use the proven efficiency integrated CADKOMPAS-3Dwith
the technology of integrated end-to-end 3D design, developed by the ASCON group of
companies [25, 26] and the Artisan-rendering module built into it.

In the environment of the integrated CAD KOMPAS-3D, a 3D model of a chain tool
magazine for 36 tool positions has been developed (Fig. 1).
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a b

c d

Fig. 1. Three-dimensional model of a chain tool magazine: a – general view; b – longitudinal
section; c – cross-section; d – chain and tool holder slot

3 Solid Modeling of the Tool Magazine’s Drive

To remove the tool or return it to the corresponding slot, the chain must be mounted in
the “Change” zone. The movement of the chain from an electric motor through a worm
gear is carried out.

The gearbox consists of a housing in which a worm gear transmits the movement
from the electric motor to the driving sprocket of the TM chain and a cylindrical gear
leading to the circular displacement transducer.

In the factory version of the worm gear, a worm with an uneven pitch is used,
which allows, as wear and tear, to adjust the backlash in the Worm Gearing (WG) by
engaging the turns of the worm with a greater thickness. The adjustment by fitting the
ring when loosening the screws in the coupling is carried out. At the same time, such a
constructive option is associated with additional costs and an increase in auxiliary and
preparatory-final time for processing housing parts [27, 28].

To assess theWG-design parameters, 3D models in the KOMPAS environment have
been developed (Fig. 2) [29, 30].
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a b

Fig. 2. 3D models of the worm gearing: a – worm drive section; b – worm engagement

4 Search for a Worm Gearing Design with Optimal Parameters

In this paper, we propose a solution to the multicriteria problem of optimizing the worm
gearing of the TM drive.

The criteria limiting the performance of power WG are 1) contact endurance (σH );
2) gearing efficiency (η); 3) wear resistance (γ ); 4) the rigidity of the worm shaft (δ); 5)
heat resistance (�t0).

When operating a chain tool magazine with a large number of different tools and its
changeability dynamics, the criteria of contact endurance σH and efficiency η come to
the forefront.

This paper presents the results of optimization of the WG basic parameters:
{z1, z2, q} : the number of worm threads z1, the number of worm wheel teeth z2 and the
worm diameter factor q (the quotient of reference diameter to the axial module) which
depend not only on the gear ratio u but also on what performance criterion is set as the
main one.

Wewill choose of criteria as optimization criteria: {Contact endurance+Efficiency}
→ {σH + η}.

The contact endurance σH , expressed in terms of one of the variable variables (y),
is:

σH = Cσ ·
√

(1 + y)3/y, (1)

where Cσ = 5300 ·
√

KH
a3w

· T2 = const; y = q
z2
;

T2 – torque on the worm wheel, N m;
aw – center distance, mm;
KH – loading coefficient.
Expressing the value T2 in terms of the torque of the worm T1 and the gear ratio u:

T2 = T1 · u · η, and the efficiency η in terms of another variable s = q/z1:

η =
√

s − f ′
s · (1 + f ′ · s) (2)
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where f ′ = tgϕ′ – reduced coefficient of friction; ϕ′ – the reduced angle of friction in
engagement, deg.

After the transformations,we get the objective functionσH = σH (s, y) that combines
two criteria for the WG performance – the contact endurance of the teeth (σH ) and the
efficiency of the engagement (η):

σH = C∗
σ ·

√
(s − f ′) · (1 + y)3

s · y · (1 + f ′ · s) (3)

where C∗
σ = 5300 ·

√
KH · T1 · u/a3W = const.

As a result, the Lagrange function L takes the form [5]: L = σH + λ · g. Here λ

– Lagrange multiplier; g = s− y · u = 0 – the equation of communication of the varied
variables; u – gear ratio.

Using the obtained relations, we find theminimumof the two-parameter function (3),
as a solution to the system of three equations with three unknown parameters – s, y, λ:

⎧
⎪⎨
⎪⎩

∂L
∂s = ∂σH

∂s + λ · ∂g
∂s = 0;

∂L
∂y = ∂σH

∂y + λ · ∂g
∂y = 0;

∂L
∂λ

= g(s, y) = 0 .

(4)

System of Eqs. (4) in expanded form:
⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

C∗
σ ·

√
(1+y)3

y · f ′·(1+2·f ′·s−s2)

2·s·(1+f ′·s)·√s·(s−f ′)·(1+f ′·s) + λ = 0;
C∗

σ ·
√

s−f ′
s·(1+f ′·s) · (1+y)2·(2·y−1)

2·
√

y3·(1+y)3
− λ · u = 0;

s − y · u = 0 .

(5)

The system of three-parameter Eqs. (5) is reduced to a cubic equation with one
variable parameter s:

f ′ · (1 + 2 · f ′ · s − s2) · (u + s) + u · (2 · s − u) · (s − f ′) · (1 + f ′ · s) = 0. (6)

The value of the root of the variable s found from Eq. (6) is used to determine the
value of the second variable – y, using the relationship equation: y = s/u.

The calculated values of s and y make it possible to find the optimal values of the
three parameters of the worm gearing – {z1, z2, q}. In this case, the boundary conditions
for the parameters s and y are:

q = s · z1 = [6.3 . . . 24] – q-range from National Standard NS 19672–74;
z2 = q/y ≈ 28 . . . 80 – recommended range of the number of teeth of the wheel in

the power WG.
Numerical analysis of the results of solving Eq. (6) showed that only for four-thread

worms (z1 = 4) and for very small gear ratios (u), the values of the roots of the variables
s and y give the transmission parameters q and z2, which fit into the indicated constraints.

1. When the reduced coefficient of friction: f ′ ≈ 0.07 (ϕ′ ≈ 3.80), which corresponds
to the sliding speed of the worm VS ≈ 0.5...0. 6 m/s – along with the cast-iron teeth
of the wheel. In this case gear ratio u : u = umax = 8 → q = s · z1 = 5.8 ·4 = 23.2,
which is close to qmax = 24 in NS 19672–74.
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2. When the friction forces in the engagement are reduced: f ′ ≈ 0.02 (ϕ′ ≈ 10), which
corresponds to the sliding speed of the worm VS ≈ 14 . . . 15 m/s on the tin teeth of
the wheel: u = umax = 10 → q = s · z1 = 5.7 · 4 = 22.8, which is also close to
qmax = 24 in NS 19672–74.

For u > 10, the worm diameter factor, q is significantly higher than the largest
standard value qmax = 24. That is, for z1 = 1 and for z1 = 2 any gear ratios, as well as
for z1 = 4, but with u > 10, it is practically impossible to optimize WG simultaneously
according to two criteria {σH + η}.

5 Conclusion

1. A procedure for 3D modeling of a chain tool magazine with a capacity of 36 tool
blocks for drilling,milling, boringmachining centers has been implemented. This 3D
project, executed in the environment of the integrated CAD KOMPAS-3D, became
thewinner of the international competition “FutureAces of Computer 3DModeling”

2. A three-dimensional modeling of the worm gearing of the chain tool magazine drive
using the specialized program “Shafts and mechanical transmission-3D”, which
provides a sharp reduction in the design time for mechanical gearings of machining
center drives was carried out.

3. The multicriteria optimization of the worm gearing of the TM-drive is carried out
by the method of Lagrange multipliers. It is shown that with the limiting criteria of
contact endurance and gearing efficiency, the optimal gearing parameters {z1, z2, q}
are possible only for four-thread worms at low gear ratios u ≤ 10. Experimentally,
close to optimal values of the worm diameter factor q were obtained in the range
of low (up to 0.6 m/s) and high (up to 15 m/s) sliding speeds of the worm, which
provide an effective searching procedure for a rational design of the tool magazine
drive. Further research is related to the creation of a database section for the designs
of auto-operators and the optimization of the process of changing tool blocks, taking
into account the presence of duplicate cutting tools.
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Abstract. The design of a vertical spindle head of a multioperational machine
tool with a modified gear drive is considered. 3D modeling of the spindle head in
the integrated computer-aided design system KOMPAS-3D was carried out. An
extended range of graphical primitives was used in the construction of complex
geometry of themachine housing parts.Within the environment of theCADsystem
used, the express-construction procedure of high-precision models of gear rims
with geometrically teeth correct surfaces was applied. A computational procedure
for evaluating the geometric and energy parameters of a gear drive in module
KOMPAS-GEAR is proposed. At the stage of choosing the tooth shape, it is
possible to multivariate select the tooth axial shape. The calculation of stresses in
the contact zone is carried out with the assumption of the carrying capacity ratio
of the bevel wheel and the equivalent cylindrical wheel. A new idea to increase the
load capacity of the bevel gear drive of the spindle head on the basis of modified
generatrices of the gear and wheel initial surfaces is put forward. It is shown that
the search for constructive improvement lies in the plane of increasing the teeth
length of the contacting wheels. For the modified design of the gear transmission,
analytical dependencies are determined for various geometric parameters at a
constant angle of teeth inclination of the curvilinear generatrices of the cones.
Numerical calculations have shown that the modified gear train is characterized
by an increased length of teeth and a corresponding increased load capacity.

Keywords: Spindle unit drive · 3D modeling · Bevel gear

1 Introduction

Modular technological equipment is widely used as part of multioperational machine
tools (MMT) of various layouts [1–3]. At the same time, various types of unified shaping
units are being developed – horizontal, angular and vertical spindle heads [4–6]. On their
basis, specialized multioperational machines with advanced technological capabilities
are built, realizing the principle of maximum concentration of technological operations
at one workplace.

The machine’s layout differs in the spindle location, the main movement drives in
space and the mutual arrangement of the main units. In the structure of MMT, the main
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movement drive is particular importance andmust implement high-productive execution
of variety processes while ensuring a high quality of operational reliability.

In the drives of the machines main movement, a variant with an AC motor provided
with a frequency transformer and a speed box based on 2 speed drives (with different
types of gears) is often used to extend the range of velocity and momentum. This type
of gear drive allows great torque for roughening and keepings high velocity finishing
capability. High efficiency and reliability of machine tool drives depends on the resource
and steady functioning of gears. Hence, the issues of increasing the durability, load
carrying of the gear wheels by improving design solutions are one of the dominant areas
of research and development.

In works [7], the need is observed at the beginning stages of investigation to increase
durability to implement the finding for toolkit to characterize the contour of the side
surface of the straight and bevel gear teeth. Such a definition will be the foundation for
receiving under optimized contact requirements over a wide range of gear operation.

In the fundamentalwork [8], a newdesignof gearswith increased loading capacity for
contact stresses is proposed. The design component is based on material-physical rela-
tionships (in accordance with the accepted normative calculation ANSI/AGMA 2003 –
B97) and allows you to evaluate the effect of the material on the subsurface layer. As
for the geometric relationships, it should be noted that the new design of gears is char-
acterized by a slight decrease in the normal modulus and the total overlap ratio with an
increased average pitch diameter. Analysis of the contact stress criterion shows that an
increase in the length of the working contact of the teeth increases the loading carrying
of the gearing.

A constructive version of increasing the carrying capacity by the example of
differential mechanisms is proposed in [9].

The substantive aspect related to the reduction of the length of contact of the teeth
in the longitudinal direction in the process of engagement (in particular, at high cutting
speeds) is considered in [10]. Such a change in the length of the loaded area of the teeth
can lead to an unacceptable increase in contact stress. In this case, a generatrix of the
single or dual spiral type is used as the shape of the tooth side surface for longer the
contact distance. The manufacture of gears with such a complex geometrical shape of
the tooth profile presents certain difficulties.

The procedure of three-dimensional representation of the designed mechanism is
considered as an integrating link in the scale of the life cycle of creating a new gear
mechanism. In accordancewith [11], one of themajor objectives is to generate aworkable
3D model evaluation of the contact geometry, visible identity and assessment of the
relationship of the variety of tooth geometric properties. Important parameters include
the parameters of the groove shape, which are significantly defined by the shape of the
lengthwise generatrix of the gear and wheel axoids.

The designer’s toolkit should include a method for creating a solid model of a gear
wheel in the appropriate integrated CAD systems [12, 13]. It is also important to provide
the gear manufacturing with the appropriate CAM software. The Gleason 5-axis Gear
Studio (G5S) software [14] from Gleason Corporation is promising in this regard. These
customized programs are designed for profiling the side surface of the tooth, the contact
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drawing evaluation and the level of carrying capacity, as well as prepare appropriate
control programs for five-axis CNC machines and processing centers.

On the basis analysis of the considered task of increasing the effectiveness of func-
tioning and increasing the load capacity of different types of transmission, we formulate
the problem:

Problem statement: Carry out study and search for the design of the MMT spindle
head with an increased load capacity of the gear transmission for the machine tool drive.

To reach this objective, it is necessary to required the following problems:

1. To develop a three-dimensional model of the vertical spindle head of multiopera-
tional machine tools in the CAD KOMPAS-3D software using a specialized applied
program “Shafts and mechanical transmissions-3D”.

2. Research and develop a modernized design of a gear transmission with a modified
form of the gear and wheel generating’s line.

2 Three Dimensional Modeling of the Spindle Assembly

2.1 Construction of 3D Model of Vertical Spindle Head

As a design object, we consider the Vertical Spindle Head (VSH) of a specialized mul-
tifunctional machine tool of the 2nd standard size of milling type on the basis of the
SVM1F4 design. The machine can operate with planes with the arbitrary arrangement
in space, profile surfaces, bores, slots by different technological techniques: milling,
drilling, countersinking and reaming.

A special spindle head realizes the main shaping movement using a variable drive
using a DC engine and a thyristor stress transformer. To analyze the functionality of the
construction and choose the optimal design of the spindle head for a customized multi-
tasking CNC machine tool SVM1F4, its 3D model was made in the computer-aided
design KOMPAS-3D software [15–17] (Fig. 1).

The system includes a whole set of software tools for developing such a rather com-
plex VSH-design, which includes, first of all, the C3D Modeler geometric core and the
C3D Solver parametric core. The C3DModeler geometry kernel performs the construc-
tion of the geometric model and the calculation of the geometric characteristics of the
modelled object. The new version of C3D Modeler we are using now has functionality
for removing bores and fillets (Fig. 2). This leads to a simplification of the 3D model,
which is prepared for further calculation in the CAE system.
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a b

c d

Fig. 1. Solid model of the Vertical Spindle Head: a – VSH transparent representation; b – WSH-
assembly; c – WSH-cross-section; d – 3D-kinematics

2.2 3D Modeling of Housing Part

Toolkit and a set of KOMPAS graphic primitives allow you to effectively create three-
dimensional models of complex housing products (Fig. 2), as the basis of the carrying
system of CNC milling machines [18, 19]. The KOMPAS-3D system has basic oper-
ations: extrusion, rotation, kinematic operation and section operations for constructing
volumetric elements and surfaces. This system allows you to implement the strategy
of creating 3D models based upon the forming internal method for future solid models
using the “Excision” operation to form cavities and channels of complex shapes.

2.3 3D Modeling of Bevel Gears

Solid models of bevel gears are constructed with the “Shafts and mechanical
transmissions-3D” application. On the basis of this application, it becomes possible
to operate not with geometric primitives of the plane or elements of space, but with
objects and details in general, as well as their elements. An important advantage here
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a b

Fig. 2. The housing of the spindle head: a – general view; b –section

is the ability to quickly build high-precision models of gear rims with geometrically
correct tooth surfaces. The speed of constructing complex surfaces has increased due
to the introduction of a unique technique for constructing gear rims by the method of
imitation of gear milling of bevel gears [13, 20, 21].

This plan also uses the new CAD KOMPAS-3D functionality, which works with a
new type of surface “Conical section surface”, which is formed by moving a conical
section curve along two guides with the ability to change the parameters of this section.
As a result, a very smooth surface is formed along its entire length. In Fig. 3 shows 3D
models of a bevel wheel and pinion.

a b

Fig. 3. Solid models of bevel gear elements: a – gear wheel; b – pinion

3 Design ofBevelGearswithCircularTeeth in theKOMPAS-GEAR
Module

Consider the design procedures for bevel gears of a spindle head with a circular tooth
in the KOMPAS_GEARS mechanical transmission calculation module, it is possible to
calculate bevel gears with circular teeth of external engagement with center-to-center
angles from 10° to 150°, a tooth tilt angle from 0° to 45° [22–24].

Since the production of the spindle heads under consideration is characterized by a
small-scale production type, the main calculation option is a one-dimensional cutting
method with options for one- and multi-sided machining [25–27].
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The basic version of the bevel gear is characterized by the following initial data:
torque on the wheel T2 = 350 N · m; gear ratio n1 = 218 min−1.

A preliminary calculation of the basic version showed that the main parameters take
on the following values: average normal modulus mnm = 3.52 mm; average conical
distance Rm = 76.52 mm; inclination angle of the pitch midline of the tooth βnm = 35

◦
.

In this case, the second type of axial shape of teeth is chosen – lowering teeth in which
the tops of the pitch cones and roots do not coincide. The results of calculating the
geometric parameters for the KOMPAS GEARS module are illustrated in Fig. 4, a.

a b

Fig. 4. Bevel gear design with a circular tooth: a – the wheel geometry; b – stress in contact

The module allows you to efficiently calculate the energy parameters [28, 29] –
stresses in the contact zone (Fig. 4, b) The main assumption is that the carrying capacity
of the conical gear teeth is identical an equivalent cylindrical gear with the same tooth
length b and a profile corresponding to the middle additional cone (middle section of
the tooth).

As a result of calculating the energy parameters in theKOMPASGEARSmodule, the
quantitative values of the cutting forces components and the permissible bending stresses
σFPmax = 500 MPa; as well as the permissible contact stresses σHPmax = 1277.0 MPa
were obtained. Calculations of the effective contact stress σH = 1268.98 MPa have
shown that its value approaches the maximum permissible, which makes it expedient to
search for a method that decreases the level of area stresses in the contact zone.

4 Design Method for Increasing the Load Capacity of the Gear

Along with the technological methods of increasing exploitation properties (hardening
of the outer surfaces by heat treatment, wear-resistant coatings), the design methods of
improving the transmissions of the machine drive have not been exhausted.

There is an integral indicator of the effective operation of the gear – the load capacity
of the tooth surface. In bevel gears [30], the load capacity is limited by the area of the
contact surfaces, which depends on the length of the pinion teeth. In turn, this size
depends on the ratio of the rectilinear generatrix directions of the gear and wheel axoids
on the one hand and the direction of the teeth on the other side. As a consequence, the
teeth length is limited by the width of the gear engagement.
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This paper proposes a constructive improvement of the bevel gear. In a modified
version of the gear, this is achieved by increasing the teeth length, due to which there
will be a higher load capacity of the transmission. This increase is achieved by the fact
that in a modified bevel gear, the generatrix of the gearing initial surfaces is curved and
represents a circular arc radius R (Fig. 5).

The radius of the curvilinear generatrix is determined by the relationship (1):

R = � + 0.5 · b · cos δm1

sin δm1
, (1)

where � = 4 · mtm; mtm – middle end gearing module; δm1 – the average pitch.
The teeth of the gear and the wheel are located at an angle β to the curved generators

of the initial surfaces of the gear and wheel. In this bevel gear transmission with curved
generatrices of the initial surfaces radius of gear 1 and wheel 2, oblique teeth are cut on
the gear rims in width b (Fig. 5, a).

The teeth inclination angle β of the cones curved generatrices for gear 1 and wheel
2 is constant in the entire direction from the outer diameters de1 and de2 to the inner
diameters di1 and di2. Its value lies within: β = 25

◦
. . . 35

◦
.

a b

Fig. 5. Modified gear with curved generating line: a – new transmission; b – engagement zone

In Fig. 5, b displays a section of a workpiece for a bevel gear 1. The surface of
the gear workpiece (in Fig. 5, b it is shown with a dash-dotted line) coincides with the
surface of the teeth tops of gear 1 and is outlined, like the initial surface, by an arc of
circle R. The centers of these arcs are displaced from each other by the value �a (2):

�a = mtm/ cos δm1. (2)

The initial surface of the wheel 2 is formed, as in the gear 1, by a circle arc of radius
R. As a result of the teeth inclination, the bevel gear transmission provides rotation
from gear 1 to wheel 2 with improved technical indicators – increased load capacity and
smoother engagement. Calculations show that for the indicated values of the angle β :
β = 25

◦
. . . 35

◦
the length of the teeth and their contact lines is (10… 22) % greater than

in the known transmission. As a result, the bevel gear has an advantage over known gear
designs in terms of load capacity.
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5 Conclusion

1. A complex of the vertical spindle head 3D models for a multioperational milling
machine with a gear drive in the computer-aided design KOMPAS-3D software has
been developed. The strategy of creating solid models based on the forming by
internal method with using the “Excision” has been effectively used.

2. In the specialized application “Shafts and mechanical transmissions 3D”, three-
dimensional models of bevel gears are created. The effectiveness of using this appli-
cation is due to the introduction of a unique procedure for constructing gear rims by
the method of imitation of gear-tooth milling for bevel gears.

3. A complex calculation of bevel gear with circular teeth has been implemented in a
specialized module KOMPAS-GEAR. The main geometrical and power parameters
(forces and stresses) have been determined when choosing as initial data.

4. The constructive improvement of the bevel gear transmission by choosing the arc of
a circle as the generatrix of the gear and the wheel initial surfaces is implemented.
Analytical dependencies for determining the radii R and teeth inclination angles β

of the curvilinear generators are given. The results obtained in the work make it
possible to increase the length of the teeth and their contact lines by (10… 22) %
more than in the known gear, which gives an increase in the load capacity.

5. Research in the field of creating new and modifying successfully operated spindle
heads of multi-operation milling machines and their drives have shown a significant
reserve in improving the designs of mechanical transmissions and increasing the
service life. As a further direction of improvement, the development of parametric
tools is considered as a means of modeling an extended range of spindle heads and
the creation of specialized sections of databases that are embedded in the contour of
modern CAD systems.
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V. (eds.) Advances in Manufacturing II. MANUFACTURING 2019, vol. 4, pp. 133–144.
LNME. Springer, Cham (2019). https://doi.org/10.1007/978-3-030-16943-5_12

24. Pavlenko, I., Trojanowska, J., Ivanov, V., Liaposhchenko, O.: Parameter identification of
hydro-mechanical processes using artificial intelligence systems. Int. J. Mechatron. Appl.
Mech. 2019 (5), 19–26 (2019)

25. Verbovyi A., et al.: Parameter identification of nonlinear bearing stiffness for turbopump
units of liquid rocket engines considering initial gaps and axial preloading. J. Eng. Sci. 8(2),
D8-D11 (2021). https://doi.org/10.21272/jes.2021.8(2)

https://doi.org/10.1007/s00170-016-9667-0
https://doi.org/10.29354/diag/112397
https://doi.org/10.1088/1742-6596/1553/1/012012
https://doi.org/10.1007/978-3-030-18789-7_28
https://doi.org/10.1007/978-3-030-90462-3
https://doi.org/10.3311/PPme.12801
https://doi.org/10.29354/diag/126026
https://doi.org/10.21272/jes.2021.8(1).d1
https://doi.org/10.1088/1742-6596/1741/1/012018
https://doi.org/10.1007/978-3-030-16943-5_12
https://doi.org/10.21272/jes.2021.8(2)


112 O. Krol and V. Sokolov

26. Pacana, J., Kozik, B., Budzik, G.: Strength analysis gears in dual path gearing by means of
FEM. Diagnostyka 16(1), 41–46 (2015)

27. Shevchenko, S., Mukhovaty, A., Krol, O.: Gear transmission with conic axoid on parallel
axes. In: Radionov, A., Kravchenko, O., Guzeev, V., Rozhdestvenskiy, Y. (eds.) Proceedings
of the 5th International Conference on Industrial Engineering (ICIE 2019). ICIE 2019. LNME.
Springer, Cham (2020).https://doi.org/10.1007/978-3-030-22041-9_1

28. Fomin, O., Lovska, A.: Establishing patterns in determining the dynamics and strength of a
covered freight car, which exhausted its resource. Eastern-Eur. J. Enterp. Technol. 6(7(108)),
21–29 (2020) http://journals.uran.ua/eejet/article/view/217162

29. Krol,O., Porkuian,O., Sokolov,V., Tsankov, P.:Vibration stability of spindle nodes in the zone
of tool equipment optimal parameters. Comptes rendus de l academie bulgare des sciences
72(11), 1546–1556 (2019). https://doi.org/10.7546/CRABS.2019.11.12
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Abstract. In the paper, theoretical model of the densification process was pro-
posed for the sintering under pressure and directly applied electric current. Despite
the wide application of sintering processes in industry, it is still discussed what
mechanisms are responsible for densification and how to predict the properties
of the sintered material. In this paper, the model was proposed based on summa-
tion of the partial densities obtained for the given temperature and pressure from
plastic deformation, diffusion, power law creep, Nabarro-Herring creep during
the process duration time. The process itself was divided to two stages, before
the relative density 0.9 is reached, and after it. Initial experimental results proved
satisfactory conformity with the model below 10%.

Keywords: Densification · Sintering · Hot-pressing · Creep · Model

1 Introduction

In a powder metallurgy, full density processing techniques based on hot pressing are
widely applied. A group of novel consolidation techniques that combine the advantages
of vacuum sintering and hot pressing include pressure-assisted densification and unique
benefits from the direct application of electric current [1]. In general, electroconsolida-
tion is advantageous because of the lower sintering temperature, higher heating rate, and
shorter sintering time than that of other sintering techniques. Electrical field has certain
effects on mass transport, reactivity, diffusion, grain boundary mobility and other pro-
cesses that take place during compaction of the powder [2]. However, there are some
difficulties with modeling of the process, since early presumptions on the role of plasma
and discharge phenomena in the field assisted sintering, that even resulted in designation
“spark plasma sintering,” was probably wrong [3].

Other problemwith theoretical description of the densification is related to the dimen-
sions of particles. The sintering mechanism in the case of micrometer-sized particles is
well studied and many papers have been published, while the sintering of submicron
powders has its own specifics, where micromechanistic models for densification are not
applicable [4]. Despite variety of the theoretical explanations, there is no comprehensive
model that would describe the entire process.
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In the current research, theoretical model for the hot-pressing under directly applied
electrical current is proposed. Material of the simulations and experiments was chosen
aluminum oxide (Al2O3), since it is “one of the most important ceramic materials and its
dense nanocrystalline form (with <100 nm grain size) is of great scientific and techno-
logical interest” [5]. Densely sintered alumina exhibit outstanding wear resistance and
strength, valuable in many mechanical applications [6], as well as nanoporous alumina-
based ceramics [7]. Thus, the investigations were aimed at finding reliable theoretical
model useful also for submicron alumina powders.

2 Theoretical Model

2.1 General Assumptions

Model of the hot-pressing consolidation under directly applied electrical current of 50Hz
was based on the classical theory described in the works by Ashby and co-authors
[8, 9]. Essentially, the model assumes possibility of simultaneous processes of plastic
deformation, power law creep, Nabarro-Herring creep, as well as mass transfer as a
result of grain-boundary diffusion and surface diffusion. The powder was described as a
set of spherical particles of similar diameters [10], randomly compacted. Theoretically,
if the sample was fully compacted with no pores, the bulk density ρ would be reached.
Since the pores are not fully eliminated, the relative density DR of the sample is smaller
than 1. It is usually convenient to distinguish between three stages of sintering, namely
initial, intermediate and final ones [11]. However, in the present model, it was useful to
divide the densification process to two stages only: first stage covered relative densityDR

from the loose powder initial density DR0 up to DR = 0.9, while the second stage dealt
with relative densities 0.9 < DR < 1.0. The densification was understood as a decrease
of the overall volume due to shrinkage of the distances between particles and, thus,
was modeled as increase of the single particle radiuses around fixed centers. Number of
contacts between a single particle and other particles is calculated, and thenmean contact
surface, radius of the neck surface is determined to find the effective pressured in each
contact point. In the second stage, the surface of a particle takes form of a polyhedron
and the effective pressure decreases because of inner pressure of the pores concentrated
in the corners of the polyhedrons.

The relative density was determined through summation of the partial densities
obtained for the given temperature and pressure from plastic deformation, diffusion,
power law creep, Nabarro-Herring creep during the process duration time.

As a result, it was possible to plot the diagrams of hot-pressing, i.e. dependence
between the relative density DR and process parameters (pressure, temperature, time).
The subjects of investigation were powders of alumina of average particle diameters
0.6 μm. Next, series of experiments were performed to obtain the dense samples out of
these powders and to compare the results with theoretical model. The applied pressure
was between 20 and 45MPa and process duration from 5 up to 30 min. It was found that
the model did not provide reliable results in this range of pressures, temperatures and
Al2O3 powder dimensions. In general, experiments provided much higher densification
rate than that calculated, so it was necessary to modify the model.
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2.2 Initial Stage of Densification

It is widely admitted that the origin of the ultra-rapid densification in the electrical field
is still controversial [12]. It is known that various mass transfer mechanisms depend
significantly on the temperature, pressure, and certain dimensions of the diffusion ways.
Especially, it is important to consider a linear dimension for nanosize powders hot-
pressing, where diffusion processes play the key role in themass transfer [13].Moreover,
under the outer electrical field, e.g. during spark plasma sintering, diffusion coefficients
considerably increase [14, 15]. It can be assumed that in the first stage of densification,
when relative density is DR0 < DR < 0.9, initially spherical particles join together
increasing number of contacts with intensely growing neck radiuses. Around a fixed
particle center of initial radius R, other particles are joining causing the growth of a
solidified particle and increase of its radius to the new dimension R’. The formulas
derived from the Ashby’s model [8, 9] in application to this particular case, can be
presented as follows:

R
′ =

(
DR

DR0

)1/3

R, (1)

whereDR0 andDR are initial and actual density, respectively. For the random compaction
of the particles in the powder, it can be assumed DR0 = 0.64.

When the spherical particle grows, coalescence of two spheres takes place by surface
diffusion.As the distance between their two centers decrease, the interconnection volume
between two spheres can be calculated and redistributed to the empty spaces. At the same
time, neck radiuses increase and new contacts between particles are initiated increasing
their number Z. Dependence between the number of contacts with neighboring spheres
Z and the relative density DR can be written as follows:

Z = 12DR, (2)

In fact, number of contacts Z increases from 7.7 at the beginning of hot isostatic
pressing, when relative density of the loose powder is DR0 = 0.64, up to Z = 12 when
the full density DR = 1 is reached. Average contact surface sc can be calculated from
the following equation:

sc = π

3

(DR − DR0)

(1 − DR0)
R2, (3)

The radius of the neck rn is dependent on the relative densityDR, and this dependency
can be expressed as follows:

rn =
√
sc
π

= 1√
3

(
DR − DR0

1 − DR0

)1/2

R. (4)

On the other hand, the curvature radius of the neck γ n can be calculated as follows:

γn = r2n
2(R − rn)

∼= R(DR − DR0). (5)
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Under the outer pressure P, contact areas between particles are subject to the force
f , which in average can be calculated as follows:

f = 4πR2

Z
P. (6)

Hence, effective pressure P’ in each point can be determined from the following
equation:

P
′ = f

sc
= (1 − DR0)

DR
2(DR − DR0)

P. (7)

It can be noted that P’ would be close to P when DR is close to 1, i.e. when the full
theoretical density is reached.

However, during the second stage of the sintering process, when 0.9 < DR < 1, the
empty spaces are trapped between the particles and form closed pores. It can be assumed
that the pores are distributed in the corners of the polyhedron-form particles. Radius of
the pores rp can be calculated as follows:

rp =
(
1 − DR

6

)1/3

R. (8)

The closure of the pores poses a problemwith their inner pressure Pi, which prevents
sintered material from reaching its full theoretical density. The inner pressure can be
calculated as follows:

Pi = P0
(1 − DRC)DR

(1 − DR)DRC
, (9)

where P0 is the air pressure in the pores at the closure moment, and DRC is a critical
value of relative density that corresponds with the pores closure.

2.3 Relative Density Summation

In the model, three densification mechanisms were considered, namely plastic defor-
mation, diffusion and creep. Summation of all these phenomena provides overall
understanding of the relative density rate.

Plastic deformation works after certain pressure P’ > 3σ f is reached, where σ f is
the flow stress of the material. Simultaneously, the contact area between particles is
growing. In the first stage of sintering, densification promoted by plastic deformation
can be described by the following equation:

DRpl =
(

(1 − DR0)P

1.3σf
+ DR0

3
)

, (10)

where DRpl is the relative density generated by plastic deformation. However, in the
second stage of sintering, DRpl is described by other equation:

DRpl = 1 − exp

(
−3

2

P

σf

)
. (11)
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In the cases of diffusion and creep mechanisms, it was found convenient to describe
them using densification rates ḊR1 and ḊR2, respectively. Again, diffusion rate during the
first stage of sintering is calculated differently from the one during the second stage. In
the first stage, mass transfer tales place from the contact zones between powder particles
towards the neck formed due to the grain-boundary and volume diffusion. Thus, in the
first stage, diffusion-promoted densification rate ˙DR1 can be calculated as follows:

ḊR1 = 43(1 − DR0)
2

(DR − DR0)
2

(δDb − γnDv)

kTR3 �P, (12)

where Dv and Db are the diffusion coefficients by volume and by grain-boundaries,
respectively, δ is the effective thickness of a grain boundary, k is the Boltzmann constant,
T is the absolute temperature, andΩ is the atomic volume. However, in the second stage
of the sintering process, it should be calculated from different formula, considering
radiuses of pores rp instead of radiuses of necks γ n:

ḊR1 = 54
�(δDb − rpDv)

kTR3 P 5
√
1 − DR. (13)

Generally, creep can be described by the following formula:

ε̇ = ε̇0

(
σ

σ0

)n

, (14)

where ε̇ is deformation rate, σ is the actual stress, while ε̇ 0, σ 0, and n are the parameters
of the particular material.

However, two types of creep should be distinguished in themodel. It is a deformation-
promoted creep with related densification rate ḊR2 in the areas of contact between the
particles, on one hand, and Nabarro-Herring and Coble creep with distinctive densifica-
tion rate ḊR3, on the other hand. Both types should be calculated differently in the first
and the second stages of the sintering process.

The densification rate ḊR2 related to the first type of creep in the first stage of
sintering, when relative density is below 0.9, can be calculated as follows:

ḊR2 = 3

2

(
ε̇0

σ n
0

)
DR(1 − DR)

(1 − [1 − DR]1/n)
n

(
3

2n
P

)n

. (15)

However, when the relative density is above 0.9 and is approaching 1, densification
rate should be calculated as follows:

ḊR2 = 5.3
(
DR

2DR0

)1/3 rn
R

(
ε̇0

σ n
0

)(
P

′

3

)n

. (16)

On other hand, Nabarro-Herring and Coble creep mechanisms appear in the lowest
stress range [16]. They cannot occur in monocrystalline powder particles without grain
boundaries, and thus, are typical for the pressure-assisted sintering mechanism [17].
These mechanisms take place when the grain dimensions are substantially smaller than
that of powder particles. During the first stage of sintering process, the following formula
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can be applied to calculate densification rate ˙DR3 related to the Nabarro-Herring and
Coble creep mechanisms:

ḊR3 = 24.9
�

kTG
2

(
D2
RDR0

)1/3 rn
R

(
Dv + πδDb

G

)
P′, (17)

where G is an average grain size. However, when the relative density is above 0.9 and
is approaching 1, densification rate ˙DR3 should be calculated as follows:

ḊR3 = 31.5
�

kTG
2 (1 − DR)1/3

rn
R

(
Dv + πδDb

G

)
P. (18)

Finally, the relative density can be obtain from the summation of the partial den-
sification promoted by plastic deformation and the three respective densification rates
multiplied by the pressing time t, as follows:

DR = DRpl +
∑3

i=1
ḊRit. (19)

2.4 Algorithm for Alumina Powder Calculations

In order to plot the diagrams for densification during hot isostatic pressing of alumina,
the main physical data related to the sintering process were taken from literature [18]
and given in Table 1.

Table 1. Chosen physical and mechanical properties of Al2O3.

Property, units Value

1 Atomic volume, Ω (m3) 4.25·10–29
2 Burgers vector, b (m) 4.76·10–10
3 Melting point, Tm (K) 2320

4 Flow stress, σ f (MPa) 1500

5 Shear modulus at 300 K, μ0 (MPa) 0.24·104
6 Ratio Tmdμ

μ0dT
– 0.35

7 Volume diffusion, D0v (m2/s) 2.8·10−10

8 Grain-boundary diffusion, δD0b (m3/s) 8.6·10−10

Based on the data from Table 1 and the equations from (1) to (19), the alumina
powder densification process under directly applied electrical current was simulated.
The calculation algorithm is presented in Fig. 1.

Apart from the equations from (1) to (19), it was found necessary to introduce cor-
rections. Some effect on the final results may have contaminations on the surface of the
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Fig. 1. Algorithm of calculation of alumina sintered sample relative density under directly applied
electric current.

powder particles, as well as their difference from the spherical form and non-uniform
dimensions. Some corrective coefficients were introduced, accordingly. Moreover, devi-
ations of the electric field from the theoretical values also were taken into consideration
in the calculations.

3 Experimental Verification

To verify the model, several experiments were performed using the equipment for field
activated sintering [19]. Time and resources constrains did not allow for full statistical
verification, but interesting initial results were obtained for different pressures. Both
experimental results and theoretical data are shown in Figs. 2, 3 and 4, where colored
plots correspond with calculations, and black points represent experimental data.

In Fig. 2, there is a plot of theoretical relative density for different sintering temper-
atures, calculated for the pressure 20 MPa. In accordance with expectations, the model
shows that higher density can be obtained at certain temperature when the holding time
is longer. It is noteworthy, however, that the time t = 5 min provided almost linear func-
tion DR = f (T ). Since 20 MPa is rather rarely used pressure, only one experiment was
performed for this value of P at temperature 1290 °C. The relative density DR = 0.84
was obtained, which was much closer to the theoretical value for 1 min (0.83) than that
for 5 min (0.90).

Nevertheless, difference of 7% between theoretical and experimental values for the
temperature 1290 °C at pressure P = 20MPa and pressing time 5 min can be considered
satisfactory.
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Fig. 2. Theoretical relative density of Al2O3 powder with particles diameter 0.6 μm at pressure
P = 20 MPa calculated for different temperatures. Experimental result: – P = 20 MPa, T =
1290 °C, t = 5 min, DR = 0.84.

Figure 3 presents a graph of theoretical relative density for different sintering tem-
peratures, calculated for the pressure 45 MPa. It should be noted that the general trend
is the same as for 20 MPa (Fig. 2), but the curve corresponding with holding time t =
5 min exhibited less linearity. At the temperatures above 1300 °C, increase of density is
smaller.

Fig. 3. Theoretical relations between relative density of hot-pressed Al2O3 powder (particles
diameter 0.6 μm) and sintering temperature at the pressure P = 45 MPa, and experimental results
for pressing time 5 min: – at temperature 1110 °C, obtained relative density DR = 0.766;
– at 1220 °C, DR = 0.83; • – at 1350 °C, DR = 0.999; – at 1380 °C, DR = 0.999.
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Important characteristic can be derived from the Fig. 3 is that at temperature 1330 °C,
the relative density obtained after 5 min will not improve after 10 min. In fact, no sub-
stantial improvement can be achieved also through further increase of the temperature,
since experimental DR = 0.999 was obtained both at 1350 °C and at 1380 °C.

In the case of lower sintering temperatures, experimental results exhibited good
conformity with the theoretical model. The difference was less than ±4% between
experimental and calculated relative densities DR.

Keeping inmind that the nanopowders could providemore densematerial and nanos-
tructural ceramics posses better characteristics than the microstructural ones [20], addi-
tional experiment was performed with alumina nanopowder. The particle dimensions
were 0.06μm, which theoretically was expected to provide much higher relative density
at the same temperatures and holding times, as it can be seen in Fig. 4. The experimental
point of DR = 0.999 was obtained after 5 min of sintering at the temperature 1250 °C.

Fig. 4. Theoretical relative density of Al2O3 nanopowder with particles diameter 0.06 μm at
pressure P = 45 MPa calculated for different temperatures. Experimental: – P = 45 MPa, T =
1250 °C, t = 5 min, DR = 0.999.

From the practical perspective, these results are enough to confirm the fidelity of
the proposed model. It makes possible to estimate the temperature and holding time for
the alumina powder, and to obtain required relative density with accuracy below 5%
for higher pressures. It is planned to perform further investigations on repeatability of
the densification process parameters and resulting density, and to introduce necessary
corrections to the model.

4 Conclusions

From the performed theoretical analysis of the hot-pressing process under directly
applied electrical current it can be concluded that differentiation between several densi-
fication mechanisms is crucial. In particular, plastic deformation, diffusion and creep of
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two kinds should be summed up when calculating the relative density of sintered spec-
imen. Moreover, from the practical perspective, division of a sintering process to two
stages and application of proper equations for each of them provided good estimation
without necessity of distinguishing more stages.

Experimental results initially confirmed the correctness of the model. At lower pres-
sure P = 20 MPa, difference between the experiment and the model was 7%, while
at P = 45 MPa experimental results differed from the model by no more than ± 4%.
Experiments also confirmed the theoretical prediction that at pressure P = 45 MPa the
highest relative density can be obtained at 1350 °C after holding time t = 5 min, with no
necessity of temperature increase or process prolongation. Additional experiments with
alumina nanopowder with particles diameter 0.06 μm demonstrated possibility of full
densification even at lower temperature of 1250 °C, in conformity with the theoretical
model.

It is necessary, however, to performmore experiments in order to check the accuracy
of the model. In particular, statistical analysis of the repeatability should be done, as
well as other sintered materials should be considered. Nevertheless, from the practical
perspective, the model can be applied for estimation of the process parameters to obtain
the desired density of sintered alumina.
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Abstract. The most appropriate separation technique for the processing of solid
metal parts with large dimensions is sawing. The cutting tools used in this machin-
ing process are exposed to very highmechanical and thermal loads, yet the highest
precision, product quality and process stability must be guaranteed. With regard
to process optimisation, the prediction of tool failure and the estimation of the
remaining useful life is an important goal. In this paper, a first approach is pre-
sented to work towards the development of a degradation model for circular saw
blades based on monitored process parameters. Such a degradation model could
then be used to derive the key objectives presented above. The basis of this anal-
ysis is the recording of the sensor signals current, voltage, vibration and sound
with a high sampling rate, whereby in the present work the focus will initially
be on the first two signals mentioned - current and voltage. These signals were
analysed in such a way that key indicators could be derived. These key indicators
were then used to carry out initial analyses, which are intended both to increase
the understanding of the process and to form the basis for future analyses.

Keywords: Circular sawing process · Key indicator system ·Multivariate
process analysis · Process data acquisition · Process data processing

1 Introduction

Machining (metal cutting) is the collective term for a group of subtractive manufacturing
processes that give workpieces a specific geometric shape by mechanically removing
excess material from raw parts in the form of chips. The most important machining
processes are turning, drilling, milling, sawing and grinding. According to the German
Industrial Standard DIN 8589-0 [1], cutting belongs to the main group of machining and
is the most important group in terms of industrial significance.

The most appropriate separation technique for the processing of solid metal parts
with large dimensions such as bars, shafts, discs, blocks, tubes or rings is sawing. The
cutting tools (industrial saws) are designed as an endless band, as a saw blade of a
reciprocating saw or as a circular saw blade and typically have saw teeth with cutting
edges at the rim. The separation itself is caused by a relative motion between the sawing
tool and the workpiece such that a narrow kerf is cut. Each individual saw tooth scrapes

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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off a thin chip, which is transported out of the workpiece in a saw tooth gap. At the
same time, mechanical forces and high temperatures affect the saw teeth, such that wear
occurs. The mechanical and thermal loads depend on various parameters, such as the
material of the sawing tool, the material of the workpiece, the cutting speed, the feed
rate, the cutting pressure and the cutting edge geometry. The mechanical wear accounts
for the majority of wear at low cutting speeds and when machining easily machinable
materials like unalloyed steels. In contrast, at high cutting speeds and materials that are
more difficult to cut (e.g. stainless steels), thermal wear like oxidation and diffusion is
caused and is responsible for the main part of the wear. During the machining process
several additionalwearmechanisms occur in addition to the previouslymentioned. These
include abrasion due to friction between chip and sawing tool and adhesion. Most of the
wear appears at the flank and the face of the tooth (see Fig. 1). Flank wear is generally
caused by high temperatures due to friction. Crater wear occurs at the face of the cutting
tool due to the removal of chips [2].

Fig. 1. Schematic representation of a tooth of a circular saw blade.

In addition to this gradual wear during regular operation, the failure modes of blade
breakage and tooth breakage occur in machining with circular saw blades. While blade
breakage is caused by incorrect positioning during the first cut or the use of blunt circular
saw blades, tooth breakage is due to the choice of an incorrect tooth pitch (i.e. tooth pitch
is unsuitable for the material cross-section) [3].

Due to the aforementioned effects, the condition of the saw blade changes over the
duration of its use. Monitoring this change is a crucial factor in ensuring the quality
of the tool application and avoiding costs for unnecessary damage or destruction of
the tool. Such condition monitoring systems are usually referred to as Tool Condition
Monitoring Systems (or TCMS for short). TCMS create the possibility to economically
and ecologically optimize processes in metal cutting. This monitoring and evaluation of
the transmitted data is an essential part of the idea of Industry 4.0 [4]. TCMS are able
to monitor the state of the tool by analysing sensor data and extracting information in
form of key indicators from them [5].

With the machines used, it is possible to measure parameters such as current and
voltage with non-invasive sensors, which have no influence on the running process [6].
The sensors are used tomonitor the individual cuts of the sawblade. Based on the changes
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in the measured values, it is believed that it is possible to monitor the wear of tools. In
many modern machines, sensors that monitor the energy supply of machines often do
not have to be retrofitted, but are already installed by the manufacturer of the machine
[7]. In the course of the paper, the sensors used for these analyses will be examined in
detail again.

In contrast to milling, drilling or turning, the wear behaviour of circular saw blades
has not yet been researched as thoroughly. In order to determine the wear, process data
must be recorded continuously when the saw is in use. The optimal choice of process
data to be observed for quantifying wear varies from case to case. Common methods
include the use of force sensors, torque sensors, power sensors, temperature sensors,
vibration sensors and acoustic emission sensors [7].

This paper investigateswhetherwear behaviour of circular sawblades can be detected
by collecting motor current data and motor voltage data. According to Ammouri, and
Hamade [8], the current increases when the wear on the tool increases, because the
cutting force increases. In milling processes, studies on the use of motor current to
detect wear have proven to be a successful and simple method that can significantly
reduce the complexity of data collection.

While the use of multiple sensors increases the accuracy of wear detection, it also
increases the costs, the susceptibility to errors and the maintenance effort [5, 9, 10].

2 Goal of the Study

The goal of this study is to understand the basic properties of the process and to recognise
basic structures in the data.

It is deliberately not intended to research the deeper interrelationships of such recog-
nised data structures, as the fundamental understanding of the process at hand that is
being sought is an absolute necessity for such studies.

For this reason, the section “Fundamentals” first explains which process parameters
are relevant for the subsequent analysis of the process under consideration. Furthermore,
properties of the process are highlighted and defined there, which is a prerequisite for
the analysis of the process. In the further course of the section, the sensors used are first
considered before the used data set is presented in the last subsection.

Using this data set as an example, the fourth section then presents the processing of
a data set and the development and application of a key indicator system.

In the fifth section, a first approach, which can serve as a basis for the development
of a degradation model, is presented. Here, the entire train of thought is deliberately
traced in order to show the underlying discovery process.

In the last section, besides the summary, an outlook is given, which presents possible
future studies that can build upon this paper.

3 Fundamentals

3.1 Parameters and Notations

The process parameters, variables and geometry characteristics of a sawing process are
summarized and defined in the following table below.
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Table 1. Parameter designations of circular sawing processes.

Parameter name Formula notation Unit

Saw blade diameter dS [mm]

Saw blade radius rS [mm]

Saw blade circumference US [mm]

Number of teeth Z [-]

Workpiece height hW [mm]

Workpiece width bW [mm]

Rotational speed of saw blade n [1/min]

Angular velocity of saw blade ω [1/s]

Cutting speed of saw blade νc [m/min]

Rotation time of saw blade T [s]

Engagement time of one tooth tc [s]

Tooth feed rate f c [mm/tooth]

Total feed rate vf [mm/min]

Depth of cut h [mm]

Width of cut b [mm]

Length of cutting edge lce [mm]

Duration of cut DC [s]

The parameters are separated into four categories. The first category describes prop-
erties of the saw blade. The second category describes properties of the workpiece. The
third category contains setting parameters of the sawing process. The fourth category
contains terms which are used to describe the current state of a sawing process.

In the data set, which will be examined in more detail later, the parameters ds (thus
also rs and Us), Z, hW and bW are uniform, i.e. they are the same for all processes
included. In general, however, this statement does not hold.

For the cutting speed of the saw blade vc (and thus n, ω,T and tc) the dataset contains
numerous processes with deviating values. The same holds for the feed rate vf (and thus
fc).

The depth of cut indicates how far the saw blade has penetrated the workpiece in
the vertical direction. The cutting width indicates how far the saw blade has penetrated
the workpiece in the horizontal direction. The length of the cutting edge depends on
the saw blade radius rS as well as the cutting depth and is limited by the dimensions of
the workpiece. Some of the notations defined in Table 1 are visualised in the schematic
diagram in Fig. 2.
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Fig. 2. Schematic representation of a circular sawing process with rectangular workpiece.

3.2 Course of the Sawing Process

In order to be able to analyse the course of a sawing process in a differentiated manner,
the course was divided into 5 different phases, which relate to the position of the saw
blade to the workpiece. The phases are separated from each other by the separation
points 1–4.

Circular sawing of metal in industry usually involves the workpiece being clamped
firmly or fixed in a vice while the saw is guided slowly through the material. The
workpieces considered in this paper all have a rectangular cross-section. The machine
operates at relatively low speeds (usually between 70 and 170 m/min cutting speed) and
slow linear feed (usually between 0.04 and 0.10 mm per tooth).

The phases listed below are additionally visualised in Fig. 3 using the length of the
cutting edge as the cutting depth progresses. In addition, the positions of the saw blade
to the workpiece corresponding to the phases are shown schematically in the upper part
of the graphic.

The 5 phases are as follows:

– Phase 1: Idling (no load). The circular saw blade has no contact with the workpiece,
but is already rotating at the constant cutting speed. The sensors therefore detect the
basic load resulting from the rotary movement.

– Phase 2: Increase of the length of the cutting edge. The cutting tool starts penetrating
the workpiece until maximum engagement is reached. The maximum engagement is
governedbyboth the dimensions of the sawblade and the dimensions of theworkpiece.
The increase in the length of the cutting edge is not linear.
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– Phase 3: Constant behaviour of the length of the cut edge. This phase of the process
represents the longest part of a cut in terms of time. The phase lasts until the saw blade
starts to exit at the bottom end of the workpiece.

– Phase 4: The length of the cutting edge decreases as soon as the saw blade exits the
lower end of the workpiece. This decrease, like the increase in phase 2, is not linear.

– Phase 5: Idling (no load). The cutting process is completed and similar to stage 1 the
tool is not in contact with the workpiece.

Fig. 3. Exemplary sequence of a cut with change of the characteristic tooling parameters.

3.3 Sensors, Measurement Technology and Production Data Acquisition

For data collection, only non-invasive methods/sensors were used, as previously men-
tioned. In particular, custom milled parts were created to attach two triaxial accelerom-
eters (ICP® from PCB, model number 356A02) on existing boreholes that are usually
used for assembly. One accelerometer is mounted at the level of the shaft on which the
circular saw blade is attached and the other on one side of the vice, right next to where the
saw advances through the workpiece. The sound pressure is picked up by a prepolarized
free-field microphone and an amplifier (both from Brüel & Kjær, type 4189 and 2671)
located outside of the main enclosure, to ensure that the unit receives a signal from a
similar distance as the machine operators are used to hearing the sounds.. The electric
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current and amperage is measured with Rogowski coils and signal converters located at
the main power source of the machine.

The data acquisition runs on a NI PXI system with synchronized multi I/O-modules
and a custom software to monitor the high frequency, high data rate signals, and detect
active sawing processes (cf. Fig. 4).

Fig. 4. Example of measurement from IEPE accelerometers.

In the data set discussed in the paper, the individual process recordings were started
manually by the operator of themachine. Since this unfortunately led to very inconsistent
and, above all, incomplete recordings, a light barrier has nowbeen installedwhich detects
the start and end of the process to be measured and starts or stops the data recording
accordingly.

The last component of the data set is handwritten protocols in which the machine
operators note down the selected process parameters (cutting speed, feed, material, saw
blade number) and observations at regular but widely spaced intervals (usually 2 h). Due
to the very large intervals, the logs play only a minor role in the analysis of the data set.
They are mainly used to make general cut-offs of the data set, e.g. when changing the
saw blade, as only the cuts of one saw blade are to be analysed.

4 Analysis of the Timeseries

4.1 Data Set

In the dataset under consideration, 76 complete sawing processes are documented
whereas 5 incomplete processes had to be removed from the dataset. Here, 9 signals
are recorded at a time. Two signals, the current [A] and the voltage [V] are recorded
with a sampling rate of 1000 data points per second. The other seven signals come from
the two piezo sensors (3 signals each) and a microphone. They are each recorded with
a sampling rate of 20,000 data points per second.
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The length of a single sawing process in the data set ranges from 154.6 s to 259.1 s.
The average length is 193.1 s.

The focus of the following initial evaluation of a dataset shall be on the signals
of the current and the voltage as the analysis of the datasets is still in an initial stage
and the signals shall be examined in small portions. In future evaluations, it is also
planned to investigate larger portions of signals simultaneously and their dependencies
and influences on each other.

4.2 Separating the Processes

In order to be able to look at the processes in a differentiated way, it is necessary to
separate the processes into the process phases explained in Sect. 3.2. For this purpose, a
detection mechanism for the separating points was developed, which is presented in the
following.

First, the signal is smoothed, as it is subject to strong scattering, which can lead to
distortions during separation point detection. For smoothing, a moving average with a
window width of 10,000 values is performed, which corresponds to an average of the
signal over 10 s. The smoothed signal of a process from the data set can be seen in Fig. 5.
Subsequently, a gradient function of the smoothed signal is formed. For this, the average
slope is determined over a window width of 2 s. This approximation of the local slope
is also shown in Fig. 5.

To determine the separation points, the two main changes in the current signal are
first determined (increase in the curve in the first half due to the saw penetrating the
workpiece [phase 2], decrease in the curve in the second half due to the saw leaving
the workpiece [phase 4]). For this purpose, the time of the maximum value of the slope
within the first half of the process as well as the time of the minimum value of the slope
within the second half of the process are determined. In the case shown in Fig. 5, these
extrema occur at approximately 18.1 s and 150.7 s, respectively. Starting from these two
points in time, the latest point in time before and the earliest point in time after those
extrema are determined at which the slope assumes a value in a small range around zero.
In the evaluations of this paper, a limit value of 0.2 was chosen for this. These points in
time correspond to the separation points sought, since each of these separation points is
adjacent to a phase which is characterised by a largely constant course and thus a low
and thus near-zero gradient, as can also be seen in the principle sketch in Fig. 5. The
separation points are marked by vertical black lines in the figure.

The basic idea for this separation point detection mechanism was developed specif-
ically for the process structure at hand. The parameters were adapted for a small group
of randomly selected processes and then verified for the entire present data set by visual
verification. Although it would have been possible to determine the separation points
by hand with the relatively small data set at hand and it would have been similarly
time-consuming, it seemed important to us to automate this process. On the one hand,
there are other data sets for the same process, and on the other hand, the detection of the
separation points should be repeatable and consistent, which is given by a value-based
mechanism. The consistency of the separation point detection will be addressed again
in this paper within the context of the key indicator analysis.
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Fig. 5. Smoothed signal (red), average slope (blue) and separation points (black) of a process of
the considered data set. The separation points were determined using the average slope and the
selected limit values of 0.2 (orange).

4.3 Creating a System of Key Indicators

As already mentioned, a system of key indicators was created on the basis of the previ-
ously identified separation points. The aim of such a key indicator system is to reduce
a time series to a few key indicators while retaining the information content contained
in the time series. Indicator systems such as this one, which are used in the analysis of
technically complex systems and processes, have delivered good results in the past [11,
12].

The first recorded key indicators are the times of the separation points, measured in
seconds from the beginning of the data recording of the process under consideration. In
addition, the time of the separation points is also recorded in relation to the total length
of the data recording.

The lengths of the various identified phases measured in seconds, are also recorded
in order to be able to carry out a verification of the separation point detection.

Furthermore, characteristics of the signals within the identified phases are deter-
mined. These include the mean intensity, the mean slope or the dispersion of current,
voltage and their product, power.

A total of 85 key indicators are thus recorded per process, some of which will be
looked at in more detail below.

As mentioned, only some initial analyses are carried out in this paper. However,
the key indicator system can also be used in further, more sophisticated analyses. For
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example, an analysis of the data by machine learning methods can be based on such an
indicator system.

4.4 Verification of the Separation Point Detection

To verify whether the developed separation point detection yields the desired consistent
and repeatable results, we examined the lengths determined for the third phase of the
processes.

The third phase was chosen because it was the only phase that was entirely available
in all processes. The other phases were not entirely included in a few cases due tomanual
starting and stopping of the data recording.

As explained before, the length of the third phase is determined by the time of the
separation points 2 and 3.

The determined length of the third phase for the 76 processes considered in the data
set can be seen in Fig. 6.

As can be seen, there are clearly some plateaus in the determined length of the third
phases. The duration of the phases remains largely constant over the length of these
plateaus and deviates only by small differences.

The occurrence of these plateaus can be explained by the different feed rates selected
by the machine operator. The pattern that is revealed is consistent with the handwritten
protocols in which the feed rates are noted as well as with the known procedure of
the machine operators, who leave the feed rate unchanged until problems occur in the
process.

The figure shows that the first 18 processes have an almost identical length of the
third phase, which lasts an average of 110.4 s.

Then there are 34 processes whose third phase lasts a little longer. The average
length here is 113.6 s. This slightly increased duration can be explained by a slightly
reduced feed rate, which means that the saw blade needs a little longer to pass through
the workpiece.

Another plateau is formed by 9 further processes with an average length of the third
phase of 148.3 s.

The last plateau shows 15 processes whose third phase takes an average of 130.1 s.
Based on these clearly recognisable plateaus, it can be assumed that the separation point
detection works well and consistently.

5 Approach for the Development of a Degradation Model

In an example, a first approach for a degradation model was derived based on the key
indicators described in Sect. 4. Within this example the usage of one circular sawblade
was considered fromfirst cut to failure. The considered example consists of 76 cutswhere
the dimensions and the alloy of the workpiece were constant. Therefore, the influence
of cutting different kind of workpieces was neglected.

The basic idea of this first approach was to relate the degradation of the circular saw
blades to the power consumption during the cut. In this example, the consideration of
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Fig. 6. Length of the third phase of the processes.

Fig. 7. Power consumption during phase 3 of each cut.
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the power consumption was limited to the third phase of the cutting process. In Fig. 7
the mean power consumption during phase 3 of each cut is shown.

It can be seen, that the mean power consumption in phase 3 is increasing over the
course of the cuts until a decrease after 52 cuts can be observed. This decrease of power
consumption can be related to a variation of the process parameters. It was assumed, that
the decrease of the mean power consumption in phase 3 is caused by a decrease of the
linear feed. This assumption is consistent with the observations presented in Sect. 4.4.
A decrease of the linear feed causes an increase of the duration of a cut. It is therefore
reasonable to consider the process time in addition to the mean power consumption. In
Fig. 8 the energy consumption during phase 3 of each cut is plotted.

Fig. 8. Energy consumption during phase 3 of each cut.

Figure 8 shows that the energy consumption increases drastically after 52 cuts,
suggesting the variation of another process parameter: the cutting speed. Increasing the
cutting speed requires an increased engine speed and therefore a higher energy demand.
This effect can be taken into account if the energy consumption in idle mode (phase 1
and phase 5) is considered. The energy consumption in idle mode was subtracted from
the energy consumption in phase 3. The resulting cutting energy consumption is shown
in Fig. 9.

It can be observed, that the cutting energy consumption is on a constant level for
the first 30 cuts where after an increase of the cutting energy consumption sets in until
failure occurs.

The development of a general degradation model for circular saw blades based on
monitored process parameters requires comparability of usage. In the presented example
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a method to consider the influence of rather unmonitored process parameters like the
linear feed and the cutting speedwas shown (asmentioned before, the process parameters
used are only recorded approx. every 2 h). As a result, the degradation of circular saw
blades can be related to the increase of the cutting energy consumption over the course
of the usage phase.

In further studies, it needs to be analysed, how the influence of cutting work pieces
with varying dimensions and alloys can be considered for the development of a general
degradation model.

Fig. 9. Cutting energy of each cut.

6 Summary and Outlook

The present research work deals with the analysis of sawing processes with the focus
on sensor signal acquisition and processing of the electric current data. After a process
separation for each cut, time-based features as well as current values (e.g. amperage
and voltage) can be extracted to perform a degradation analysis for the tool. The results
show that with increasing tool wear, there is an increase of electrical current and energy
consumption as well. This approach provides good results, which can be used as a basis
for future in-depth studies on the degradation behaviour of the tool, especially if the
cutting speed, the process time and the idle phase influence are also considered. Future
studies will therefore focus on these but needs to be verified in future studies.
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Abstract. The paper presents the implementation of automatic CAM program-
ming for the manufacture of special production tooling. The programming pro-
cedure, called ACPUT (Automatic CAM Programming Using Machining Tem-
plates), includes the development of special machining templates in the CAM
program, supported by the acquisition of technological knowledge in a specially
prepared database. These templates are dedicated to a given group of parts, char-
acterized by the similarity of their geometric features. ACPUT makes it possible
to shorten the time required to develop a machining program, thereby having
a positive impact on the total cost of tooling production. The aim of the work
was to present the advantages of the use of automatic CAM programming com-
pared to the traditional approach used by technicians/programmers with different
levels of experience (expert and beginner). The tests were carried out on CAM
programming process for welding tooling.

Keywords: CAM programming automation · KBE - Knowledge-Based
Engineering ·Machining templates

1 Introduction

To meet the expectations of the mass personalization of products, it is not enough to
simply invest in modern machinery. It is necessary to develop digital systems that allow
for the comprehensive use of various data gathered in product designs and its produc-
tion technologies [1–4]. The implementation of such systems requires the appropriate
organization of departments responsible for the preparation of technical documentation
(construction and technological). The use of CAx systems in technical departments has
been a standard for many years. Thanks to this, designers and technicians can use tools
that make it possible to use the knowledge gained in previously implemented projects
(like KBE - Knowledge-Based Engineering). Such smart solutions are used primarily
in companies dealing in the mass production of technologically similar, multi-variant
products [5, 6]. An example of this can be found in the automotive sector, where similar
components having the same purpose may differ on account of different vehicle variants.
The same is true in other industries, such as in the manufacture of household appliances,
sanitary or electronic products.
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It should be emphasized that the plan of the technological process, next to the engi-
neering design, is undoubtedly the most important part of the technical preparation of
the production process. It concerns the planning of elementary activities related to the
production of semi-finished products, final products, and tools necessary for their pro-
duction. In other words, it is about “how to realize what the designers have designed”.
An important step of the technological process inmodern production systems is the stage
of programming of CNC machines, which is performed in CAM software. The process
of machine programming in the CAM program determines the basic parameters of the
machine, such as the number of controlled axes, dimensions of the machining table,
movements along individual axes, etc. Moreover, the programming process involves
determining the geometry of the stock and of the workpiece. In individual machining
operations, the CAM programmer determines the specific geometric elements of the
CAD model for processing (planes, edges, points), the machining tool type and fea-
tures, the machining strategy (the machining tool path), and the specific parameters of
the operation (speeds and the input/output paths of the machining tool relative to the
workpiece).

Basis on that the CAM programming process is characterized by its repeatability.
This means that certain activities are performed in every case, nomatter what the specific
project is. Since the process is repeatable, it is possible to automate it - at least in theory,
because although there are various ways of automating work in CAM, the use of such
solutions is not very popular in practice. Based on own observations and experience,
the authors conclude that there are two main reasons for such a state of affairs. The
first is caused by the level of education and experience of CAM programmers, and the
second is related to the characteristics of the enterprise, the products themselves, and
their manufacturing processes (high diversity and variability).

High efficiency of CAM programming or rather the quality of programs prepared
in the CAM system (according to the principle – “do it right at the first time”) requires
high skills of using CAM software and knowledge about manufacturing process (e.g.
milling, turning, etc.). Engineers at the basic level of skills are not able to prepare
advanced, dedicated tools, because is not easy. Additionally, some of these tools require
computer programming skills in the particular programming languages to operate. The
preparation of dedicated solutions to aided engineering work in CAM software often
requires the involvement of interdisciplinary teams.

The second reason for limiting automation in CAM is the characteristics of the pro-
cesses carried out in the enterprise, or rather the level of variability of the manufactured
products. Automation of CAM programming will be reasonable only in selected cases,
where there is high variability in production and relatively its high similarity. In the
case of single, unique work, CAM automation tools seem completely unnecessary. Each
project is different, it should be analyzed separately and unique solutions should be
selected for it. Moreover, such a program will probably be used only once (although the
knowledge from such a project should be gathered despite this). Tool for automation of
CAM programming will be used wherever many products are produced similar to each
other (multi-variants), regardless of the scale of this production (i.e. small, medium, or
large series).
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To meet these needs, the authors developed their own methodology for preparing an
automatic system of CAM programming, called ACPUT (Automatic CAM Program-
mingUsingMachining Templates). Its basic assumptions and some tools were described
in detail in earlier works [7–10]. The main aim of this paper is to present the advantages
of using ACPUT in industrial practice, presenting the results of automation of CAM
programming on a selected example of special production tooling – matrix used in the
welding process.

2 Research Methodology

2.1 Feature Recognition

The most popular tools for automating routine, repetitive tasks in a CAM system are
based on recognizing the characteristic features of a CADmodel (so-called FR – feature
recognition technology). FR allows the assignment of appropriate machining cycles to
specific recognized geometry shapes [11]. In practice, these tools can actually speed up
the work on program preparation but are only effective for models with relatively simple
shapes. In the case of advanced surfacemodels (such as the dies or matrixes with shaping
cavities described in this article), the proportion of automatic recognition of geometric
features decreases, and the “manual” work of the technicians increases to a large extent.
These tools are therefore a hybrid solution that works well in a single case. Therefore,
for a group of families of similar products (several - several dozen items), their use does
not significantly affect the effectiveness of the CAM programming process.

Although the FR technology have been known for three decades, they are still the
subject of various works [12]. The authors focus on the development of various algo-
rithms that canmore accurately analyze 3Dmodels andmore effectively indicate possible
technological operations [13, 14]. In turn, Zhou et al. [15] presented the FRmethod (sup-
ported by deep learning) for the selection of cutting tools, increasing the effectiveness
and efficiency of this task. Another example is the use of FR for spotwelding recognition.
In turn, Chee Fai Tan et al. [16] described the methodology for recognizing the features
of the CAD model, based on which appropriate operations in the CAM program are
selected. Similar considerations were described in papers [17, 18], presenting different
approaches to the data exchange between the CAD and CAM programs, as well as to
recognition of the features of the objects processed, using universal STEP files format.

It should be noted that these works do not deal with the issue of the automation of
CAM programming in a general perspective, which can actually improve the efficiency
of this process, but only develops algorithms for searching for specific geometric features
of 3D models.
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2.2 ACPUT Procedure

Based on KBE approach a procedure for creating machining templates in the CAM sys-
tem was developed. ACPUT in conjunction with a machining knowledge base, makes it
possible to automate the operations in developing machining program for CNCmachine
[9, 10]. The ACPUT method is pointed to a specified product group (family of multi-
variants products), and the rules it creates are effective and efficient in the whole group.
The templates can be developed using any integrated CAD/CAM class software that
allows the parametric construction of CAD models and programming in a scripting
language (e.g. VBA – Visual Basic for Applications). Since machine programming in
CAM systems is a time-consuming and high-cost process (it requires the involvement of
highly qualified engineering staff), the aim of the ACPUT was to reduce time and mini-
mize human participation in the programming of CNC machines (in the manufacture of
special production equipment).

ACPUT assumes to develop a special machining template that represents all the
technological operations possible for a given group of products. Data and information
needed to prepare such a template are stored in the special knowledge base. Knowledge
acquired mainly from specialists in a given field is accumulated and written formally,
and in a way understood by the computer program. To ensure the correct operation of
the machining template, and thus the automation of the preparation process in the CAM
environment, firstly3D models for the tooling must be properly described in the CAD
program (i.e. categorization of features and their assignation to the model). Based on
this description, the template later automatically selects the appropriate features for the
given part.

It is possible to look at ACPUT as a procedure, that includes the following steps
(Fig. 1):

1) Analysis of 3D CAD models of a given group of tooling parts.
2) Preparation of the technological knowledge base.
3) Defining the geometry necessary to build the machining template and publishing it.
4) Preparation of machining template.
5) Preparation of machining program for each part of the given group of tooling parts

(with simulation in CAM program).
6) Preparation of NC program.

Execution of the ACPUT procedure requires different skills in the field of manufac-
turing knowledge and CAx systems operation. It is therefore assumed that Step 1 and 2
are realized by technicians with large of experience. Step 3 can be carried out even by
novice CAM programmer; however, Step 4 requires skills at expert CAM programmer
level. Last two steps can be realized also by novice CAM programmer.
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Fig. 1. The ACPUT procedure [10]

3 Case Study – CAMProgramming forWelding ToolingMachining

The example, considered in this paper, is related to the machining of tooling elements
for welding processes. Special production tooling in this case consists of 10 separate
parts (Fig. 2) and manufactured by milling on a CNC machine. Acting in accordance
with the assumptions of ETO (the tooling model was provided by the customer), it was
assumed that in preparing programs it was not possible to interfere with the geometry
of the 3D models of the tools, and the files were saved in the universal “stp” format.

Fig. 2. Part of group of special tooling for welding
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In accordance with the ACPUT procedure, ten different operations were identified
and described, for which the detailed course of the machining process was recorded in
the knowledge base. It consisted of (Fig. 3):

– machining of an oval pocket (here for the so-called suction cup),
– circular milling of the surface for the suction cup,
– drilling holes (various types), and
– roughing and finishing of the working surface of the tool (green in Fig. 2 and 3).

Fig. 3. Recognized geometric features of single welding tool

In the described case, this type of tooling is ordered by the customer who is responsi-
ble for its design. However, it has no influence on the method of its production in detail,
as this is the subject of themanufacturer. The die group consists of 10 similar parts, so the
manufacturer is interested in as efficient a process as possible (short time, less resource).
One of the ways is to optimize it is to modernize the traditional approach in the CAM
programming process, and for such need, the ACPUT procedure was developed.

4 Experiment and Results

To check the usability of the ACPUT procedure a comparing test to the traditional CAM
programmingmethodwas proposed. For given group of welding tooling CAMprograms
were developed:

a) with the ACPUT procedure;
b) in the standard procedure by

– a beginner programmer/technician,
– an expert programmer/technician.
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It should be emphasized that ACPUT (Fig. 4) is the procedure of implementation of
CAM programming automation, not a specific IT tool, so the essence of the tests was to
compare it with the traditional approach to programming (realized by technicians/CAM
programmers), who can use any tools and methods in their work, even FR (Feature
Recognition) or well-known GT assumptions (Group Technology).

The knowledge base, developed for the purposes of the ACPUT was also made
available to the programmers (beginner and expert), so that the data for the machining
process were the same in all cases.

Fig. 4. Process of CAM programming for welding group of tooling using ACPUT procedure

The preparation times (cumulative) of the machining programs for all three cases
are presented in Table 1. The automatic solution considered the time needed to develop
the template (step 4 in Fig. 1 - it was added to the time for the first part), therefore the
preparation time for the first part was much longer than the preparation times for the
subsequent parts. A similar difference can also be seen in the work of the programmers
programming in the traditional way. The differences between the expert and the beginner
programmers’working timeswere related to their proficiency in using theCAMprogram.

The total preparation time (Tpt) for themachiningprograms for all the ten parts turned
out to be the shortest in the ACPUT procedure and amounted to 193 min. This result
was used as a reference to evaluate the other results. The working time of the beginner
programmer was 478 min (representing 247% of the working time of the automatic
solution), while the expert programmer had a working time of 298 min (154%of the
working time of the automatic solution). The results presented in Table 1 are also shown
in Fig. 4. This shows that the ACPUT procedure is already justified when the group of
parts is greater than two (Fig. 5).

After execution and verification of the preparedmachining programs, a simulation of
the machining in the CAM system was performed, which made it possible to determine
the machining times for the individual parts.
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Table 1. Cumulative preparation time for machining programs

CAM preparation time [min] - cumulative

After part no ACPUT procedure Standard procedure by
beginner

Standard procedure by
expert

1 66 143 48

2 82 208 80

3 97 256 105

4 114 288 135

5 122 315 157

6 140 353 191

7 147 379 211

8 166 420 243

9 180 447 270

10 193 478 298
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Fig. 5. CAM preparation time [min] - cumulative

Firstly, the obtained machining quality was checked. The measurements showed
that in each of the three cases, the geometric accuracy, roughness, and surface and edge
appearance on all the machined parts met the specified requirements. The cumulative
summary of the time results from the simulation for each part separately is shown in
Table 2.

Due to the fact that the parameters and the method of processing were specified in
the technological knowledge base, and each of the programmer operated using the same
data, the differences in the machining times for individual parts were insignificant. The
difference between the ACPUT procedure and the expert programmer was only 0.6%,
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Table 2. Cumulative machining time on CNC machine based on CAM simulation

Machining time [min] - cumulative

After part no ACPUT procedure Standard procedure by
beginner

Standard procedure by
expert

1 131 146 125

2 327 326 335

3 492 504 493

4 713 730 724

5 959 984 964

6 1099 1146 1117

7 1307 1370 1313

8 1571 1625 1583

9 1763 1822 1769

10 1883 1956 1895

while between theACPUTprocedure and the beginner programmer it amounted to 3.9%.
This mainly resulted from the selection of other speeds and the tool’s path of movement
during its approach and departure from the workpiece. It should be emphasized here that
these parameters were not specified in the technological knowledge base.

The total time (cumulative) needed for the preparation of the machining program
and the machining of individual parts is presented in Table 3.

Table 3. Cumulative time for manufacturing of tested parts

Machining time [min] – cumulative

After part no ACPUT procedure Standard procedure by
beginner

Standard procedure by
expert

1 197 289 173

2 409 534 415

3 589 760 598

4 827 1018 859

5 1081 1299 1121

6 1239 1499 1308

7 1454 1749 1524

8 1737 2045 1826

9 1943 2269 2039

10 2076 2434 2193
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The total time for the preparation of the machining programs and the machining for
all ten pieces was 2076 min in the case of the programming using ACPUT procedure,
2434 min (representing 117.2% of the working time of the ACPUT procedure) for the
beginner programmer and 2193 min (105.6% of the working time of the automatic
solution) for the expert programmer.

5 Summary

Testing under industrial conditions showed that the ACPUT procedure makes it possible
to reduce the time needed to develop a machining program. This has a positive effect on
the total cost of tooling production.

The effectiveness of ACPUT was tested on the basis of the analysis of the time
needed to prepare the CNC program and the machining operation time itself (based
on the simulation in CAM). The preparation time of the program is a direct (next to
the quality conditions) indicator of the effectiveness of ACPUT. Analyzing Table 1 and
Fig. 4, it can be seen that the time benefits of using an automatic solution are significant,
especially when compared to a less experienced programmer.

It should be emphasized that the effectiveness of the ACPUT procedure depends
on the experience of those who prepare the templates. For the tests carried out two
technicians were invited to participate: one with several years’ experience and one with
limited experience (working in this position for only a few months). The first was con-
sidered an expert and the second a beginner. The aim of the study was not to indicate
the predictable differences between them, but to evaluate ACPUT which constituted
a reference. Separating the programmers into more experienced and less experienced
had one more purpose - to assess whether, after preparing the machining templates
according to ACPUT, someone with less experience would be able to use the automatic
solution successfully. The study revealed that it was possible: the results obtained using
the automatic solution were even better than the work produced by expert.
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Abstract. Electrical Discharge Machining is a thermo-electrical
non-conventional machining process, which is widely used in machining difficult-
to-cut materials in complex shapes and geometries, regardless their mechanical
properties. Aluminum series 7 alloys are the strongest wrought aluminum alloy
with extensive utilization in numerous modern applications. In the current study,
an experimental investigation of machiningAl7075with EDMand brass electrode
is presented. Full-scale experiments were conducted, with control parameters the
pulse-on current and the pulse-on time, while, as the machining performance
indexes, the Material Removal Rate (MRR), and the Tool Material Removal Rate
(TMRR) were chosen and Surface Roughness (SR) was estimated in terms of the
maximum roughness Rz and the average surface roughness Ra. Finally, a statisti-
cal analysis was followed in order to assess how each machining parameter affects
the machining results.

Keywords: Electrical discharge machining · Aluminum alloy · ANOVA

1 Introduction

Electrical Discharge Machining (EDM) has been established as one of the most widely
utilized non-conventional manufacturing processes in machining electrically conduc-
tive materials. EDM consists of a feasible method for machining parts in high preci-
sion regardless of the geometrical complexity, having applicability from the macro to
the micro-scale [1]. Some main engineering applications that EDM is applied are the
manufacturing of surgical components, dies and mold-making parts, microelectronics,
automotive, and aerospace industries [2, 3].

EDM is a thermo-electric machining process where the material removal is related
to the erosive effect caused when repeated electric discharges are generated between
two conductive electrodes [4]. During the EDM process, a voltage is applied between
the working electrode and the workpiece that both are immersed in a dielectric medium.
At the closest points between the two electrodes, the dielectric fluid is ionized, and a
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spark discharge is generated. From each electric spark, high thermal energy densities
are produced, sufficient to melt and/or vaporize material from both the electrode and the
workpiece. A portion of the aforementioned melted material is removed, resulting in the
formation of the workpiece to the desired shape, while at the same time, in the wear of
the tool electrode as well.

EDM is a complex machining process with several process parameters such as the
pulse-on current (IP), pulse-on time (Ton), dielectric fluid etc., that affect the performance
indexes, such as the Material Removal Rate (MRR), the Tool Material Removal Rate
(TMRR), the Surface Roughness (SR), and Surface Integrity (SI). Chandramouli and
Eswaraiah [5] conducted an experimental investigation in order to determine the optimal
process parameters of MRR and SR during EDM by employing the Taguchi Design of
Experiment (DOE) method and an Analysis of Variance (ANOVA). The workpiece
material was 17-4 PH Steel, while a copper-tungsten electrode was utilized. The process
parameterswere the IP, the Ton, the pulse-off time (Toff), and the tool lift time. The results
showed that the IP and the Ton had the dominant influence on MRR and SR. Singh et al.
[6] machined a stainless steel 316L using a copper electrode. Pulse-on current, pulse-
on time, pulse-off time, and voltage were selected as machining parameters, and the
Taguchi method was again used. The relationship between machining parameters and
output measures (MRR and TMRR) was analyzed using Regression Model Analysis.
They revealed that pulse-on current affects MRR and TMRR, with an increase in IP
leads to increased MRR and TMRR. The Ton was the most significant factor which
influenced the SR of the machined workpiece. Sahoo et al. [7] analyzed MRR and
TWR on Inconel 625 using a copper electrode. The Taguchi method and ANOVA were
used, and the process control parameters were the Ton, the flushing pressure, and the IP.
Moreover, the utility method was used for the optimization of the response variables,
aiming to maximize the MRR and minimize the TWR during machining. Mohanty et al.
[8] investigated the possibility of surface modification by using mixed powder dielectric
and the ability of surface hydrophobicity by using theμ-EDM process. The results show
that surface hydrophobicity is inducted as the water contact angle with the surface is
between 91.28° to 118.23°.

By analyzing the available literature, it was deduced that most EDM process works
focused on different machining types of steel alloys, and very limited research has been
reported on the machining performance of aluminum and its alloys. Aluminum (Al)
alloys are widely used in many industries such as automotive, marine, and aerospace
because of their lowweight, corrosion resistance, and high strength. Although aluminum
alloys have highmachinability with the conventionalmachining process, EDM is usually
used for the production of complex shapes of Al components with extremely high accu-
racy. Moreover, considering also that no mechanical forces are exerted on the workpiece
during EDM, this process can be definitely regarded as an alternative for machining Al
alloys. Thus, theEDMprocess is used formachining products, such asmold components,
dies, structural components for the aerospace industry, and forming tools [9].

Arooj et al. [10] performed experiments for Al 6061 T6 workpiece using a copper
electrode. Pulse-on current was chosen as a machining parameter for the conducted
experiments. According to the deduced conclusions, MRR, SR, and the average white
layer thickness were increased as the IP had higher values. Ming et al. [11] conducted



On the Machining of Aluminum Alloy Series 7 with EDM 151

experiments to study the distribution of energy in the workpiece during the cutting of
the Al 6061, Inconel 718, and SKD 11 under different EDM parameters, including the
IP and the Ton. The experimental results indicated that the proportion of the transferred
discharge energy to the workpiece is very small. This fraction of the energy is associated
with the pulse-on current and pulse duration and it varies from 7.998 to 12.005%, 2.879
up to 3.485%, and 2.976 up to 3.716% for Al6061, Inconel718, and SKD11, respec-
tively. Moreover, the optimization of the process control parameters was investigated,
considering the MRR and the discharge energy efficiency simultaneously. Niamat et al.
[12] investigated the effect of Ton and IP on MRR, TMRR, and microstructure analysis
using distilled water and kerosene as dielectrics. The workpiece material was Al 6061
T6 alloy, and the electrode was graphite. The results showed that higher TMRR and
MRR were achieved at higher values of IP and Ton with distilled water. Microstructure
analysis revealed that higher values of current produced surfaces with increased rough-
ness. Routara et al. [13] analyzed MRR, TMRR, and SR on T6-Al 7075 alloy using
Cu electrodes in steady and rotary condition. The spark gap, the Toff, and the IP were
selected as control parameters for the carried-out experiments. TOPSIS method was
used for the optimization of process parameters. It was deduced that the Toff and spark
gap were the significant parameters for MRR in both, the rotary and steady mode of
the tool. Moreover, the pulse-off time and pulse-on current affected more the surface
roughness parameters for both the machining condition. Bédard et al. [14] analyzed the
MRR, EWR, and Sa on machining A6061 alloy using a copper electrode and it was
concluded that the MRR was affected by the discharge current and the discharge dura-
tion, while EWR was affected by these parameters, and by the delay between two series
of discharges as well. Further, the Sa was influenced by the discharge current, the dis-
charge duration, the voltage, the delay between two discharges, and the delay between
two series of discharges. In addition, a number of studies have been carried out regarding
the machining with EDM of composite materials that have Al alloy as the base matrix.
Some examples of AMCs machined by EDM are Al-SiC [15], Al-B4C [16], etc. Finally,
Tharian et al. [17] performed a multi-objective parametric optimization of machining an
AA 7075 using WEDM. The results show that the most significant parameters affecting
the MRR and the SR are the wire feed rate and the pulse-on current.

The present work experimentally investigates the machining of aluminum7075 alloy
with EDM. The aluminum 7075 series (also called aluminum–zinc alloy) is the strongest
wrought aluminumalloy and iswidelyused as a structuralmaterial inmarine, automotive,
and aviation applications due to its mechanical properties. The effect of pulse-on current
and pulse-on time, on the MRR and TMRR has been investigated in order the efficiency
of the machining to be evaluated. Moreover, the Surface Roughness was estimated in
terms of the maximum roughness Rz and the average surface roughness Ra. Finally, a
statistical analysis was followed, in order the impact of each control parameter on the
machining results to be defined. The major contribution of the current study in the field
of EDM pertains to the presentation of an experimental study regarding the machining
of aluminum series 7 alloy with EDM, which, as far of authors best of knowledge, has
been only briefly presented and discussed in the relevant literature.
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2 Materials and Methods

The current series of experiments were carried out on a die-sinking EDM machine
(AgieCharmilles Roboform 350 Sp). Aluminum alloy Al7075 was selected as a work-
piece material because of its properties (high hardness, machinability, fatigue strength)
and due to its wide application in aerospace, automotive industries, etc. The chemical
composition of Al7075 is listed in Table 1. A brass electrode was utilized as a working
tool and kerosene as a dielectric medium.

In the current experimental study, two machining control parameters, i.e., the pulse-
on current and the pulse-on-time, were considered as input parameters, each of one
having four levels. A full-scale series of experiments were conducted, while theMaterial
Removal Rate (MRR), the Tool Wear Rate (TWR), and the Surface Roughness (SR)
were chosen as the most significant machining performance indexes, and thus they were
measured and statistically post-analyzed. In Table 2 the specific machining parameters
are listed, along with the constant parameters (e.g., the duty factor, the open-circuit
voltage, etc.) The pulse-on current varied from 5 to 17 A, and the pulse-on time from
12.8 to 100 μs covering a sufficient range of machining power and per pulse energies.
Finally, the nominal cut depthwas set at 1mm to ensure a fully developed and steady-state
machining process.

Table 1. Chemical composition, of Al-7075 (wt.%).

Al Zn Si (max) Fe (max) Ti (max)

Bal 5.1–6.1 0.4 0.5 0.2

Cu Mn
(max)

Mg Cr Zr + Ti
(max)

1.2–
2

0.3 2.1–2.9 0.18–0.28 0.25

Table 2. Input parameters.

Parameters Level 1 Level 2 Level 3 Level 4

Pulse-on current (Ip) 5 [A] 9 [A] 13 [A] 17 [A]

Pulse-on duration (Ton) 12.8 [μs] 25 [μs] 50 [μs] 100 [μs]

Duty factor 0.5

Polarity Straight

Open circuit voltage 120 [V]

Dielectric Fluid Cactus normal paraffin and hydrocarbon



On the Machining of Aluminum Alloy Series 7 with EDM 153

The MRR and TMRRwere defined by measuring the weight difference of the work-
piece and tool material before and after EDM for a given machining time, using Eq. (1)
and Eq. (2) respectively.

MRR = Wwb −Wwa

t · ρw (1)

TMRR = Web −Wea

t · ρe (2)

where Wwb and Wwa are the weight of the workpiece before and after the machining in
gr, Web and Wea are the weight of the electrode before and after machining in gr, t the
machining time inmin, while ρw andρe the workpiece and electrode density respectively.
The workpiece and electrode densities are 0.00281 and 0.00873 gr/mm3 respectively.

The surface roughness was evaluated by utilizing a VHX-7000 ultra-deep-field
microscope (KEYENCE,Mechelen, Belgium) according to FocusVariationMicroscopy
(FVM) and a 20–2000 objective. This technology is comparable to confocal microscopy,
and themeasuringmechanism of an FVmicroscope is based on awhite light LED source
that goes via a semi-transparent mirror and a lens before reaching the measuring surface.
The reflected light from the targeted regions then returns through the lens and is directed
by a beam splitter onto a photonic detector, which records the geometric and photomet-
ric information. In other words, by combining the shallow depth of a traditional optical
system with vertical scanning, FV may offer colorful high-resolution 3D surface data.
After conducting the experiments, the SR was determined from 2D photos based on the
ISO 25178 norm.

3 Results

The experimental results are presented in Table 3.

3.1 Material Removal Rate and Tool Material Removal Rate

It is well known and widely accepted that the EDM process results in highly nonlin-
ear trends, and hence, the impact of the machining parameters (i.e., IP and Ton) must
be carefully and thoroughly studied. The Ip and the Ton are related to the machining
power and the per-pulse discharged energy. Hence, instinctively, an assumption can be
made that the higher pulse-on current and/or pulse-on time leads to higher MRR and/or
higher TMRR. Nevertheless, this hypothesis is not necessarily correct, and in fact, in
many times, it is entirely wrong, leading in misconceptions. Although the higher nom-
inal machining power and discharged per-pulse energy may result in increased molten
material volume, complex underlying physical mechanisms strongly affect the over-
all process, namely, the plasma expansion over time, the debris presence and density
and the carbon deposition. In more details, as the pulse-on time increases, the plasma
channel expands consuming significant proportion of the discharged energy, while, the
power is distributed in a larger area, leading in lower power densities. In parallel, higher
machining power and/or per-pulse energy due to increased Ip and/or Ton may increase
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Table 3. Experimental results

Ip [A] Ton [μs] MRR [mm3/min] TMRR [mm3/min] Ra [μm] Rz [μm]

5 12.8 3.71 0.81 1.39 11.00

5 25 2.81 0.66 2.03 12.69

5 50 1.89 0.48 2.39 14.47

5 100 1.18 0.33 2.39 14.48

9 12.8 7.94 1.52 2.34 13.64

9 25 7.51 1.38 2.38 14.22

9 50 5.02 0.97 2.56 16.96

9 100 3.28 0.69 4.48 21.24

13 12.8 25.42 4.24 3.85 22.34

13 25 31.72 4.64 4.66 24.20

13 50 20.04 3.29 5.05 27.41

13 100 16.40 2.45 7.74 36.09

17 12.8 29.23 4.77 5.06 25.31

17 25 31.22 4.66 5.85 31.82

17 50 29.99 4.38 7.24 34.24

17 100 25.64 3.59 8.20 39.59

the debris concentration in between the workpiece and the electrode. The presence of
these debris significantly influences the process since they do not only interact with the
plasma channel and the occurred spark (in extreme cases even arcing conditions may
be arisen), but, at the same time, they consume energy for their re-melting. Another
phenomenon that takes place and affects the efficiency of the process is the carbon depo-
sition on the electrode and the workpiece. Carbon that is coming from the decomposition
of the hydrocarbon oil due to the extremely high topical temperatures, is deposited on
the surfaces forming a carbon-based layer. At the same time, this layer may act as a
protective layer for the electrode and negatively for the MRR. From this brief analysis,
it is reasonably concluded and deduced that the MRR and the TMRR are expected not
to change linearly and monotonously regarding the pulse-on current and the pulse-on
time.

In Fig. 1 the Mean Effects Plot and the Interaction Plot of the MRR are presented.
From the Main Effects Plots analysis, it is easily deduced that the IP is the machining
parameter that mainly affects the MRR, whilst the pulse-on time has a minor and vague
impact. More specifically, the meanMRR increased by 294% between 9 and 13 A, while
themeanMRR, at first increased (from12.8 to 25μs), but further increase of Ton resulted
in its decrease. Nevertheless, and in order to avoid any false deduced conclusions, it is
absolutely necessary to study the InteractionPlot closely. Thefirst interesting observation
pertains to the deviation in the MRR values for the same Ips. The deviation for 5, 13,
and 17 A is very low, while, for 13 A becomes significant. Another remark is that a
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Fig. 1. Main effects plot and interaction plot for MRR.

13 A increase in Ton from 25 to 100 μs resulted in a significant decrease of the MRR.
In general, the higher Ton seems to negatively affect the MRR, particularly for pulse-on
current 13 A. A final point that is worth to be mentioned is the clear differentiation
between 9 and 13 A. Although the pulse-on current values have equidistant from each
other, the shift from 9 to 13 A resulted in a notable increase of MRR, comparatively with
the change between 5 and 9 A or 13 and 17 A. As an overall conclusion and assessment,
it can be said that the experimental results of MRR are in accordance with the theory
regarding the effect of pulse-on current and pulse-on time on the process, whereas, the
process outcome is strongly affected by the combination of the machining parameters
and not each one separately.

In Fig. 2 the Mean Effects Plot and the Interaction Plot of the TMRR are presented.
By studying the Main Effects Plot of TMRR we find that MRR and TMRR follow the
same trend. Namely, the Ip is the parameter that mainly affects themean value of TMRR,
while, the pulse-on time seems to have a less important effect. Between 9 and 13 A the
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Fig. 2. Main effects plot and interaction plot for TMRR.

mean TMRR increased by 220%, whilst, for Tons higher than 25 μs the mean TMRR
shows a decrease trend. Nevertheless, a more in-depth analysis is necessary, hence, the
Interaction plot has to be carefully considered. From the Interaction Plot of TMRR it is
deduced that higher Ip leads in higher TMRR, while, in most cases, higher Ton results
in lower TMRR. It is also noticeable that again for 13 A there is a significant deviation
in TMRR values depending on the Ton and the differentiation between low and high-
power machining (green and blue areas, respectively). The importance of the machining
parameters combination regarding the TMRR is shown from the above observations.
Considering that the efficiency of the process depends on the ratio of the TMRR to the
MRR, it has to be pointed out that higher TMRR does not compulsorily result in less
efficient machining. For example, for the lower TMRR (5 A - 100 μs - 0.38 mm/min),
the MRR to TMRR is 0.28 while for the higher TMRR (17 A - 12.8 μs - 5.44 mm/min)
the respective ratio is 0.16 implying far more efficient machining. Hence, it is easily
deduced that the combination of the machining parameters has to be considered during
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Fig. 3. Main effects plot and interaction plot for Ra.

the process planning, along with any other requirements, e.g., Surface Quality and/or
Surface Roughness.

3.2 Surface Roughness

The morphological characteristics of the machined surfaces are the result of successive
high-energy spark that acted on the surfaces. The surface roughness of the EDMed
surface is correlated with the distribution of the craters formed due to the removal of
material by repeated electric sparks. Since the EDM surface is mainly created due to
the discharge energy, IP and Ton are two of the most significant factors which affect the
size of the produced crater, i.e. the SR. As a rule of thumb, by an increase in pulse-on
time, the period of transferring the discharge energy into the electrodes and the plasma
column are increased, leading to larger diameter craters. On the other hand, the high
pulse-on current results in the generation of high discharge energy which creates impact
forces and causes deeper craters on the machined surface [18]. The surface roughness is
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Fig. 4. Main effects plot and interaction plot for Rz.

estimated by the sum of the maximum valley depth and maximum peak height Rz, and
an arithmetical mean of local peaks Ra.

In Fig. 3 and Fig. 4, the Main Effect plots and the Interaction plots for Ra and Rz
are presented. The Main Effect plot of Fig. 3 implies that the Ra significantly increases
as the IP increases. On the other contrary, the change in Ton does not have the same
clear effect on Ra and this is mainly due to the significant deviation for the same Ton
in the Ra values. Namely, and based on the Interaction plot of Ra, for the same IP,
higher Tons result in increased Ra. Nevertheless, for the same pulse-on times there is
a very high deviation in Ra values depending on the IP, implying and suggesting that
the Ra is strongly affected by the combination of the machining parameters and the
per-pulse energy. For example, the combinations of 13 A - 50 μs and 17 A - 12.8 μs
have almost the same Ra, indicating that during the machining planning, and based on
the SR requirements the combination of IP and Ton has to be always considered in order
the most efficient machining parameters combination to be selected. Another worth to
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be mentioned observation is that for the low energies machining the Ra seems to be
practically constant. For example, for 9 A between 12.8 and 50 μs there is almost no
change in Ra, as for 5 A between 25 and 100 μs. Finally, similar results are observed
for Rz (see Fig. 4), and hence it would be verbalization a further extensive analysis.

4 Conclusion

In the current study an experimental investigation of machining aluminum alloy 7075
with EDM has been carried out. A full-scale series of experiments was conducted with
two control parameters, the pulse-on current and the pulse-on time, whilst the rest of
machining parameters were kept constant. The machining efficiency was assessed on
the basis of the MRR and TMRR, whilst the SR in terms of Ra and Rz. The followed
statistical analysis defined how each parameter affects the machining performances.
Based on the obtained results and post-analysis, the following main conclusions were
deduced:

– The MRR mainly is mainly affected by the IP, while the Ton has a more fuzzy impact
on it. More specifically, as the pulse-on current increased from 9 to 13 A the mean
MRR increased by 294%.

– The TMRR is also mainly affected by the IP, having an increase of 202% between 9
and 13 A, whilst again the Ton seems to have a vague impact.

– The process, in respect of the MRR and the TMRR can be classified in low-power
machining and high-power machining, having a distinguished behavior.

– The pulse-on current has the major effect on the SR, as its increase results in higher
Ra and Rz, while, the combination of machining parameters, and hence the per-pulse
energy is also extremely significant.
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Abstract. In this work, aluminum inserts were structurized and joined with
polyamide 6 with 15% by weight of short glass fibres (PA6 GF15) by using the
injection-molding technique. Themetal parts, made of aluminum grade 6061were
surface structurized by means of plastic forming with shaped inserts and also by
laser microablation. Plastic forming was made at the preset pressing pressure val-
ues: 5 MPa, 10MPa, 15 MPa and 18 MPa (in two-side mode) meanwhile laser
beam speed was set as: 75, 150, 250 and 350 mm/s with grooves interline distance
of 0,2; 0,4 and 0,8 mm (for one side and both sides regime). The joints made
of aluminum/PA6 GF15 were mechanically tested in a tensile-lap-shear test. For
estimation of the basic shape and parameters of grooves contact surface roughness
tester was used. Microscopic observation with optical microscope confirmed that
during injection stage polymer materials filled the grooves shape in both plastic
formed as well as laser treated aluminum inserts. Themaximal values of the joint’s
failure force under tensile-shear tests were achieved for two-side laser micropat-
terned samples (for scanning speed 150 mm/s and interline distance 0,4 mm) and
it was 1494 N. The ultimate force detected for samples with plastic formed inserts
was almost four times smaller and it was 325 N.

Keywords: Polyamide 6 · Aluminum · Hybrid joint · Overmolding · Laser
engraving · Surface structurization

1 Introduction

Combiningmetals with polimers in one part offersmanufacturing of lightweight and eas-
ily shaped elements, that are yet attractive in engineering applications. These opportunity
is gained by the possibility of product forming in one single step process – overmolding,
that avoid addition of a third component – adhesive [1, 2]. The formation of a strength
joint of these two incompatible materials, without chemical affinity is augmented by the
ability of molten polymer to infiltrate the metal surface [3, 4]. The infiltration of metallic
surface by the molten polymer that flows into the mold cavity is preferred for surfaces
that were previously microstructurized. Conducted tests showed that prepared metal-
lic surface and its topography also play important role in micromechanical adhesion
[5]. A lot of applications could be found for the inserts that are structurised by plastic
working and microstructurised inserts e.g. toughening profile in the car armrest and in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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an electrotechnical connectors used in electric appliances, accordingly. The enhance-
ment of surface area and surface geometries could be created by using sandblasting
micro abrasion [6], chemical etching [7] and by the plasma-etching pretreatment [8].
Recently, a lot of papers were dedicated to laser-micro-patterning as novel method used
to develop of surface of metal inserts, subjected to overmolding by injection technique
[8–12]. Rodríguez-Vidal et al. have broadly analyzed the laser beam working param-
eters on the formation of micro-pattern geometries as well as grooves geometry and
formation of recast material. They have found correlation between depth and width of
the grooves that might promote a great final joint strength [13, 14]. Generally speaking,
the success of joining polymer to metal in overmolding technique is ruled on one hand
by the surface structurisation, on the other hand equally important is to maintain ability
to infiltration of that surface by the molten polymer. The last condition is governed by
the insert surface temperature, temperature of polymer crystallization frommolten state,
polymer viscosity at injection temperature, injection speed and pressure.

1.1 Research Problem

In this work we present a comparative studies of two different approaches in structuriza-
tion of aluminum. One of chosen methods is based on plastic forming/working by using
hard tool inserts with diamond-like edgings on their surfaces and hydraulic press while
the second one uses pulsed fiber laser to engrave a parallel grooves on metallic parts.
Our purpose was to validate which one of this two kind of fast, waste less forming meth-
ods will offer suitable surface parameters to gain the polymer-metal micromechanical
adhesion, reveal as an ultimate force applied to disconnect the joint. The tensile data will
also be considered in the relation to roughness parameters of the metallic surfaces after
structurization with contact (plastic forming) and non-contact (laser treatment) methods.

2 Experimental

For the production of lap joints in the overmolding technology, polyamide 6 filled with
15% by weight of glass fiber was used (Tarnamid® T27 GF15). As a metallic part an
aluminum alloy 6061, often used in the automotive industry for stamped products was
applied. The aluminum alloy 6061 sheets were cut and plates with 75 mm length, 10 mm
width and 1 mm of thickness were subjected to structurization stage. For structuring
through plastic forming/working an aluminum alloy 6061 plate was placed between the
inserts with diamond-like edgings (Fig. 1), and then pressed with the hydraulic press.
Four series of compression samples were made for the preset pressing pressure values
(oil pressure in the piston actuator system): 5 MPa, 10 MPa, 15 MPa and 18 MPa.

Separate sheets of aluminum alloy 6061were surface structured by using a 30Wfiber
laser, operating in pulsed mode. The laser operating parameters used in the experiment
are listed in Table 1. Laser beam etched series of parallel, straight lines, which were
aligned perpendicularly (in relation to force applied in later shear testing). To determine
the effect of laser beam scanning speed and interline distance as independent factors,
various samples were prepared and listed in Table 2.
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Fig. 1. Pictures of: press inserts: (a) press insert surface, (b) structurized surface of aluminum
alloy 6061 plate

Table 1. Laser operating parameters.

Parameter Unit Value

Wavelength nm 1064

Frequency kHz 30

Beam intensity W 30

Spot size µm <10

Scanning speed mm/s 75; 150; 250; 350

Interline distance mm 0,2; 0,4; 0,8

Table 2. Laser engraving – sample variants.

Scanning speed [mm/s] Interline distance [mm]

0,2 0,4 0,8

75 X

150 X

250 X X X

350 X

Engraved inserts had their surfaces scanned with surface roughness tester SRT-220
in order to measure the shape and parameters of grooves and recast material, and further
correlate results with latter microscopic observations (for roughness test parameters, see
Table 8 in Appendix). Finally, same measurements were made on actual joints, after
destructive tests had been done, to check how dual-material coupling cooperated during
shear load.
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For microscopic observations an optical microscope OPTA TECH MB 200 was
chosen. The cross sections of metallic parts and also overmolded samples (one sided as
well as two sided) were prepared with Leica RM2265 microtome.

The polymer –metal hybrid samples were produced bymeans of ENGEL 20/80HLS
injection molding machine, with a screw diameter of 22 mm. The mold with cavities of
the same flow length (150 mm total flow length, 10 mm width), and with its thickness
of 2 mm and 3 mm was utilized. Metal plates with structurized surfaces were placed at
the cavity, opposite to the gate position, and kept in the closed mold for 30 s to raise
the temperature to 60 °C. Subsequently, filling of the cavity with PA6 composites was
realized at 80 °C of mold temperature, with an average injection rate of 90 mm/s.

Tensile tests were completed according to EN ISO 1465 standard, by means of
a Zwick Roel Z010 (Germany) universal testing machine, operating under AllSuite
software, with a 10 kN load cell. The samples, with a single lap joint geometry were
designated to determine the shear strength of joints by shear test, realized by tensile
force, with a crosshead speed of 2 mm/min.

3 Results

3.1 Optical Microscopy Observation

Fig. 2. Surfaces of plastic formed samples in relation to hydraulic press pressure: 5 MPa (a);
10 MPa (b); 15 MPa (c); 18 MPa (d).
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Fig. 3. Cross sectional view of plastic formed samples in relation to hydraulic press pressure:
5 MPa (a); 100 MPa (b); 15 MPa (c); 18 MPa (d).

Fig. 4. Plastic formed aluminum alloy 6061 plate surface and corresponding polymer imprint.
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Fig. 5. Surfaces of laser engraved aluminum alloy 6061 plates in relation to laser scanning speed:
75 mm/s (a); 150 mm/s (b); 250 mm/s (c); 350 mm/s (d).

Fig. 6. Cross section of a one sided joint (laser engraving method).
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Fig. 7. Cross section of a two sided joint (laser engraving method).

3.2 Roughness Parameters and Profiles of Structurized Al Plates

Table 3. Averaged roughness parameters of plastic formed Al alloy 6061 plates.

Symbol Hydraulic press pressure [MPa] Ra [µm] Rz [µm] Rsk [-]

a) 5 3,45 26,3 +0,034

b) 10 6,50 52,5 −1,148

c) 15 12,1 82,1 −2,041

d) 18 14,2 93,8 −1,700



168 B. Korzeniewski et al.

Fig. 8. Roughness profile curves of plastic formed samples at different pressures: 5 MPa (a);
100 MPa (b); 15 MPa (c); 18 MPa (d). Z – roughness profile curve height, L – sampling length.

Table 4. Average roughness parameters of laser engraved samples.

Scanning speed [mm/s] Interline distance [mm] Ra [µm] Rz [µm] Rsk [-]

75 0,4 16,3 54,5 +0,679

150 0,4 7,79 45,2 +1,034

250 0,2 38,7 6,68 −1,043

0,4 3,48 36,1 −1,669

0,8 2,72 43,8 −0,387

350 0,4 3,04 28,8 −1,891
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Fig. 9. Roughness profile curves of laser engraved samples at different scanning speeds: 75 mm/s
(a); 150 mm/s (b); 250 mm/s (c); 350 mm/s (d). Z – roughness profile curve height, L – sampling
length.

Fig. 10. Roughness profile curves of laser engraved samples with different interline distance:
0,2 mm (a); 0,4 mm (b); 0,8 mm (c). Z – roughness profile curve height, L – sampling length.
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3.3 Lap Shear Test Results

Table 5. Average shear strength of plastic formed aluminum alloy 6061 plates.

Hydraulic press pressure [MPa] Average shear strength [MPa] Averagep failure force [N]

5 0,56 ± 0,28 274

10 0,31 ± 0,15 153

15 0,52 ± 0,26 254

18 0,66 ± 0,15 325

Table 6. Average shear strength of laser engraved one sided joints.

Scanning speed
[mm/s]

Interline distance
[mm]

Average shear
strength [MPa]

Average failure
force [N]

Number of series
[-]

75 0,4 1,81 ± 0,25 973 7

150 0,4 1,76 ± 0,07 1049 7

250 0,2 1,40 ± 0,28 832 9

0,4 1,15 ± 0,26 654 9

0,8 0,87 ± 0,11 505 8

350 0,4 0,59 ± 0,16 360 8

Table 7. Average shear strength of laser engraved two sided joints.

Scanning speed
[mm/s]

Interline distance
[mm]

Average shear
strength [MPa]

Average failure
force [N]

Number of series
[-]

75 0,4 1,16 ± 0,12 1230 8

150 0,4 1,41 ± 0,11 1494 8

250 0,2 1,36 ± 0,05 1443 6

0,4 0,83 ± 0,39 874 7

0,8 1,065 ± 0,110 1128 8

350 0,4 0,57 ± 0,31 630 3
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4 Discussion

Figure 2 shows that surface indentations had pyramid shape and their size increased with
the hydraulic press pressure. Also on the cross sections of aluminum alloy 6061 plates
the triangle holes are visible (Fig. 3), especially for plates plastic formed under ultimate
press pressure. This is further confirmed by surface roughness measurements (Table 3)
and profiles (Fig. 8), where higher Ra, Rz and curve height indicate deeper and wider
structures. Furthermore, as shown on roughness profiles, a kind of flash shape is formed
due to plastic deformation of the surface.

Lap joints produced by injection overmolding had their surface indentations infil-
trated by polymer material, as evident by the polymer imprint (Fig. 4), which was also
confirmed for samples laser structured (Fig. 5).

Data from the shear test (Table 5) indicates that the higher the hydraulic press pres-
sure, the better is shear strength of the joint, however this does not correlate with the
lowest pressure series, which had the second highest strength. Failure force was analo-
gous to above relationship. One of possible reason of that unusual situation is the specific,
sharp character of roughness profile (Fig. 8a), that might suggest a better interlocking
of polymer matrix around those indentations.

Lap joints of overmolded engraved plates show that polymer infiltrated exposed
grooves and enveloped the recast material (Fig. 6 and 7). Shear test results (Table 6 and
7) show that increase in scanning speed does reduce the joint strength. However, the
highest strength was achieved by intermediate speed, which included both high recast
and partially exposed grooves. This indicates that both groove and recast have positive
effect on joint strength.

Surface roughness profiles (Fig. 9 and 10) show that laser engraving parameters had
significant effect on aluminum alloy 6061 plates’ surfaces. Low beam scanning speed
(75 and 150 mm/s) produced high recast on top of the grooves, obstructing them from
the tester’s probe and possibly restricted polymer infiltration in later process.

High beam scanning speed (250 and 350 mm/s) produces low recast and exposed
grooves, but it is expected that the depth is smaller than real depth of low speed
engravings, because higher speed correlates with lower heat output in the material.

Above relations are confirmed by Ra and Rz parameters decreasing with scanning
speed (Table 4), where for low speeds (75 and 150 mm/s) decrease happened due to
lowered recast height and for high speeds (250 and 350 mm/s) as a result of both recast
height and groove depth reduction.
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Discussedmeasurements also indicate that interline distance has low effect on groove
and recast morphology, although the smaller the distance was, especially for 0,2 mm,
the bigger change is. One should be underline here, that excessive energy output due to
scanning lines being so close that heat left from previous scan does not dissipate in time
and next line adds to the heat, probably leading to local thermal deformations.

Interline distance had visible effect on joint strength, but provided data is not enough
to form relations yet, as intermediate distance yielded lowest strength.

One and two sided joints were compared. Data suggests that two sided joints offer
more strength than one sided joints, but despite doubled area of joint surface, increase
in strength is less than doubled.

Lastly, comparing shear test data of plastic formed and laser engraved samples shows
that the laser method provides around three times the strength of plastic formed samples.

5 Conclusions

Both plastic forming and laser engraving surface structurizationmethods produced appli-
cable structures and yielded positive results on joint strength in injection overmolding
method. Microscopic observations confirmed that during injection stage polymer mate-
rials filled the grooves shape in plastic formed inserts as well as in laser treated aluminum
alloy 6061 plates.

The ultimate force detected for samples with plastic formed inserts was almost four
times smaller than in the case of the best laser structurized samples. Thus, plastic formed
joints should be structurized with higher hydraulic press pressures to yield highest joint
strengths. In case of laser engraved samples, only the optimal value of scanning speed
will give highest strength, because both higher and lower speeds facilitate generation of
surface structures that are a benefit to joint’s strength. In addition, interline distance of
engraved samples plays some role in joint strength, and two sided joints are an interesting
option because of their strength increase. On the other hand one side connections give
the practical balance between moderate strength and short preparation time (no need to
replace sample and again laser reprocess).

Final remark is that laser engraving method produces thrice the strong joints when
compared to plastic forming, on the other latter method is faster to perform, so both may
be useful for consideration.

Acknowledgments. The research was realized at the frame of OPUS grant from Polish National
Science Center, contract number 2016/21/B/ST8/03152 and also supported by Ministry of Edu-
cation and Science, Poland, as a subsidy to Poznan University of Technology (internal subsidy no
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Appendix

(See Table 8).

Table 8. Roughness test measurement conditions.

Pick up transducer

Type Inductive, diamond stylus

Shape Pyramid, 90° coning angle

Tip Rounded, 5 µm radius

Conditions

Measurement range (vertical) 80 ± 0.04 µm

Cut-off length (lr) 2.5 mm

Evaluation length (ln) 5 mm

Filter Gauss
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Abstract. Safety in mechanical engineering is still a topical issue and preventive
techniques can prevent workplace injuries. The article focuses on the introduction
of a new thermochromic coating system, its development, and its properties. These
systems can be used in environments exposed to temperature as an element of
active safety. Therefore, if a worker notices a change in color in an exposed area,
he will be visually alerted to unsafe contact or a subsequent burn injury. Two
series of paints were created with different dispersion methods. The resulting
coatings were examined in terms of mechanical properties and especially their
color characteristics, which determine the quality and durability of the coating.
We verified the safe applicability by long-term monitoring and we can predict the
thermochromic behavior of the coating.

Keywords: Thermochromic · Pigment · Interactive · Heat-sensitive · Color ·
Leuco dye · Safety · CIE lab

1 Thermochromic Coating for Safety Purpose

1.1 Burn Injuries Statistics

Thermochromic coatings aim to propose attention to the increasing temperature of
exposed components and visually draw attention to the possible dangers of burn injury.
The reaction of the paint is a fundamental change in color shade, which indicates an
increase in temperature. Visual stimuli are generally very well perceived, as opposed to
reading values from temperature sensors. In addition to the temperature-indicating prop-
erties, the newly created thermochromic coating also has good mechanical properties
and protects against corrosion.

In mechanical engineering, the risk of burns is relatively high, because heat sources
are often used in production. This heat is either direct (molten metal in foundries, heated
semi-finished product in forges, heated baths in chemical production) or transferred to
individual machine parts, furniture or elements such as handrailings, etc.

According to [3], 1% of the population is treated for burns annually, of which 97%
are outpatients and 3% are hospitalized.
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The following graphs were created from pages [4] to evaluate work accidents. These
statistics have fixed basic data, always including both sexes (male, female), age (18–
60+), and industry only. The category of injury is specified by statistics as “burns, scalds,
frostbite”, and it is not possible to specify them in terms of individual causes of accidents.
The graphs present injuries defined as “serious” and “other” (definition taken from the
provider’s website). As it is an accident at work, it is almost always covered by an
incapacity for work of various durations. However, we cannot rule out that there are
minor occupational injuries that are not reflected in the statistics due to nonreporting by
the employee (Fig. 1).

Fig. 1. Total number of accidents and serious injuries in the category “burns, scalds, frostbite” in
2014–2019

1.2 Introduction of Leuco Dye Pigment

According to J.H.Day [5] is defined as “noticeable reversible color change brought about
by the boiling point of each liquid, boiling point of a solvent in the case of a solution,
or the melting point for solid”. The mechanisms of thermochromism are different; here,
the mechanism called Leuco dye pigments, which are currently widely used in technical
practice will be outlined.

Thermochromic systems based on Leuco dyes are a special system [2], most often
in the form of pigment or ink. These composites are colored at room temperature and
discolour to an almost transparent state as the temperature increases [14–16].

Opinions on the principle of operation of the leuco dye system are different, despite
the fact that this type of thermochromic pigment has been known for a relatively long time
[1, 20, 23]. In general, this pigment consists of a chromogenic compound, a developer
and a co-solvent. [12, 21, 27].

All three basic components (chromogenic dye, developer, and co-solvent) are rep-
resented in the polymer capsule in a specific ratio. In the solid state, the dye reacts with
the developer, probably through ion pairs [2] and the open lactone ring of the dye is
stabilized by the formation of a chromogenic dye-developer complex [1, 20]. Ring in
its colorless form [1] and the developer is dispersed in a liquid solvent [20], leading to
negative thermochromia [20, 28] (Fig. 2).
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Fig. 2. Operation of a three-component thermochromic system [1]

By chromogenic compound we mean a dye that is sensitive to changes in pH. These
aremost often based on spirolactones, spiropyrans, fluorates or triphenylmethane deriva-
tives [6, 9, 20]. An important property of these substances is the presence of a lactone ring
in the structure, the opening/closing of which causes a color change.When the developer
reacts, the lactone ring is opened and a colored zwitterionic structure is formed [2, 19,
27]. Thus, when the lactone ring is closed, it is in a colorless form [9, 12, 21]. The most
commonly used chromogenic compound is Crystal violet lactone (CVL) [14, 16, 26].
The chromogenic compound acts as an electron donor [1, 9, 26].

Developers include weak acids, such as phenols, urea - urethane derivatives, gallates
[9, 10, 15, 22]. Lauryl gallate is very often used [19, 27] and Bisphenol A (BPA) is
preferred for the development of brilliant colors [2, 27]. The developer acts as either a
proton donor [12, 15, 20]/electron acceptor [1, 26].

By co-solvent we mean a hydrophobic compound that, by its melting point, directly
affects the transition temperature (equivalently also the switching or activation temper-
ature) [9, 10, 22]. Low-melting-point fatty acids, alcohols, and amides are often used
[17, 19, 22, 27].

The manufacturers of thermochromic pigments allow the addition of pigments to
paints, but in most cases they mention possible problems in the interaction with certain
types of base bases, as well as the sensitivity of the pigment to mixing. This information
is usually very general [18].

Quite often, it is possible to observe the mixing of thermochromic pigments in
exterior facade paints, when the influence of thermochromia on temperature regulation
in the vicinity of buildings is investigated [13, 20].

The principle of the actual formulation varies according to the chosen primer and
thermochromic medium (ink/pigment). Some authors also add specific types of fillers
[1, 10]. In all cases, the pigment is encapsulated to prolong its useful life and reduce
possible interactions with the primer.
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2 Experimental Work

The motivation for applying the thermochromic pigment to different coatings was to
understand the behavior of the thermochromic pigment in different primers and inter-
actions, in general. Furthermore, the influence of a common conventional pigment on
the operation of the resulting system was monitored, and above all, the influence of
the dispersion method on the properties of the pigment and the final coating material
was monitored. Experiments were performed here using high-speed stirrers to verify the
functionality and applicability of the thermochromic pigment. The aim was to create
a paint that will reversibly change color when the transition temperature is exceeded
and that will function as an element of active protection of workers in operations with
an increased risk of burn injury. Last but not least, this coating must meet standard
conditions such as good applicability by conventional methods, long service life, and
corrosion protection. The aim was therefore to produce an interactive paint with high
utility properties.

2.1 Color Scheme

At the beginning of the experiment, it was necessary to choose a suitable color scheme.
Thermochromic pigments in three colors, yellow, blue, and black, were tested for the
zero series. After the conditionswere defined, a red thermochromic pigmentwas selected
for further research, mainly because of the appropriate transition temperature. From
the experience of the zero series, it was clear that thermochromic pigments do not
have sufficient opacity, so a common pigment was added. After reaching the transition
temperature, the red pigment discolors, so it was necessary to choose a conventional
pigment so that the color change was clearly legible, distinct, and at the same time color-
neutral, and did not impair the appearance when used in practice. Thus, the conventional
red thermochromic and yellow pigment was chosen, the resulting working scheme –
coating at room temperature is orange, at elevated temperature is yellow.

2.2 Materials for Experimental Work

In this work, a pigment based on the Leuco dye systemwas chosen, a fully reversible pig-
ment of the APEX TH series from the British company Capricorn Specialty Chemicals
(currently Chemox Pound). It is an organic microencapsulated material in the form of a
colored powder with an average particle size of 7µm (see Fig. 3). The pigment becomes
almost colorless when the transition temperature is reached [18, 25]. A conventional
pigment, P.Y. 74 in the form of a pigmented paste.
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Fig. 3. Images of the thermochromic pigment Apex TH50, from the confocal microscope
Olympus Lext OLS 3000

The choice of primer for IP01 was experimental, for easy verification of the basic
properties of the thermochromic pigment. For IP02, the same primer was chosen to
see how the addition of a conventional pigment would affect the properties of the final
coating. The choice of primer for IP03 and IP04 wasmade throughmulticriteria decision
making.

– Verification of the properties of the already formed formulation, acrylic polyol with
yellow pigment and thermochromic pigment. As IP02 [25].

– New paint formulation with self-priming acrylic base, water-soluble, with yellow
pigment and thermochromic pigment. As IP03 [25].

– New paint formulation with polyurethane base, with yellow pigment and ther-
mochromic pigment. As IP04 [25].

One of the aims of this work was to verify the applicability of thermochromic pig-
ment under normal production conditions, using high-speed stirrers, and to monitor the
effect of different dispersion techniques on the properties of thermochromic paint. These
methods were compared.

– Dispersion using saw - tooth stirrer for IP01, IP02, IP03, IP04 (first series)
– Dispersion using rotor-stator stirrer for IP02, IP03, IP04 (second series).

IP01 coating systems were applied to samples of S235JR material to verify the behavior
on a metal substrate and determine the mechanical properties (see Fig. 4). The basic
mechanical properties of these samples were measured and the behavior of the coating
under thermal loading was observed. Acrylic polyol and thermochromic pigment Apex
with different transition temperatures (TH 30 – transition temperature 30 °C and TH60 –
60 °C) were used to create the formulation [23, 25].
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Fig. 4. Samples of the IP01 coating system applied on a metal substrate [25]

Samples of the first series (dispersed by saw - tooth stirrer) IP02, IP03, and IP04were
applied with a film applicator (see Fig. 5), samples of the second series (dispersed by
rotor- stator stirrer) IP03, IP04 were created using an airless spraying (see Fig. 6) [24].
In the figures (see Fig. 5, Fig. 6) we can see the different coloration and gloss caused by
the dispersion method. Simultaneously, the color change is evident after the transition
temperature is exceeded [24].

Fig. 5. Results of the first series before
testing. Top left: IP02; IP03 and IP04. On
the left, the sample is always heated to the
color transition temperature [25].

Fig. 6. Results of the second series before
testing. From the left IP04 and IP03. On the left,
the sample is always heated to the color
transition temperature [25].

3 Test Results

The formed samples were subjected to mechanical testing, in particular the adhesion
tension, cross-cut test, and the bend test, accelerated test of resistance to UV radiation,
corrosion resistance. Results are published in [25]. Color and gloss test result are shown
in this chapter.

Color and gloss were measured using a BYK Gardner spectrophotometr. Standard
measurements of the IP01, IP02, IP03, and IP04 serieswere performed on heated samples
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and samples at room temperature. At a temperature of 20 °C, the curve shows the sample
in the original shade and the sample heated over the transition temperature in the so-called
discolored state (see Fig. 7). For IP01 samples, the discolored state is characterized by
the fact that it “reveals” the basic steel material and the spectral reflectance curve rather
characterizes the color of the steel. The measured spectral reflectance curves correspond
to the commonly available measured curves of a given color.

Fig. 7. Spectral reflectance curves of the IP01 sample IP01 yellow at room temperature and after
reaching the transition temperature.

For IP02, IP03, and IP04, the graphs of heated samples are very similar in all graphs
and correspond to the spectral reflectance curves for yellow. The curve is identical to a
paint pigmented only with the base yellow pigment. The curves of thermally unloaded
samples are different, they differ according to the specific mixing method and the type
of primer.

For a comprehensive overview of the color behavior of the thermochromic pigment,
all samples were measured three years apart and placed in a routine laboratory without
significant corrosion loading, without increased humidity (up to 60%) and in normal
daylight. The aim was to verify the properties during normal “use” of the paint, i.e.,
whether the legibility of the paint changes more fundamentally.

From the graphs and measured values below, it is clear that the IP02 system shifts
the individual color characteristics (see Fig. 8). The sample is significantly lighter in
the L* axis, significantly redder in the a* axis, and the difference in the b* axis is
clearly noticeable towards yellow. However, in general, the sample retains its color
characteristics, so it is possible to safely read the color change on the heated sample.

The IP03 system of the first series changed its characteristics only slightly (see Fig. 9,
blue curve). There is a slight difference in the L* axis, the sample is slightly darker. A
clearly perceptible differencewas notedon the axis b*with a change to yellow.Therefore,
the shade after three years is almost identical to the original shade.

For the IP03 sample of the second series (see Fig. 9, green curve), there was a shift
in the L* axis, the sample is lighter. A significant difference was observed on the axes a*
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Fig. 8. Comparison of spectral reflectance curves of IP02 sample (at room temperature) in the
original condition and after three years (ATY).

and b*, when the sample is significantly redder and yellower after three years. However,
in general, the sample retains its color characteristics, so it is possible to safely read the
color change on the heated sample.

Fig. 9. Comparison of spectral reflectance curves of IP03 samples from the first and second series
(at room temperature) in the original state and after three years (ATY).

With the IP04 first series system, there was almost no color shift (see Fig. 10, blue
curve). The measurements show that the sample is slightly lighter, slightly yellower, and
very slightly redder after three years.

The sample of the IP04 system of the second series (see Fig. 10, green curve) shows
a medium difference in the L* axis, the sample is lighter after three years. There is a
significant difference and shift in the a* and b* axes, the pattern is greener in the a* axis
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and bluer in the b* axis. However, in general, the sample retains its color characteristics,
so it is possible to safely read the color change on the heated sample.

Fig. 10. Comparison of spectral reflectance curves of IP04 samples from the first and second
series (at room temperature) in the original state and after three years (ATY).

The comparison of individual shades of the first and second series took place on the
original samples and samples after three years. All four curves are plotted in the graphs
for clarity. Only systems IP03 and IP04 were compared, because the IP02 second series
could not be produced.

When comparing IP03 systems, we can observe a relatively fundamental color dif-
ference between the first and second series. From the measured values, it is possible to
deduce that the samples have fundamentally different values on the axes L* and b*. The
second series sample is therefore darker and bluer than the first series sample. The shift
in the a* axis was negligible.

For the IP04 system, we follow the same trend, observing a fundamental shift in all
three axes. The 2nd series sample is therefore darker (L*), greener (a*) and bluer (b*).

The difference is also observed in gloss, where the first series samples are brighter,
and the second series samples are flat.
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Fig. 11. Comparison of spectral reflectance curves of samples IP02, IP03, IP04 first series (at
room temperature) in the original state and after three years (ATY).

When comparing the color shade of the first series samples (see Fig. 11), it is clear
that the systems show very good color stability over time, except for IP02. The samples
were prepared using the same technological procedure, and despite this, we can observe
differences in the color of individual systems. The base of primer therefore also has an
effect on the resulting color. The shifts between the individual systems are in all axes.
The IP03 system is the lightest, least red, and most yellow. IP02 and IP04 are very

Fig. 12. Comparison of spectral reflectance curves of samples IP03, IP04 second series (at room
temperature) in the original state and after three years (ATY).
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similar, the largest difference is observed on the b* axis, when IP02 is yellower than
IP04.

When comparing the color shade of the second series samples (see Fig. 12), it is clear
that they all show a relatively large color shift in time. The samples were prepared by
the same technological procedure, the dispersion technology probably negatively affects
the properties of the thermochromic pigment.

Table 1 summarizes the gloss measurement, where the effect of the mixing method
is obvious. In the first series mixed with a saw - tooth stirrer, the gloss to semigloss
appearance of the paint is preserved, and in the second series mixed with the rotor-stator
stirrer, the paint is flat.

Table 1. Gloss measurement

Marking Pretreatment
[P – pretreated, NP – no
pre-treated]

Median Gloss 60° [GU] Classification

IP01 Yellow P 56 Semi-gloss

IP01 Yellow NP 40 Semi-gloss

IP01 blue P 88 Gloss

IP01 blue NP 87 Gloss

IP01 black P 91 Gloss

IP01 black NP 90 Gloss

IP02 1.series P/NP 88 Gloss

IP02 2. series P/NP – –

IP03 1. series P/NP 70 Gloss

IP03 2. series P 6,5 Flat

IP04 1. series P/NP 54 Semi-gloss

IP04 2. series P 10 Flat

4 Discussion

From the above outputs, is evaluate that the method of dispergation has an effect on
color shifts. When mixing with a saw-tooth stirrer, with lower speeds, there is almost no
color change in IP03 and IP04, its characteristics are stable.

Mixing rotor-stator devices apparently degrades a certain percentage of pigment
particles and causes a more pronounced color shift. However, the fact that the paint of
the second series is darker in the original version and significantly brown-orange, despite
the color shift, means that there can be no mistake in reading the color in the heated/cold
state. It also affects the stability of the hue over time. Paints prepared by this method
show a greater color shift in the longer term.
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5 Conclusion

In this work, a new thermochromic paint on acrylic polyol (IP02), water-soluble (IP03),
and polyurethane (IP04) base was introduced. The IP02 coating system used the same
primer as IP01, except that IP02 was further pigmented with the base yellow pigment.
This formulation was chosen primarily to verify the properties of IP01. IP02 showed
insufficient mechanical properties. Two different dispersion methods have been tested,
with the saw tooth disperser and rotor- statormixer. Experiments have shown satisfactory
mechanical properties for both systems IP03 and IP04, with the rotor-stator method
appearing slightly more suitable.

When measuring chromaticity after three years with the IP02 system, the individual
color characteristics shift on all axes. Despite the relatively fundamental shift, it is
possible to safely read the color change on the heated sample.

The IP03 system of the first series changed its characteristics only very slightly, so
the shade after three years is almost identical to the original shade.

For the IP03 sample of the second series, there was a larger color shift in all axes.
However, in general, the sample retains its color characteristics, so it is possible to safely
read the color change on the heated sample.

With the IP04 first series system, there was almost no color shift. The sample of
the IP04 second series system shows a significant color shift on all axes, but again the
sample retains its color characteristics, so it is possible to safely read the color change
on the heated sample.

When comparing the color shade of the first series samples, it is clear that the systems
show very good color stability over time, except for IP02. When comparing the color
shade of the second series samples, it is clear that they all show a relatively large color
shift in time.

Despite the measured color shifts, it is possible in all cases to safely detect a change
in color shade, and these paints can easily serve as a safety feature in operation.

From the overall point of view and evaluation of all properties of the formed ther-
mochromic coatings IP02, IP03 and IP04 we can say that the formed coatings have
slightly better mechanical properties if the thermochromic pigment is dispersed by the
rotor-stator device. However, this method of dispersion degrades a certain part of the pig-
ment and the coating changes its color characteristics over time. The color shifts caused
by this are significant, but do not affect the safe use of this system. However, dispersion
with a saw - tooth stirrer hardly damages the pigment, the mechanical properties are
good and the color shifts are minimal. From this point of view, it is more advantageous
to use a conventional saw - tooth stirrer for mixing.

From the point of view of the basic primer for thermochromic coatings, acrylic
polyol (IP02) can be clearly excluded from further research, the results of which are
unsatisfactory in all respects. The water-based primer (IP03) has very good results in
both mechanical and color tests. Its other benefit is the low VOC content and very good
application properties. The polyurethane-based primer (IP04) is also of very high quality
and can be used even in more demanding corrosion conditions.

The IP03 and IP04 paint formulations have been registered as an utility model [7,
8].
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Thermochromic paint formulations are still being investigated. The properties of
the samples created with the original paints from the first series are currently being
verified. From the preliminary conclusions we can conclude that the coating material
IP02 degrades during storage, but the formed coating works to a limited extent. IP03
and IP04 paints do not lose their properties through long-term storage and the created
coatings retain their mechanical and color characteristics.

Acknowledgements. Research and experimental verification was carried out within the solu-
tion of the project CTU SGS22/OHK2/3T/12 - Influence of surface treatments on the quality of
production technologies.
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Abstract. Protection of steel structures against corrosion is very important to
ensure proper function and prolong service life. Many standards and procedures
have been developed for the correct solution of anti-corrosion treatments. External
steel structures stressed by forces and atmospheric influences are of the greatest
importance. This paper focuses on the design of suitable corrosion protection for
smaller parts of historic or listed steel structures respecting the current conditions
of the corrosive environment to which these buildings are exposed.

Keywords: Corrosion protection · Hot dip galvanizing · Duplex system · Steel
construction

1 Corrosion Protection of Steel Structures

Steel structures, such as bridges, high-voltage pylons, railings and the like, are subject
to environmental influences. The most commonly used materials for these structures are
steels of the usual strengths. These materials are subject to corrosion in the particular
environment. Corrosion attack of steel structures occurs mainly due to the loss of anti-
corrosionprotectionof the selected anti-corrosion system.Corrosion can lead to agradual
weakening of the steel structure, reduction in its static capacity, increase in dynamic
stress, or even a potential loss of safety of the entire structure. The estimated service life
of corrosion protection (CP) should be around 15–30 years. The most common forms
of corrosion attack in historic steel structures are uniform, point, pitting and crevice
corrosion. For these reasons, it is necessary to choose a suitable anti-corrosion system
with regard to the current environmental conditions, which have a major impact on the
life of anti-corrosion protection and which were not taken into account during the design
and implementation time. For the correct choice of appropriate corrosion protection of
steel structures, it is always necessary to consider the environment to which the structure
is exposed, the design of the steel structure, protection capability of the particular CP,
technological aspects of CP implementation with respect to the environment and last but
not least the planned service life of CP and the economic aspect [1].
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The paper deals with research and development of a proven technology for repairs
of corrosion protection of disassemble parts of steel structures, mainly dynamically
stressed parts. The paper is structured in describing the history of corrosion protection,
as it was done at the beginning of the 20th century, verifying the suitability of the
base material for the application of hot dip galvanizing (using spectral analysis SEM).
Determining the appropriate surface pretreatment technology before the application of
corrosion protection (method of removing the original corrosion protection and ensuring
the most optimal surface pretreatment with respect to the surface structure, the effect
of abrasive blasting, thermal stripping and their combination) was investigated. The
main output is the design of the technological process and the method of application
of corrosion protection, reflecting the current requirements for the functionality and
durability of the design of corrosion protection.

2 History of Corrosion Protection of Steel Structures

Corrosion protection of steel structures (riveted bridge structures) in the period of their
creation was always solved only by coatings. Electrochemical protection (cathodic pro-
tection), for example of steel pillars, was used except for welded bridge structures. In
general, it can be stated that the method of corrosion protection by organic coatings
with pigmented corrosion inhibitors was used, which was widely extended at that time.
As for the application of organic coatings, in particular flax oils (vermilion; practically
the only option in the middle of the 19th century) pigmented with red lead (Pb3O4)
were used at the beginning. Red lead was a very effective corrosion inhibitor used in a
significant mixing ratio to primers almost until the middle of the 20th century. Organic
coatings pigmented with red lead (Pb3O4) or other lead compounds, such as dicalcium
lead (2CaO · PbO2, Ca2PbO4), or lead cyanamide or lead benzoate were used as a cor-
rosion protection on most steel structures in Europe. However, it should be noted that in
the case of the use of lead compounds, red lead clearly dominated. Red lead pigmented
paints should not be applied as topcoats due to the fact that red lead is unstable due to
the action of air CO2, H2S, SO2 and also because it degrades as a result of exposure to
UV radiation [2]. Therefore, it has always been recommended to apply the top coats of
the coating system immediately after the red lead pigmented primer has dried.

Corrosion protection of steel structures built on the territory of today’s Czech Repub-
lic in the 19th century was carried out with oil paints. These paints were based on purely
natural and subsequently also partially technologically modified drying oils and were
widely used as a common protection of steel elements against atmospheric corrosion. Of
course, they were also used as top coats pigmented with ground limestone, float chalk,
kaolin, carbon black, ground gypsum, talc. Colored clays (especially ferrous), asphalt
fractions and tars were also used for pigmentation. Powders of finely ground brown and
black coal have also been used. Less often, synthetic inorganic pigments based on Pb,
Cr, Zn, etc. were used [3].

3 Repairs of Corrosion Protection of Steel Structures

The issue of corrosion protection of steel structures is extensive and its specific methods
are based primarily on the level of knowledge of workers who deal with it. There is no
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single rule for its implementation. The specific procedure for repairing corrosion defects
should be performed by an authorized person with appropriate qualifications. He should
be able to determine which corrosion defect it is and what technology to prescribe for
repair and maintenance.

Various defects and damage can occur on steel structures. These defects can gener-
ally include corrosion, mechanical damage, improper steel structure design, corrosion
protection (CP) system defects, vandalism, and more. The concept of corrosion pro-
tection must include: the material and its protection for the given technology, data on
material losses and its monitoring during operation of the equipment. Moreover, the
operational reliability, durability, fire resistance and economy of the solution must be
taken into consideration as well. This whole part is important and often determines the
success of the whole repair investment. At the design stage of the project repair, special
care should be taken to ensure adequate service life of the structure.

The basis of the CP repair proposal is a realistic assessment of defects and the causes
of their occurrence, which inmost cases is the result of a routine ormain inspection of the
steel structure. When preparing a draft technological regulation (TR) for CP repair, the
basic data of the steel structure (material, existing CP system, state of the environment,
structure, etc.) and the suitability of using possible repair technology for the selected
type (local repair, partial repair, renewal of the whole CP system) are always used.
When drafting a technological regulation, it is necessary to determine suitable partial
technological processes thatwill lead to ensuring the required service life ofCP. Themost
important process is surface pretreatment technology. It is always necessary to pre-treat
the surface so that the subsequent technological process (paint, thermal spraying, thermal
plating) has sufficient adhesion to the original surface and prevents the occurrence of
subsequent defects in corrosion protection. The draft of technological regulations can
be based on the regulation ŘSD TKP 19 B and C or the regulations of the Railway
Administration and EN ISO 12944 [4, 5].

4 Repair of the Railing of the Listed Čech Bridge

Čech Bridge is the shortest of the bridges leading across the Vltava in Prague. It is a
continuation of today’s Pařížská Street and connects Dvořák’s embankment on the Old
Town side with Edvard Beneš’s embankment on the Letná side. The bridge is 169m long
and 16 m wide, used for trams, road transport and pedestrians. The Art Nouveau bridge
was put into operation in 1908. The bridge has a rich decoration and is a protected
technical monument. The bridge was designed by Jiří Soukup, František Mencl and
Václav Trča, and the author of the architectural design was prof. Jan Koula. After the
bridge was put into operation in 1908, it was named the Svatopluk Čech Bridge. From
1940 to 1945, during the occupation, it was renamed Mendel Bridge. Since 1945 it has
been called Čechův most (Čech Bridge) [6] (Fig. 1).
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Fig. 1. Historical photograph of Čech Bridge [7]

4.1 Initial State of Corrosion Protection of the Čech Bridge Railing Segments

As part of a local investigation, it was found that the railing is exposed to an adverse
corrosive environment. According to ČSN EN ISO 12944-2, this environment can be
characterized as environmentC4 - significant atmospheric corrosion stress (inwinter also
due to the effect of spreading materials) [8]. Furthermore, a large number of deficiencies
affecting the protective properties of CP and the service life of the steel structure were
found. These are mainly the following defects and shortcomings:

– Corrosion of the column feet and thus irreversible degradation of materials in some
columns.

– Subcorroding and corroding of the coating system - inappropriate and ineffective
existing CP.

– Mechanical damage to CP - caused by operation/traffic or vandalism.
– Inhomogeneous coating system.
– Slit corrosion on riveted steel railing elements. The structure is subjected to dynamic
loading of steel elements and due to this effect, the existing CP cracks in the structural
joints with the subsequent corrosion attack of the base material.

– Galvanic corrosion attack due to improper connection of different materials.
– Last but not least, neglected maintenance of the structure, dirt on the upper surfaces
of the supporting structure.

– Uneven coating system of the railing CP.
– Corrosion of feet and welded joints of the railing.

In the past, corrosion protection was applied to partial railing elements of Čech
Bridge, using a lead-based primer and several coats of a paint system, which no longer
fulfilled its required anti-corrosion function.As a result, an irreversible corrosion of some
parts of the railing occurred and the life and functionality of the corrosion protection
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was lost. For this reason, the repair of the railing was started with the overall restoration
of corrosion protection (Fig. 2).

Fig. 2. Current state of corrosion protection of the Čech Bridge railing

5 Design of Corrosion Protection of Railing

As part of corrosion protection, the restoration of CPwas originally suggested and tested
with a multilayer coating system with a Zn-based primer. However, since it is a forged
riveted railing with the existence of a large number of cracks, which make the proper
surface protection difficult, corrosion attacked the test segments only after a year of
exposure in the given environment and thus the selected CP system lost its function.

For this reason, and based on the findings, it was recommended to try to apply on
particular segments of the railing an anti-corrosion systemusing hot-dip galvanizing. The
combination of hot-dip galvanized coating, which will provide anti-corrosion protection
by barrier and especially cathodic principle in case of damage to CP and a subsequent
multilayer coating system (duplex system). Duplex coating system comprises of a layer
from hot dip galvanizing and a paint coat [9, 10].

Moreover, the metallic coatings protect steel sacrificially at damaged areas or at
small pores in the coatings [11]. The durability of the duplex coating in a corrosive
environment is, therefore, very dependent on the performance of the paint coating [12].

Proposed type of corrosion protection of Čech Bridge railing: hot-dip galvanizing+
ONS 93 (registration number ONS 007/2020 according to S5/4) [13, 14].



194 J. Kudláček et al.

1. Hot dip galvanizing 100 µm
2. PPG SigmaFast 278 primer - cream shade 160 µm
3. PPG SigmaFast 210 HS top coat - RAL 7044 80 µm

Total NDFT 340 µm.

5.1 Verification of the Suitability of Corrosion Protection of the Railing

For the suitability of the base material for hot-dip galvanizing, the material composition
was determined. Three samples of partial elements were determined and taken from a
selected segment of the Čech Bridge railing. The locations of the samples taken are
shown in Fig. 3.

Fig. 3. Locations of samples taken to determine the composition of the material

From the material analysis it was found that samples 2 and 3 are - according to their
composition - suitable for hot dip galvanizing. According to the determined material
composition, sample 1 is not suitable for hot-dip galvanizing. The reason is its unsuitable
Si content in the base material. According to the performed measurement, the Si content
in sample 1 is 0.086%, which corresponds to the Sandelin range, where materials with a
silicon content of 0.04 to 0.14% achieve uneven and thick coatings [15, 16]. Despite the
finding that some elements of the railing segment are not suitable for hot-dip galvanizing,
it was decided to perform test galvanizing on two railing segments. In order to be able
to hot-dip galvanize the segments, the original paints had to be removed. This removal
in the first phase was carried out by blasting with a sharp-edged blasting agent. Figure 4
shows a blasted surface with remnants of the original paint.
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Fig. 4. Pre-treatment of the surface by blasting before application of hot-dip zinc by immersion

Hot-dip galvanizing and verification of the suitability of the application of hot-
dip galvanizing on the railing segments of Čech Bridge was performed in the hot-dip
galvanizing plant. After the application of hot-dip galvanizing in places between the
overlapped materials and in hard-to-reach parts (crevices and inner corners), where
100% cleaning did not occur and the original paint remained, there were undesirable
defects caused by hot-dip galvanizing (non-plated places and inconsistent hot-dip zinc
coating in places with burnt paint).

To verify 100% surface cleaning, it was necessary to perform additional dezincifica-
tion on one railing segment and thus remove the remaining burnt paint. Figure 5 shows

Fig. 5. Hot-dip galvanized railing with defects due to burnt paint
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a hot-dip galvanized railing with defects due to burnt paint and Fig. 6 shows a hot-dip
galvanized railing without defects due to burnt paint.

Fig. 6. Hot-dip galvanized railing without defects due to burnt paint

Due to the need for 100%cleaning and removal of the original paints, a better cleaning
of the railing segments was applied in the second phase. A combination of thermal paint
stripping followed by a blasting to a surface cleanliness of Sa 3 grade. Such a pretreated
surfacewas already suitable for hot-dip galvanizingwithout numerous defects, see Fig. 7.

5.2 Technological Process of Corrosion Protection of Čech Bridge Railing
Segments

1. Checking the condition of the bridge railing surface (checking the blacksmith work,
the surface must be free of scale, spatter, welds reground without cracks, edges
rounded to R = min. 2 mm, paint residues must be removed mechanically, surface
inspection after removal of the original paints and the resulting corrosion attack -
after thermal paint removal and subsequent blasting to a surface cleanliness of Sa 3
grade [17]).

2. Hot-dip galvanizing in accordance with ČSN EN ISO 1461, EN ISO 14713-1, EN
ISO 14713-2 (Pickling and hot-dip galvanizing of the steel railing construction)
(Figs. 8 and 9).
Unacceptable defects in the hot-dip galvanized coating: insufficient coating thick-
ness, discontinuous areas of the coating, coating impurities (ash, flux residues, etc.),
defects in the coating resulting from the steel substrate (scales, weld defects, etc.).
The defect is not the gloss or matte surface of the coating or white rust. Also, in the
riveted joints, light residues of the original colors are allowed.

3. Before applying the paints, it is necessary to remove coarse dirt, grease, oil from the
surface of hot-dip zinc and then perform a light abrasive sweeping to remove white
rust from the surface and at the same time to allow the paint to anchor. The sweeping



Technology of Repairs of Anticorrosion Protection 197

Fig. 7. Pre-treatment of the surface by blasting before application of hot-dip zinc by immersion
- surface cleanliness of Sa 3 grade

Fig. 8. Pickling before application of hot-dip zinc by immersion

shall be carried out using a non-metallic blasting medium - corundum, fraction 0.2–
0.5 mm, at pressure of 2.5 bar, with nozzle diameter of 8 mm, nozzle distance from
the surface of approx. 400 to 500 mm, at angle of 30–60 °C, with an expected
zinc loss of max. 5–10 µm - the residual thickness of the hot-dip zinc coating after
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Fig. 9. Demonstration of hot dip galvanizing application.

sweeping must be checked by non-destructive measurement in accordance with the
ČSN EN ISO 2178 standard. The roughness check can be performed in accordance
with Rugotest No.3, grade BN-9a.

4. Climatic conditions are checked before applying the primer coat of the selected cor-
rosion protection system. The control of climatic conditions for the implementation
of CP must be in accordance with the ČSN EN ISO 8502-4 standard. The temper-
ature of the structure must be at least +3 °C higher than dew point temperature.
The minimum air temperature when applying CP must be +5 °C. The maximum
permissible relative humidity when applying CP is 75%.
Furthermore, before applying the primer, the surface must be checked for the pres-
ence of dust particles - the amount and size of dust particles shall be max. 2-2 accord-
ing to ČSN EN ISO 8502-3. If the surface is contaminated, the dirt is removed with
an industrial vacuum cleaner, or with compressed air - dry, free of greasy dirt. Then
another inspection is performed.

5. Within 4 h after sweeping, a primer is applied according to the selected CP system.
Problematic areas (riveted parts, welds, corners and edges) are first treated with a
stripe coat. Only after the flash time of this coating, the remaining surfaces (includ-
ing already painted problematic areas) are treated to the required coating thickness
according to TR by cross-spraying. In case of unsatisfactory coating thicknesses, the
thickness is supplemented by another spray. Prior to the application of the interme-
diate layer and the top coat, stripe coat is applied to all problematic areas (riveted
parts, welds, corners and edges). The application of stripe coatings will be followed
by the application of intermediate layers and a top coat.
Unacceptable defects of the coating system - insufficient thickness, unpainted areas,
wrinkles, shrinkage, blisters, peeling (delamination), cracks, craters. Defects in the
coating systemmust be repaired bymechanical regrindingwith a smooth and gradual
transition to a perfect surrounding coating and by applying the paint to form a coating
of the required thickness.
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Figure 10 shows the application of the overall corrosion protection to the ČechBridge
railing segment, which will meet the required properties and guarantee a long service
life in a highly corrosive environment.

Fig. 10. Application of the overall system of corrosion protection to the Čech Bridge railing
segment

The proven technology is fully usable in the areas of design and application of CP
of disassemble parts of steel structures and bridges and its use should be required by the
monument care authorities after the designers (always in agreement with the corrosion
engineer). The scope of use should correspond to the monumental significance of the
structure. The proven technology can also be used for the work of monument care
authorities, which will thus receive instructions for the implementation of suitable CP
during the repair, reconstruction or reconstruction of monuments.

6 Conclusion

As part of the repair of the railing on Čech Bridge, it was possible to apply a unique
technology for the renewal of corrosion protection to smaller parts of the historic steel
structure using hot-dip galvanizing. This technology has been approved by the Institute
of Monument Care and will guarantee the required service life of corrosion protection
(more than 25 years) in a C4 corrosive environment (corrosive aggressiveness of the
atmosphere). The coating system was selected from a system of approved protective
coating systems. A coating system from the renowned paint manufacturer PPG. The aim
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was to apply such a corrosion protection, which will provide protection even on very
exposed and mechanically stressed parts of the railing, where there could be a rapid
corrosion attack and loss of CP life.

A total of 100 partial segments of railings with stands and other decorative elements
will be repaired on Čech Bridge in the manner of the proven proven technology. The
most decorative elements treated in the forced way are the stands for anchoring the
railing segments. The overall repair and renewal of the CP will take 2 years, this is due
to the restoration modifications of the corrosively attacked elements of the Čech Bridge
railings. The main scientific parameter is to increase the service life of CP for the given
corrosive environment in which the steel and bridge structures are located. Using proven
technology, the service life of CP should increase by at least 100% to at least 25 years
compared to conventional CP, which is planned to last for 5 to 10 years. There are also
financial savings associated with this.

Acknowledgements. Research and experimental verification was carried out within the solution
of the project for the Ministry of Culture of the Czech Republic - NAKI DG18P020VV033 -
Methods for ensuring the sustainability of steel bridge structures of industrial cultural heritage.
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6. Kudláček, J., Pokorný, P., Pokorný, R.: Experimental verification of blasting and corrosion
removal methods on the bridge under Vyšehrad. Final Report. CTU in Prague, Faculty of
Civil Engineering, Prague (2019)

7. http://www.fotohistorie.cz/Praha/Praha-mesto/mosty/Cechuv_most/Default.aspx
8. EN ISO 9223. Corrosion of metals and alloys: corrosivity of atmospheres. Classification

(2012)
9. Technical standard TN33. Coating and remediation of steel structures of power lines and

power stations. Revision 6. ČEPS (2015)
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Abstract. The article compares 4 types of anodic oxidation technology in terms
of corrosion resistance, ecological and technological point of view. Thework com-
pares two technologies of anodic oxidation (chromic acid, sulfuric acid), which
have been used in practice for an extensive period of time, and two newer technolo-
gies (tartaric acid, boric acid) in order to replace the above-mentioned chromic acid
due to its toxicity. The experimental part of this article uses a corrosion chamber,
weight test and coating adhesion test - grid test to evaluate qualitative parameters
of the created protective layers.

Keywords: Anodic oxidation · Corrosion · Aerospace industry · Aluminum
alloys · Tartaric acid · Boric acid

1 Introduction

Several types of surface treatment technologies are used in the aerospace industry. This
article deals with the anodic oxidation of aluminum alloys and the types of acids used in
this technology. The best-known acid used in anodic oxidation is sulfuric acid, which has
very good corrosion resistance, it can also be painted with pigments to change the color
surface according to our specifications. This is very advantageous for parts that serve
as a way to properly discern the aircraft. Another very common acid is chromic acid.
The layer formed by this method shows very high corrosion resistance and excellent
surface adhesion. The main disadvantage is the content of hexavalent chromium, which
is very toxic and carcinogenic [1]. The European Union is therefore seeking to limit
this chemical through the regulation of REACH (a European Union regulation aimed at
improving the protection of human health and the environment) [2].

In succession to this problem, the method of anodic oxidation using tartaric acid and
a mixture of boric acid and sulfuric acid was introduced into practice. The experimental
part compares the above-mentioned methods of anodic oxidation with anodic oxidation
(AO) using chromic acid and sulfuric acid in terms of maximum corrosion resistance
and in economic terms [1, 3, 4].
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2 Anodic Oxidation

Anodic oxidation or anodizing is one of the most common surface treatments of alu-
minum and its alloys. This technology is very often used in the aerospace industry. It
is an electrolytic process in which a layer of aluminum Al2O3 is formed using suitable
baths. The overall layer consists of a non-porous, dielectric insulating layer and a finely
porous cover layer, which is formed from the insulating layer when redissolved in the
electrolyte [1, 5].

The whole process of anodic oxidation is affected by certain conditions, which give
us the properties of the resulting layer. These conditions include type of electrolyte, bath
temperature and current density. The process parameters are further linked to the type
of anodic oxidation, which is divided as decorative oxidation and hard oxidation [5].

Decorative anodic oxidation serves primarily to improve the appearance of the sur-
face and to improve corrosion resistance. Hard anodic oxidation serves to increase
functional properties [1, 5].

The main reason for using this technology is to increase corrosion resistance, abra-
sion resistance and increase hardness. Furthermore, by selecting suitable parameters
(decorative AO), the components can be colored very easily. However, its disadvantages
include its non-ecological nature. As these are very strong acids that are dangerous for
the environment and the operator [1, 5].

3 Experiment Description

Four acids for anodic oxidationwere selected for the experiment, namely chromic, sulfu-
ric, boric, and tartaric acid. Sulfuric acid is the best-known acid used in anodic oxidation,
and chromic acid is a very common acid. This acid contains hexavalent chromium,which
is highly toxic, and efforts are being made to reduce the usage of this chemical. For this
reason, anodic oxidation in boric acid and tartaric acid has been introduced [1, 3, 4, 6].
The aim of this experiment was to compare the above technologies in terms of corrosion
resistance and to compare the operating costs of individual technologies.

3.1 Material

The most frequently used series of materials include the 2000 series and the 7000
series. For this reason, the 2024-T3 material (AlCu4Mg1) and the 7075-T6 material
(AlZn6Mg2Cu) were chosen for the experiment.

3.2 Technological Process

For the sake of the experiment a fully automated anodizing line was used. The line
uses two-stage rinsing for greater water savings and better rinsing. The test specimens
were sealed in demineralized water. The mixing of the baths was ensured by means of
compressed air from the central distribution system.
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Chromic Acid. The technological procedure of anodic oxidation using chromic acid is
recorded in Table 1. The voltage of 22Vwas used during anodic oxidation. The chemical
composition of individual baths is recorded in Tables 2, 3 and 4. The average thicknesses
of the anodic oxidation layer for material 2024 and 7075 were 3 µm (Table 5) [3, 5].

Table 1. Technological procedure of anodic oxidation in chromic acid

Time [min] Temperature [°C]

Alkaline degreasing 12 55

2° Rinse 6 –

Deoxidation 8,5 –

2° Rinse 11 –

Anodic oxidation 60 35,1

2° Rinse 6 –

Sealing 25 90,5

Drying 12,5 40,1

Table 2. Chemical composition of chromic acid bath

Anodic oxidation in chromic acid Concentration

Total chromium oxide 61,50 g · l−1

Chromium oxide free 43,20 g · l−1

Al 2,21 g · l−1

pH 0,58

Table 3. Chemical composition of the alkaline degreasing bath

Alkaline degreasing Concentration

Turco 4215 NC-LT 54,70 g · l−1

pH 8,70

Sulfuric Acid. The technological procedure of anodic oxidation in sulfuric acid was
similar to the previous section. The process parameters are recorded in Table 6. The
anodic oxidation used a voltage of 16.5 V and sulfuric acid at a concentration of 191.5
g · l−1. The average value of the measured anodic oxidation layer for material 2024 was
11.9 µm and for material 7075 it was 31.5 µm (Table 7) [3, 5].
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Table 4. Chemical composition of the deoxidation bath

Deoxidation Concentration

Turco Smut NC 19,4%

Al 0,043 g · l−1

Table 5. Anodized layer thicknesses in chromic acid [µm]

Sample number/Material 1 2 3 4 5 Average value

2024 2,3 2,2 2,6 2,5 2,4 2,4

7075 2,7 3,3 3,0 2,8 3,2 3,0

Table 6. Technological procedure of anodic oxidation in sulfuric acid

Time [min] Temperature [°C]

Alkaline degreasing 12 55,1

2° Rinse 6 –

Deoxidation 8,5 –

2° Rinse 6 –

Anodic oxidation 48 20,2

2° Rinse 10 –

Sealing 25 90,8

Drying 15 40,1

Table 7. Anodized layer thicknesses in sulfuric acid [µm]

Sample number / Material 1 2 3 4 5 Average value

2024 11,4 12,1 12,4 12,3 11,5 11,9

7075 32,2 31,6 31,4 30,8 31,3 31,5
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Boric Acid. The technological process was again similar to the sections above, the
process parameters are recorded in Table 8. The anodic oxidation used a voltage of 15 V.
The parameters of the anodic oxidation bath are reported in Table 9. The average value
of the measured anodic oxidation layer for material 2024 was 2,0 µm and for material
7075 it was 3.5 µm (Table 10) [4, 5].

Table 8. Technological procedure of anodic oxidation in boric acid

Time [min] Temperature [°C]

Alkaline degreasing 12 54,8

2° Rinse 6 –

Deoxidation 7 –

2° Rinse 12 –

Anodic oxidation 22,5 28,1

2° Rinse 6 –

Sealing 25,2 90,5

Drying 120 Room temperature

Table 9. Chemical composition of boric acid bath

Anodic oxidation in boric acid Concentration

Sulfuric acid 43,00 g · l−1

Boric acid 8,16 g · l−1

Al 4,18 g · l−1

Table 10. Anodized layer thicknesses in boric acid [µm]

Sample number/Material 1 2 3 4 5 Average value

2024 1,8 1,6 2,4 2,3 1,9 2,0

7075 3,2 3,6 3,5 3,8 3,3 3,5

Tartaric Acid. The technology of anodic oxidation using tartaric acid was divided into
two groups. In the case of samples for the corrosion test, the technological procedure
was similar to previous processes conducted in this experiment. The samples that were
used for the weight test and the adhesion test of the base coat (3 + 3 test samples for
the material) were not sealed, after anodic oxidation there was a 2° rinsing and drying.
The parameters of the technological process are written in Table 11. During the anodic
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oxidation, a voltage of 14 V was used, the chemical composition of the bath is recorded
in Table 12. The resulting anodized layer thicknesses were measured and recorded in
the Table 13 [3, 5, 6].

Table 11. Technological procedure of anodic oxidation in tartaric acid

Time [min] Temperature [°C]

Alkaline degreasing 15 55,1

2° Rinse 10 –

Deoxidation 8 –

2° Rinse 10 –

Anodic oxidation 25 37,1

2° Rinse 10 –

Sealing 25 90,1

Drying 15 40,6

Table 12. Chemical composition of tartaric acid bath

Anodic oxidation in tartaric acid Concentration

Sulfuric acid 41,20 g · l−1

Tartaric acid 79,20 g · l−1

Al 1,20 g · l−1

Table 13. Anodized layer thicknesses in tartaric acid (sealed) [µm]

Sample number/Material 1 2 3 4 5 Average value

2024 3,9 2,7 3,3 4,1 2,8 3,4

7075 4,8 5,3 4,7 5,6 4,5 5,0

The specification [7] prescribes the primer (a two-component epoxy paint in a 3:1
ratio) for the adhesion test. The paint was cured in an oven at 80 °C for 30 min. The
measured values of the coating thickness were entered in Table 14.

4 Evaluation

Three types of tests were selected for sample evaluation. Specifically, these are the
corrosion test, the weight test, and the adhesion test of the primer. The corrosion test
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Table 14. Coating layer thickness [µm]

Sample number/Material 1 2 3 Average value

2024 17,5 19,6 19,1 18,7

7075 18,4 18,1 19,3 18,6

was performed in a corrosion chamber (salt spray) according to ASTM B 117-11. The
samples were inclined at an angle of 6° and a 5% sodium chloride solution was sprayed
on them. According to MIL-A-8625, it was then stipulated that the test specimens must
meet a minimum limit of 336 h in salt spray. The experiment was terminated when the
first corrosion point was identified [8, 9].

The adhesion test of the primer was performed according to the standard EN ISO
2409 - Paints: Grid test. The distance between the individual sections of the grid is
determined in the standard according to the thickness of the coating and the type of
substrate. There are 6 classification levels from 0 to 5, where 0 indicates that the edges
of the sections are completely smooth, and no grid square is damaged. Grade 5 is then
evaluated as a grade that cannot be classified even as grade 4 (the damaged area is greater
than 35% but less than 65%) [10, 11].

The weight test was performed according to ASTM B 137-95. Test specimens must
be weighed after anodizing before staining and sealing. After weighing the samples,
it is necessary to remove the coating from the test sample, then wash, dry and weigh
them. A solution of phosphoric acid and chromic acid is used to remove the layer. The
test pieces are immersed in the solution for at least 5 min (but not more than 6 min) at
212± 10 °C. It is necessary to observe the composition of the solution according to the
following parameters [12]:

– Phosphoric acid, 85% – 35 ml
– Chromic acid (CrO3) – 20 g
– Water – remaining volume up to 1 l (1000 ml)

This procedure is repeated until the coating is completely removed (sample weight is
constant). The resulting bulk density of the coating is obtained by subtracting the weight
of the sample before and after removing the coating in milligrams. This result is divided
by the surface area in square feet [12].

4.1 Corrosion Test

Chromium acid anodic oxidation met the minimum required limit of 336 h according to
MIL-A-8625 specifications for materials 2024 and 7075. The identification of the first
corrosion point occurred at 1440 h for both materials.

Anodic oxidation with sulfuric acid also met the required limit of 336 h in salt spray
for both materials. For material 7075, the exposure ended after 629 h when the first
corrosion point was observed, for material 2024, the test was interrupted after 4071 h,
when the first corrosion point was still not observed.
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Likewise, the anodic oxidation in boric acid and tartaric acid met the minimum
limit of 336 h in salt spray according to specification MIL-A-8625. The exposure was
terminated after 1661 h (material 2024) and after 1181 h (material 7075) for AO in boric
acid and after 1008 h (both materials) for AO in tartaric acid.

Table 15 records all salt spray exposure termination values after the identification of
the first corrosion point. The results of the corrosion test can be seen in Fig. 1, 2, 3 and
4.

Table 15. Comparison of AO technologies - identification of the first corrosion point (* after
4071 h there was no identification of corrosion)

Technology 2024 7075 MIL-A-8625

AO in chromic acid 1440 h 1440 h OK

AO in sulfuric acid 4071 h (*) 629 h OK

AO in boric acid 1661 h 1181 h OK

AO in tartaric acid 1008 h 1008 h OK

Fig. 1. Anodic oxidation using chromic acid after the corrosion test. From left a) material 2024
b) material 7075
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Fig. 2. Anodic oxidation using sulfuric acid after the corrosion test. From left a) material 2024
b) material 7075

Fig. 3. Anodic oxidation using boric acid after the corrosion test. From left a) material 2024, b)
material 7075.
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Fig. 4. Anodic oxidation using tartaric acid after the corrosion test. From left a) material 2024,
b) material 7075

4.2 Weight Test

The weight test was performed according to the ASTM B 137 specification, and it
was also necessary for the samples to meet the requirements of the AIPI 02-01-002
specification, namely a minimum weight of 22 mg · dm−2 [7]. Both materials met the
mentioned specification. Tables 16 (material 2024) and 17 (material 7075) record the
initial and final sample weights and the weight calculation according to Eq. 1 (Table 17)

Weight = Initial weight − Final weight

Sample area
· 1000 (1)

Table 16. Weight test results for mat. 2024

Sample Initial weight[g] Final weight[g] Sample area[dm2] Weight[mg · dm−2]

1 25,80,345 25,73,876 1,2044 53,7092

2 25,87,737 25,81,455 1,2060 52,0895

3 25,83,648 25,77,312 1,2060 52,5373

Average weight 52,78
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Table 17. Weight test results for mat. 7075

Sample Initial weight[g] Final weight[g] Sample area[dm2] Weight[mg · dm−2]

1 25,94,999 25,85,938 1,2073 75,0548

2 25,70,001 25,60,823 1,2054 76,1415

3 25,82,754 25,73,767 1,2057 74,5381

Average weight 75,24

4.3 Base Coat Adhesion Test

The adhesion test of the base coat was carried out according to the standard EN ISO
2409 - Paints: Grid test. Both materials were classified as 0 “The edges of the cuts are
completely smooth; no grid square is damaged” (Fig. 5).

Fig. 5. Grid test: From left a) material 2024 b) material 7075

5 Economic Evaluation

The main idea is to find a suitable replacement for chromic acid, which would exhibit
similar corrosion resistance while being environmentally friendly, and economically
favorable. Therefore, this chapter deals with the economic comparison of individual
baths.
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The above-mentioned technologies have similar surface pretreatments and for this
reason the economic evaluationwas focused only on individual baths of anodic oxidation.
The price is calculated for the volume of the bath 11,800 dm3 for the given concentration
specified in each of the sections, which pertains the technological process of specific
acids. The order of the baths was recorded in Table 18.

Table 18. Economic evaluation – acid bath ranking [Kč]

Rank Bath Cost [Kč]

1 Boric acid 18 431

2 Sulfuric acid 32 214

3 Chromic acid 80 535

4 Tartaric acid 2634 654

6 Conclusion

This paper compared the corrosion resistance of four anodic oxidation baths. Chromic,
sulfuric, boric, and tartaric acids were used. For tartaric acid, a weight test and an
adhesion test using a grid test were also used. The anodic oxidation layer was formed
on two types of material, namely 2024 and 7075.

In the corrosion resistance test, the samples were placed in a salt spray and left until
thefirst corrosion point.Aminimum limit of 336h in salt spraywas determined according
to the MIL-A-8625 specification, which was met by test samples of all technologies and
materials. The AO technology in sulfuric acid with material 2024 lasted the longest in
the corrosion chamber. This combination still did not show any corrosion attack after
4071 h. AO in sulfuric acid shows the best results in corrosion resistance and is an
ecological technology. Economically, this technology is one of the most demanding and
there are design limitations due to the thicker anodic layer. Furthermore, this technology
is not suitable to be used in the aerospace industry for stressed parts due to increased
material fatigue. When comparing newer technologies (boric acid and tartaric acid) with
those used for years (chromic acid and sulfuric acid). It can be seen from Tables 15 and
18 that tartaric acid has proven to be the least economically advantageous technology
with the worst corrosion resistance. However, the advantage of this technology is that
the fatigue of the material does not increase, and the bath does not contain hexavalent
chromium and thus meets environmental demands. Boric acid has proven to be the most
economically advantageous at a very low cost and meets the requirements of corrosion
resistance (up to 1661 h in salt spray for material 2024). This technology has a very
small layer thickness and therefore there is no design limitation. Boric acid baths also
meet the requirement for the absence of hexavalent chromium.

Furthermore, aweight testwas performedonAOsamples in tartaric acid. Formaterial
2024, a layer weight of 52.78 mg · dm−2 was measured. This value exceeds more than
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2 times the required limit (22 mg · dm−2) determined by the AIPI specification 02-01-
002. The weight of 75.24 mg · dm−2 was measured for material 7075. Here, too, the
requirement of the specification was met, when the weight exceeds the required limit
more than 3 times.

As the last experiment on AO samples in tartaric acid, the adhesion test of the base
coat was performed using a grid test according to the EN ISO 2409 standard. The paint
was cured in an oven at 80 °C for 30min. The sampleswere classified as “0” and therefore
it can be said that the anodizing layer with tartaric acid shows excellent surface adhesion
for subsequent application of paints.

In conclusion, it is necessary to state that in terms of corrosion resistance, sulfu-
ric acid appears to be the most advantageous. However, this acid is not used in the
aerospace industry mainly due to design limitations imposed by the thicker layer and
further increase in material fatigue. Boric acid meets the requirements for a very thin
layer, low economic cost and good corrosion resistance. However, its worldwide use
is being replaced by more environmentally friendly and safe technology anodic oxida-
tion in tartaric acid. In this experiment, this acid proved to be the least economically
advantageous technology with the worst corrosion resistance (it met the requirements of
MIL-A-8625), but it does not increase material fatigue and it is a natural substance that
is also used in the food industry. Therefore, it is a safe substance that is easily disposed
of. Therefore, further testing of this acid is required to determine the usability of this
substance in the aerospace industry as a possible replacement of chromic acid.

Acknowledgements. Research and experimental verification were carried out within the solu-
tion of the project CTU SGS22/OHK2/3T/12 - Influence of surface treatments on the quality of
production technologies.
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Abstract. During additive manufacturing, particulate matter and volatile organic
compounds are released. These pollutants contribute to irritation of the throat
mucosa, cause cardiovascular disease and even stroke. The article determines the
quantitative and mass share of particulate matter emissions during 3D printing
from black ABS filament. The tests were carried out using an analyzer from the
PEMS group. The obtained dust emission results were presented for both the
entire processes and their most important parts. It was shown at which stage
of additive manufacturing the emission is the highest. The greatest emission of
pollutants occurred during printing, when samples were taken directly from the
machine chamber. The PM mass emission intensity during printing reaches its
highest values in the raft printing process. This is due to the large surface area
of the material heated by the printing table during this operation, and thus the
longer plasticization time of the ABSmaterial itself. At the same time, the highest
quantitative particle emission values occur in said raft printing step and during
the heating of the nozzle and in the first phase of correct printing. It follows that
precisely in these two periods there is a significant emission of small diameter
(mass) particles. In rooms where we have many printers at our disposal, which
print products simultaneously, special care should be taken. These rooms should
be ventilated frequently or air purifying filters installed.

Keywords: Air pollution · Particulate matter · 3D printing · Human health

1 Introduction

Additive manufacturing is a field that is developing very quickly and dynamically. The
rapid development of additive technologies has contributed to the decline in printer
prices and increased their availability. Currently, 3D printers are common not only in
offices or schools but also at home [1–3]. Due to short lead times and low costs, additive
manufacturing is used inmany areas of life. Just a fewhours is enough to print the finished
model with its final processing. 3D prints are used in medicine when diagnosing cancer
of various internal organs, its location, shape or size [2–7]. 3D printing is used in unit
or small lot production. It is an alternative to injection molding, which is characterized
by a high cost of single or small-lot production, e.g. in the foundry industry [2, 8]. We
also see the continuous development of additive manufacturing techniques by improving
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print parameters using finite elements, genetic algorithms and artificial neural networks
[9, 10].

The continuous development of technology causes, in addition to faster production of
better products, a negative impact on the natural environment The effects of this negative
impact on the natural environment and human health are systematically analyzed. During
additive production, volatile organic compounds (VOCs) are released, which can irritate
the mucosa of the respiratory tract, cause asthma and cardiovascular disease [11]. A
significant threat to humans is the emission of solid particles (PM). The concept of solid
particles is associated with air pollution that appears during combustion in domestic and
industrial heating boilers and with cars equipped with internal combustion engines [12].
Due to air pollution, approximately 20,000 people die in Poland every year [13]. PM10
and PM2.5 particulate matter is the air pollutant that causes the greatest harm to human
health. Some of its particles are so small (one-thirty to one-fifth the diameter of a human
hair) that they not only penetrate deep into our lungs, but also enter our bloodstream, just
like oxygen [14]. According to the report of theWorld Health Organization (WHO), over
90% of the urban population of the world breathes air that exceeds WHO’s guideline
levels for outdoor air pollution, and according to data from 2019, lung diseases are the
3rd cause of the largest number of deaths in the world [15].

The harmfulness of dust contained in the atmospheric air to human health depends on
the physicochemical structure of the dust particles. The respiratory system is the main
route of dust penetration into the human body. We can divide it into three functional
areas, which differ in the time of dust retention in places of its deposition, pathological
reaction to dust and the ways of its elimination. Particles with a diameter greater than
10 μm deposit in the upper parts of the respiratory tract, while PM2.5 particles reach
the deeper parts of the lungs, where they are accumulated (see Fig. 1). The entire system
responsible for delivering oxygen to the bloodstream has been divided into sections
where solid particles can accumulate. Small particles pose the greatest threat to human
health. Children and the elderly, as well as people with lung and heart diseases, are
particularly exposed to the negative effects of solid particles in the atmosphere. The
dust most dangerous to our health includes heavy metal particles (arsenic, lead, nickel,
mercury, cadmium). Particles composed of heavy cyclic hydrocarbons (carcinogenic
compounds) are also very toxic.

Small desktop-class 3D printers that can be used at homes have grown in popularity
in recent years, but particles emitted from such devices can adversely affect indoor air
quality and potentially harm health [17]. In the course of many years of research, various
researchers collected particles emitted from 3D printers and conducted several tests to
assess their effect on the respiratory tract [18]. Studies have shown a toxic reaction to
particles from various types of filaments used in 3D printers. Researchers took a closer
look at the chemical composition of the particles and their potential toxicity. During
printing filament is heated, what causes numerous physical and chemical changes. As
a result of thermal depolymerization and oxidation of the substances used, it releases,
among others volatile organic compounds that are emitted into the air near the printer
and printed object.

The aim of the study was to determine the quantitative and mass share of particulate
matter emissions during 3D printing from black ABS filament. The tests were carried
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Fig. 1. Parts of the human respiratory system, particularly exposed to the effects of solid particles,
depending on their dimensions [16].

out using an analyzer from the PEMS group. The research was to show at which stage
of additive manufacturing the emission is the highest.

2 Materials and Methods

The first research object was the semiprofessional desktop-class printer Zortrax M 200
with a closed chamber, without a filter for cleaning the pollution. This printer is equipped
with one extruder and a heated bed. It took an average of 60 min to print each test
item. The research was done under standard conditions for ABS filament, in accordance
with the manufacturer’s recommendations. Filament used for tests was in black color.
The most important parameters for printing from this filament are: nozzle temperature
(275 °C), print bed temperature (80 °C), finished product mass (10 g), weight with raft
(16 g) print time (68 min). No additional adhesive substances were used during printing.
Filament moisture at the time of printing was below 0.2% and was in line with the
recommendations for material moisture for ABS plastic processing. To standardize the
results of the measurements, each test was carried out three times, each time cooling the
print bed and hot end to the ambient temperature (cold start of the process).

The measuring station (see Fig. 2) consisted of a 3d printer that printed a given
object (see Fig. 3). A mass spectrometer was connected to the printer (see Fig. 4), which
examined the size (diameter) of the emitted pollutants and their mass during printing. A
laptop was connected to the mass spectrometer, collecting and archiving measurement
data.

Data was collected throughout the duration of additive manufacturing process. First,
the measuring device was calibrated in an empty, ventilated room, with closed windows
and doors, and then a printer and a laptop collecting data were connected. On the laptop
screen, it was possible to observe the constantly changing values of the quantity and size
of particles released during the printer’s operation.
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Fig. 2. Measurement site.

Fig. 3. Shape of the printed test product, finished product (8 cm × 5,3 cm × 0,8 cm).

There are many methods of measuring particulate emissions. Among others: a
gravimetric method based on the analysis of particles collected by filtering using the
differential weighing method.

Reference methods: manual (consists in gravimetric determination of the mass of
dust accumulated on the filter as a result of passing through an unknown volume of air)
and automatic (gravimetric method based on the sedimentation weight principle known
mainly from TEOM type analyzers; radiation method based on radiation absorption β;
optical methods laser diffraction, using the Fraunhofer theory and/or the MIE theory,
and based on measurements in reflected light and transmitted light).

There is gas chronomatography, liquid chronomatography, mass spectrometer,
pyrolysis, optical-electronic analyzer IPS P.

The measurement of particulate emissions during printing was performed using a
mass spectrometer TSI Engine Exhaust Particulate Sizer 3090 (see Fig. 4) [19–24]. The
devoice measures the concentration and dimensional distribution of solid particles from
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5.6 to 560 nm with a time resolution of 10 Hz. The device can carry out measurements
in dynamic and transient tests. Recorded data is constantly recalculated, among others
on a linear and logarithmic scale. The concentration units are normalized (dN/dlogDp)
for easy comparison with data obtained when measuring with other equipment [19].

Fig. 4. Technical data of the mass spectrometer and mass spectrometer TSI EEPS 3090 for
measuring the diametral distribution of solid particles [25].

The instrument measures the 32 channels of different size and concentration of
particles, through the use of sensitive electrodes (see Fig. 4). The sensitivity of the spec-
trometer providesmeasurements from200 pcs/cm3,which corresponds to approximately
<1μg/m3. Before the measurement, the exhaust sample is conditioned - at the measure-
ment point by means of accessories or in a CVS tunnel (Constant Volume Sample). The
tested gas volume flows through a filter, which captures particles larger than 1 μm, ie
with a diameter outside the measurement range. Then the sample is led to the electrode
chamber, where the solid particles receive the electric charge. This is where the ions are
produced. As a result of the particles being charged, their dimensional classification can
be carried out. The charging electrode is located on the right side of the device. From this
point, the test particles pass into the annular gap, which is located between two coaxial
cylinders. A stream of ambient air is supplied to the vicinity of the slot. The cylinder
consists of a stack of highly sensitive electrodes, insulated from each other, arranged in
a ring. They are grounded at one end, and connected to sensitive amplifiers at the other.
Such a structure makes it possible to generate an electric field between the cylinders.
The ambient air along with positively charged solid particles contained in it is directed
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to the gap between the rings. The sensitive electrodes in this space receive signals from
charged particles.

The instrument draws a sample of the exhaust flow into the inlet continuously. Parti-
cles are positively charged to a predictable level using a corona charger. Charged particles
are then introduced to the measurement region near the center of a high-voltage elec-
trode column and transported left size the column surrounded by HEPA-filtered sheath
air. A positive voltage is applied to the electrode and creates an electric field that repels
the positively charged particles outward according to their electrical mobility. Charged
particles strike the respective electrometers and transfer their charge. A particle with
higher electrical mobility strikes an electrometer near the right side; whereas, a particle
with lower electrical mobility strikes an electrometer left side in the stack. This multi-
ple detector arrangement using highly sensitive electrometers allows for simultaneous
concentration measurements of multiple particle sizes [25].

3 Results

Before the actual test of pollutant emission from 3D printers, the value of the measure-
ment background was determined, in which the products were printed. The examination
was carried out with both closed and open windows. Then, the equipment was set to
zero in the background of the environment, therefore the final value of particulate matter
emission did not have to be additionally corrected by its value. Then, measurements
were made during 3D printing with direct sampling from the machine and at a distance
from it (about 2 m). The supplement was the measurement of environmental pollution
after the 3D printing process was complete. The room where the printing process was
carried out has a volume of 208 m3.

The biggest emission of pollutants occurred during printing when samples were
taken directly from the machine chamber. The average emission value of PM was
113.20 μg/cm3, while average numerical value of emission was 1.04E + 06 #/cm3.
At the end of the printing process, air in the printing room contained 3.39E + 04 #/cm3

solid particles. It is nearly four times the concentration that was recorded in the environ-
ment before printing. That is why it is so important that the rooms where the additive
manufacturing is proceeded are well ventilated or the 3D printers are equipped with
local exhausts or air purifying / filtering devices.

The PM emission intensity in terms of mass and number for the individual stages of
the printing process is shown in Fig. 5 and Fig. 6. The presented relations, it follows that
the intensity of the mass emission of PM during printing reaches the highest values in the
process of raft printing (for 7.2E+ 02 μg/s). It may be related to the large surface of the
material heated by the print table during this operation, and thus the longer plasticization
time of the ABS material itself. At the same time, the highest values of quantitative
particle emissions occur in the mentioned stage (up to 4.1E + 06#/s) and during nozzle
heating (up to 3.2E + 06 #/s) and in the first phase of proper printing (up to 3.7E + 06
#/s). It follows that it is in these two periods, a significant emission of small diameter
(mass) particles occurs.

Figure 7 and Fig. 8 shows the total particle number emission. In the printing process,
the largest number occurred in the diameter range of 9.31–10.08 nm, 2.2E + 08 # and
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Fig. 5. PM 3D printer: 1-bed heating, 2-nozzle heating, 3- raft printing, 4-proper print.

Fig. 6. PN 3D printer: 1-bed heating, 2-nozzle heating, 3- raft printing, 4-proper print.

2.1E+ 08 #, respectively. At the same time, the obtained distributionwas close to normal
in the range of 16.5–124.1 nm.

4 Discussion

The conducted research is important from the point of view of individual users of desktop
class 3D printers. The number of such devices is increasing each year in the use of both
industrial and individual (home) users. This technology is becoming more and more
popular every year and further growth in the development of this market is anticipated.
It is estimated that in the years 2014–2017, the market value increased nearly 3 times
from $ 3.07 billion to $ 8.68 billion [26].

Emission from the 3D printing process is also important due to the fact that due to
the requirements of the process itself, it must take place in closed rooms where sudden
air movements may not occur. This can cause an accumulation of harmful compounds.
In the presented example, for a room with a volume of 208 m3, the quantitative increase
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Fig. 7. Total emission of solid particles for the printing process.
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Fig. 8. Total emission of solid particles for the printing process.

in the concentration of solids after printing from a single device was increased 3 times.
In the case of 3D printing, a relatively small increase in the mass of pollutants in the
room is also important - it is mainly caused by the relatively small diameters of the
particles emitted during the process. The vast majority of them were below 100 nm. As
a result, these particles enter the alveoli without any major obstacles, and then into the
bloodstream of the exposed person.

The conducted research contributes to wider research, namely a laboratory or a farm
where there are more printing machines, for example 10–20 pieces. Especially that these
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pollutants can accumulate and remain in the room for a long time. The particles emitted
during the process are small enough to observe Brownianmotion in their behavior, which
significantly reduces the possibility of their sedimentation over time. There are also no
literature sources confirming the possibility of the accumulation of suspended particles,
apart from organic solvents. For example, when printing with black ABS, after about
10 min, when the bed and filament are warmed up, there is a very large increase in
the concentration of solids. In the next 10 min, the concentration reaches 720 [μg/m3],
Fig. 5. This is related to the printing of the raft on which the correct shape of the product
is printed only after a fewminutes. When printing the correct shape, the concentration of
particulate matter decreases. If products are simultaneously printed on 10 or 20 printers
in a room, the concentration of solid particles may increase from 720 [μg/m3] to 7200
[μg/m3] and even up to 14400 [μg/m3]. After printing, the concentration of suspended
dust remains in the room for a long time.

5 Conclusions

During the research, high emissions of nanoparticles were observed during the 3D print-
ing process under normal operating conditions. A tendency to increase the concentration
of solid particles in poorly ventilated rooms without additional air filters is a particular
threat to health. Due to the fact that desktop 3D printers are increasingly used by home
users, further research should be carried out, covering other materials used in the addi-
tive manufacturing process, and the impact of environmental conditions (including air
humidity and the filament itself) on the risk posed by 3D printers should be verified for
individual users.

Many authors who have been conducting research for many years confirm [18, 27–
32, 34], that during additive manufacturing, volatile organic compounds are released
into the environment.

The present studies confirm the measurements of other scientists [18, 30–34] that
during 3D printing, volatile organic compounds with and small diameter particles (10–
120 nm) are released. These particles can easily enter the body through the alveoli and
further into the bloodstream. In addition, the color and type of used filament is of great
importance, because of the coloring substances. In example the black filament is colored
with soot.
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Polish Ministry of Science and Higher Education (0613/SBAD/4710).
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Abstract. The paper presents a computer system for monitoring plant growth,
developed for the needs of precision agriculture for small agricultural areas. The
work contains a description of the monitoring system with a breakdown into the
key elements of the process. An exemplary method of preparing orthophotomaps
of the area was presented. The method of making maps that can be implemented
on a PC computer has been described. The paper describes the most frequently
used Vegetation Index. A test of determining the coefficients was carried out
on an exemplary aerals with an area of 5.28 ha. Typical positioning systems for
agricultural machines are discussed. TheDGPS navigationmethodwas used in the
tests. Tests have confirmed that it can be used in precision agriculture with small
aerals. The solution is optimal in terms of positioning accuracy and economics
of small farms. The presented system was tested during one cycle of vegetation
of winter barley sown with the no-plowing method. On this basis, the complexity
of the system was assessed and its implementation was proposed. The proposed
solution does not require complex computer systems. It has been designed so that
it can be implemented on standard PC equipment cooperating with a short-range
drone equipped with a standard RGB camera.

Keywords: Precision agriculture · Field mapping · Vegetation indicator ·
Geological indicator · Precision GPS

1 Introduction

Agricultural production has been an important branch of the economy for many years.
The efficiency of agricultural production is an important element in this type of produc-
tion. We now distinguish broadly between two types of farming: extensive and intensive
[1].

Extensive farming - is a way of cultivation in which no artificial crop supports such
as mineral fertilizers and pesticides are used, which however results in reduced yields.
In this system, labor effort is high and costs are low. This type of farming is applied in
less economically developed countries or where there is a large agricultural area. In the
world it is very popular in the Middle East, Central America, United States and Africa
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mainly in the tropics throughout. In those places, there is no need for very high yields.
Large harvests are achieved by growing large areas of land.

A variety of extensive agriculture which is used all across the world is ecological
agriculture. It is based on the stimulation of agricultural production through the use of
natural and technologically unprocessed resources. In this way, a very high productivity
is not achieved, however, the high biological quality of the agricultural products is more
important.

In highly developed countries with a relatively small average area of farmland, inten-
sive agriculture is popular. It is especially popular in Western European countries. It
allows high yields to be obtained by intensive fertilization, high mechanization and
automation of production. It is a very reasonable solution wherever there is a high
population density.

Intensive agriculture includes precision farming, which uses information technology
tomatch fertilizer and plant protection product doses to the potential demands of the crop
to be grown. Over the past few years, precision agriculture has been implemented into
production inmany countries on an ever-increasing scale. On several occasions, attempts
have been made to combine agriculture with other areas. As an example, the process of
utilization of biological waste and soil fertilization can be combined. Currently, com-
posting is becoming more and more popular as a method of utilizing biological waste
[2] and the ST-OP technology on the management of plant residues [3]. The composting
process is completed with hygienisation, which makes the final product non-toxic and
it is possible to spread it on less fertile agricultural land for enrichment before sowing
crops.

Precise fertilization lowers production costs and reduces the environmental impact
of pesticides. However, it is linked to the analysis of soil conditions that affect plant
growth and the tracking of crop growth. This approach requires the use of appropriate
measurement techniques to monitor crop growth. Such monitoring provides the ability
to isolate areas to which the appropriate amount of fertilizers should be selectively deliv-
ered. In this work, it is presented as a solution for computer monitoring of agricultural
acreage and an example of its implementation on a sample agricultural area.

2 Precision Agriculture System

The base of the management system for the cultivation process is the precise monitoring
of the cropland which involves the use of GPS tracking and the plotting of high accuracy
orthophoto maps which provide a true picture of the cultivated area [4]. Figure 1 shows
the next steps ofmonitoring and controlling the process.A process begins bymapping the
acreage before sowing with precise GPS positioning. Appropriate precision is obtained
by reference markers in the field. For such a marked area, a picture of it shall be made
using drones or airplanes. Subsequently, the picture is being computer analyzed for
creating amap of the area’s fertility. On this basis, selective fertility treatments are carried
out to make the area homogenous. Then, after seeding, the vegetation is monitored by
drones. Vegetation maps give the base for computer analysis, upon which it is decided
on the selective fertilization, the application of appropriate plant protection measures
and irrigation. The analysis algorithm shall take into account the weather conditions and
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their forecast. The monitoring process is carried out throughout the growing season of
the crop. Following the end of the vegetation period, the harvesting process is carried out
with monitoring of the productivity. Harvest data provides valuable information about
the effectiveness of the process, and based on this information, it is possible to make
adjustments to the computer algorithms that will be used in future plant growth control
processes.

Precision farming systems combine knowledge of soil fertility (soil productivity)
with the process of fertilization, application of plant protection products and agrotech-
nical practices. This process is supported by new informatics and tele-informatics tech-
nologies using appropriately adapted machines. Such a process allows for effective use
of production resources, improving the volume and quality of yields while minimizing
environmental damage.

monitoring of agricultur-
al land

GPS

harvest  
data

computer image 
analysis

geological  
ortofhotomap 

GPS

plant protection

vegetable  
ortofhotomap 

field fertilizing 

GPS

soil enriching  

GPS

vegetation monitoring

computer  
image  
analysis sowing 

Fig. 1. Precision farming system duty cycle. (Graphics from vecteezy.com were used for the
drawing).

Capturing information and documenting it forms the basis of predictive algorithms
used in precision agriculture. Information on spatial and temporal variability of charac-
teristics of plants in combination with weather conditions provides a knowledge base for
predictive algorithms based on neural networks. Repeatedly, these data are being supple-
mented by information on the occurrence of plant macrophages that occur in a particular
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area, which allows for much more precise selection of plant protection products. The
information are usually collected under the form of spatial-temporal maps.

As the key element of themanagement system in precision agriculture, is themonitor-
ing process for the preparation of precise orthophoto maps of the terrain, associated with
a process of image analysis that permits the identification of zones requiring interven-
tion. Secondarily, an important element is a precision guidance system for agricultural
machinery in areas requiring interventions. The following sections of this article will
discuss the key elements of this system.

3 Technology of Orthophotomaps Production

Orthophotomaps are prepared on the basis of acreage photographs. These days it is pos-
sible to take pictures of an area of several hundred or even several thousand hectares with
the use of satellite techniques. Such pictures are characterized by very high resolution
and may be used to monitor the growth of plants. However, the access to these images
is very limited. Mostly military organizations and some state institutions have access
to these images. Farm owners usually do not have access to high-resolution satellite
images. They are only allowed to use low-resolution images. This type of images can
be used for assessment of lichen on very large areas, up to thousands of hectares.

Regarding the typical size of agricultural areas in Europe, the usage of this technique
is marginal. For preparation of orthophotomaps for large areas of tens to hundreds of
hectares a good solution is taking pictures from a plane. A popular solution is ATLAS
system (Advanced Thermal and Land Application Sensor). The system is installed on
a light airplane, the device is a 15-channel multispectral scanner that captures thermal
radiation, infrared radiation and visible light spectrum. It takes images with a resolution
of about 2 m per pixel and takes a series of images at one-second intervals during the
flight. In order to create an orthophotomap of an area it is necessary to put altogether a
series of photographs [5].

Table 1. Wavelengths recorded in images from Hyperspectral Imaging Cameras.

Color Wavelength of the light [nm]

B - Blue 0.4826

G - Green 0.5613

R - Red 0.6546

NIR – Near Infrared 0.8646

SWIR 1 1.6090

SWIR 2 2.2010

The position of the aircraft, its orientation and the sensor orientation are all recorded
at least once a second. The active calibration and record of a position mean enable
accurate and reproducible measurement of the field plots while flying in a jet aircraft.
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ATLAS is able to sense 15 multispectral radiation channels across the thermal – near
in-frared – visible spectrums. The sensor also incorporates onboard, activates calibration
sources for all bands. Atlas is capable of approximately 2.0 m resolution per pixel when
flown in NASA’s Lear jet and sees about a 30 degree swath width to each side of the
air-craft.

For areas ranging from a few hectares to several tens of hectares, a good solution is to
use a small camera with a broad-spectrum camera. It is a very practical solution because
of the typical size of agricultural areas in Europe. Similarly as in the case of pictures
taken from a plane, it is required to combine them into one whole. Typical resolutions
are several to several dozen cm/pixel.

Hyperspectral Imaging Cameras are used to take pictures [6]. These cameras record
images at different wavelengths of light from visible light to deep infrared (Table 1).

Camera images are usually presented in two color compositions (Fig. 2). An RGB
composition is createdwhen the three basicRGBchannels are assigned the actual spectral
colors according to Table 1. A characteristic feature of this type of painting is that
the color of the water (e.g. a river) (Fig. 2a) takes on a dark green tone and is low
contrast against the vegetation. To improve the contrast of elements in the image, a color
conversion is performed in the unreal CIR composition. It consists in replacing values
of RGB channels with values from other wavelengths. Color B is assigned to values
corresponding with Green (0.5613), color G is assigned to values corresponding with
Red (0.6546) and color R is assigned to NIR values (0.8646). For the example map in
Fig. 2b. The river is colored black or dark blue, while the intense vegetation is colored
red, which is quite a high contrast.

a)             b) 

Fig. 2. Sample picture from color composition [7] a) RGB b) CIR.

Besides the presentation of orthophotomaps an equally important process is assem-
bling the sub-images coming from the camera placed on the drone or plane into one
map. The particular images need to be scaled and their position needs to be adjusted.
For this purpose, subsequent images are added to the orthophotomap and then adjusted.
In order to match the positions of individual images, there is used the best-correlated
pixels method [8]. It consists in searching for the best correlation both with the pixel in
the Yk image with the same coordinates as the pixel in the Xk image and with the pixels
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in its immediate neighbourhood (Fig. 3). The final result is the shift value for which the
highest correlation coefficient is obtained.

Fig. 3. The best-correlated pixels method.

Themathematical notation of thismethodwith the restriction of the distance of neigh-
boring pixels to pixels from the set B is expressed by the equation and the calculation
of the largest correlation value Rx:

RXk[m,p],Yk[m+l,p+j] [n] =
∑

l∈B
∑

j∈B
∑Nk−1

n=0
xk

[
m, p

] · y(k+n)
[
m + l, p + j

]
(1)

where:
N – number of pixels in the overlap area
xk, yk – pixel values for the offset k of coordinates [n,m]
Regardless of the correct image combination, there is a common area called overlap

(Fig. 4). Because with the change in position of the plane or drone, the illumination of
the photographed object changes, it is necessary to correct the colors appropriately.

Fig. 4. The overlap area.

Color correction corrects the intensity of the RGB components in the add image.
The correction algorithm consists of calculating the averaged correction coefficients for
each RGB component, and then multiplying the values of the RGB components in all
pixels of the Y-added image. The correction factors are calculated using the relationship:

kB = 1

N

∑N

i=1

BXi

BYi
(2)
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where:
BXi, BYi – values of the B component in i-th pixel

4 Precise Guidance System for Agricultural Machinery

To implement precise silvicultural treatments based on orthophotos, it is necessary to
have a precession guidance system for agricultural machinery in the field. Since 2000,
the signal from 24 NAVSTAR satellites has been widely shared. However, the U.S.
Department of Defense disabled the SA (Selective Availability) module, whose task
was intentional interference of signals causing a decrease in tracking accuracy from 3
to 12 m. Guidance is based on receiving signals from several NAVSTAR satellites with
known coordinates and on their basis calculating the position of the agricultural machine
(Fig. 5).

Fig. 5. GPS navigation (Graphics from vecteezy.com were used for the drawing)

This solution is unsuitable for precision agriculture where accuracy of less than 1m is
required. To obtain an accuracy of less than 1m, correction of the GPS signal by external
assistance systems called Differential GPS (DGPS) is required (Fig. 6).

DGPS systems send their own signals to the receiver, which contain differential
corrections to correct the position calculation error [9]. In DGPS systems differential
corrections are sent by land base (reference) stations with precisely known position
(Fig. 6a) or by geostationary satellites (Fig. 6b). In the solution of Fig. 5a the range of
correction signals is limited to a few or several kilometers, depending on the power of the
base station transmitter. Much larger, because with global network coverage, commu-
nication with the ground station via geostationary satellites is possible. Currently, there
are 5 differential satellite systems operating in the world, which correct GPS signals:
WAAS – covering the territory of North America; EGNOS – covers Europe which can
be supported additionally by the Russian system GLONASS and MSAS – involving
Japan. In addition, there are paid global OmniSTAR and StarFire (from JohnDeere)
systems which are available. Standard DGPS systems send differential corrections with
some delay due to the need for data post-processing. Therefore, the positioning accu-
racy for one-channel DGPS systems (EGNOS, WAAS, OmniSTAR-VBS, StarFire-1) is
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0.5–1.0 m. For two-channel systems (Omni-STAR-HP, StarFire-2), where the signal is
emitted in two frequency bands with simultaneous use of ground reference stations, the
positioning accuracy is 10–15 cm.

a)

b)

Fig. 6. DGPS navigation (Graphics from vecteezy.com were used for the drawing)

The most advanced tracking system is RTK-DGPS (Real Time Kinematic DGPS),
where correction signals are received from a reference station in real time (Fig. 7). They
allow for positioning accuracy of 1–3 cm. However, it requires setting up additional
transmitting antennas in close proximity to agricultural machinery.
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Fig. 7. RTK-DGPS navigation (Graphics from vecteezy.com were used for the drawing)

5 Plant Growth Monitoring

The vegetation index is a parameter that determines the quality of the growth of plants.
Based on this index, a decision concerning the use of fertilizers or plant protection
products can bemade. It should be determined periodically during the vegetation process.
If significant differences in the growth of plants are observed on a given area, it is
necessary to go to selected places to take samples for laboratory tests. Based on the
samples taken from the selected sites, the cause of the reduced growth is determined and
a follow-up strategy is developed.

Defining the vegetation index involves measuring the difference between light
absorbed and reflected by plant leaves. The ratio of light absorbed to light reflected
from the plant surface is influenced by the presence of chlorophyll, water and cellu-
lar structures. Chlorophyll absorbs red light at about 0.67 nm and blue light at about
0.45 nm. The contained water in the leaves absorbs infrared light, with a wavelength of
about 1.4 to 1.9 nm, and the cellular structures strongly reflect wavelengths in the range
of 700 to 1100 nm. This provides the basis for developing a range of vegetation indices.

One of the most popular vegetation indices is the Normalized Difference Vegetation
Index (NDVI), which measures the ratio of the difference and sum of the amount of
reflected near-infrared and red light. The basis of this formula is the absorption of red
light by chlorophyll and the low absorption of the near-infrared range by green leaves
[10].

NDVI = NIR − RED

NIR + RED
(3)

To detect areas where plant germination does not occur, a good indicator is the SR
(Simple Ratio). It is determined from the ratio between the amount of reflected near-
infrared and red radiation. For green plant leaves this ratio can take on values of several
tens, while for unplanted soil it is about zero [11].

SR = NIR

RED
(4)

Soil background makes it difficult to observe vegetation based on indicators. This
is especially difficult when plant vegetation that partially covers the soil is observed. In
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this case, it is reasonable to use the Modified Soil Adjusted Vegetation Index (MSAVI).
The disadvantage of this index is its sensitivity to changes in the atmosphere [12].

MSAVI = 2 · NIR + 1 −
√
(2 · NIR + 1)2 − 8(NIR − RED)

2
(5)

To reduce the impact of atmospheric conditions, it has developed the Visible Atmo-
spherically Resistant Index (VARI). The advantage of this solution is analysis in the
range of visible light, which enables to use RGB cameras to monitor the area [13].

VARI = GREEN − RED

GREEN + RED − BLUE
(6)

a)             b) 

Fig. 8. An orthophotomap of the study aerial taken in the spring after barley germination (a) RGB
image (b) distribution of VARI index values

An exemplary analysis of barley vegetation on the tested area was made for an
orthophoto taken in spring (Fig. 8a). From that, the VARI index was calculated and its
values are presented on Fig. 8b.

As it was done for the IOR indicator after Image Processing, there are determined
the areas which require detailed analysis and the application of appropriate measures to
improve the growth in these areas (Fig. 9).
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Fig. 9. Orthotopmap of test aerate before barley feed

6 Conclusions

The system presented in this publication can be used to monitor small agricultural areas.
This solution is especially important due to the fact that nowadays precision farming for
small agricultural areas is relatively unpopular among farmers. One of the reasons is the
relatively high cost of commercial systems that are designed for large areas. The results
shown in this report should be used to build low-cost systems for precision agriculture.

On the basis of the performed tests of making orthophotos from fragmentary pho-
tographs of the area, it can be concluded that with the use of typical tools for assembling
images it is possible to make maps of this type on PC computers. The tests used The
best-correlated pixels method to position fragmentary photos. This is the solution that
is used in most panoramic photo editor programs. This is an example of the use of typ-
ical applications to make orthophotos. Similarly, typical graphics software is equipped
with color correction algorithms. The conducted tests showed the possibility of using
this type of algorithm to prepare orthophotos for the purposes of precision agriculture.
Similarly, the use of the DGPS navigation method confirms its usefulness in this type of
solution. To sum up, for small farms it is possible to create a low-cost solution based on
short-range drones, PC-class computers and RGB cameras for monitoring plant growth
in precision agriculture. Such solutions can be promoted in this area of agriculture.

In agricultural practice, the possibility of creating a discretized orthophotomap is very
helpful. This type of map allows you to control the agricultural sprayer start-up system.
Currently, the connection of information from the GPS system installed on agricultural
machines with the control mechanism of the sprayer valve or starting the spreader is
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not a major problem. Retrofitting the system with tools for preparing orthophotomaps
enables a fuller use of the possibilities of agricultural machines used in small farms.
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Paśko, Łukasz, 24
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